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Abstract 

Subcritical nuclear reactors driven by intense neutron sources can be very suitable tools for nuclear waste transmutation, particularly 
in the case of minor actinides with very low fractions of delayed neutrons. A proper control of these systems needs to know at every time 
the absolute value of the reactor subcriticality (negative reactivity), which must be measured by fully reliable methods, usually conveying 
a short interruption of the accelerator beam in order to assess the neutron flux reduction. Those interruptions should be very short in 
time, for not disturbing too much the thermal magnitudes of the reactor. Otherwise, the cladding and the fuel would suffer from thermal 
fatigue produced by those perturbations, and the mechanical integrity of the reactor would be jeopardized. It is shown in this paper that 
beam interruptions of the order of 400 |is repeated every second would not disturb significantly the reactor thermal features, while 
enabling for an adequate measurement of the negative reactivity. 

Keywords: Accelerators; Subcritical systems; Beam interruptions; Reactivity 

1. Introduction and background 

One of the most challenging scientific subjects in nuclear 
energy research is the quest for the reduction of its long-
term environmental impact by minimizing the radio-
toxicity of long-lived radioactive waste inventory. Such 
objective is sought by inducing nuclear transmutation in 
the relevant radioactive nuclei of the nuclear waste. 
Accelerator driven systems (ADS) are one of the most 
promising concepts under development for this purpose 

Such systems are based in the operation of a 
subcritical nuclear reactor, in which the neutrons needed 
to maintain the neutron flux, and therefore the thermal 
power, are provided by a high power external neutron 
source . A spallation target is the preferred device as 
external neutron source, usually consisting in a heavy 

material (as lead or lead-bismuth eutectic (LBE)) in which 
medium energy protons (some hundred MeV) impinge and 
produce neutrons by spallation phenomena Particle 
accelerators are used to accelerate proton beams up to 
the energy required to activate the intense neutron source. 
Those neutrons drive the subcritical core up to the required 
flux level, and the corresponding level of neutron-induced 
transmutation reactions. 

An ADS thus involves three main components: the 
accelerator, the spallation target and the subcritical 
reactor. Those components can be developed separately, 
but they must be coupled for the full operation of an ADS, 
and they must be analyzed as a chain in order to 
characterize the ADS behavior and to asses its internal 
coherence. Several works have been carried out to describe 
the behavior of a subcritical device, including safety 
analysis to account for reactivity insertion accidents, 
kinematic response of the system, and so forth 

In particular, the target must be studied from the point 
of view of its physical integrity. It will be operating at high 
temperatures and under strong thermal stresses. It will also 



suffer from radiation damage and corrosion, and several 
nuclear reactions will take place inside it, so appearing new 
nuclei, particularly hydrogen and helium. Of course 
operational safety studies will be needed to assess the 
compliance of the target with nuclear safety and radiation 
protection standards in a given ADS 

The accelerator is a complex machine that should work 
with a very high reliability to ensure continuous operation 
of the ADS. Reliability analysis of accelerators for ADS 
are based on the determination of the total number of 
failures, or the mean time between failures (MTBF), by a 
systematic failure component assessment that takes also 
into account the failure time span 

The integration of the accelerator into the ADS system is 
one of the main aspects of the ADS development, as the 
accelerator is a key device to control safety and operation 
of the ADS, through the neutron intensity produced in the 
target. As the nuclear mechanisms involved in spallation 
processes are linearly dependent on the number of 
incoming particles (if the particle energy is kept constant), 
the source intensity is proportional to the accelerator 
power. In turn, the thermal power of the ADS depends 
on the neutron source intensity through the following 
equation: 

S being the source strength (ns_ 1), p the reactivity 
defined in terms of the effective neutron multiplication 
factor of the subcritical reactor, .Keff,, by 

p = (Ke[[ - l)/KeS (2) 

<P+ is the importance of the source neutrons, and c is a 
proportionality coefficient that can be determined, both 
experimentally or theoretically, in a given reactor. 
Although <P+ can vary because of spectral modifications, 
most of the power variations will come from fluctuations in 
the source intensity S and the reactivity value p. 

Monitoring the power level of the plant can rely on a 
traditional system with fission chambers and thermocou
ples. However, the innovative part of the control of an 
ADS comes from actions which could be accomplished via 
the beam power (source intensity control). For safety 
reasons, it is very important to perform independent 
measurements of the source intensity S and the reactivity 
value p, in order to confirm the nuclear core subcriticality. 

Limitations of the so-called static methods to 
determine an absolutely calibrated measurement of the 
criticality level motivated the development of a family of 
techniques called dynamic methods. In the 1960s, dynamic 
methods based on the utilization of time-dependent 
external neutron sources were proposed These 
methods have been developed and applied to investigate 
the physical parameters of neutron-multiplicative systems 
and to measure the reactivity and kinetic parameters of 
these systems. 

Several dynamic methods (Noise, Source Jerk (SJ), 
Prompt Jump (PJ), Prompt Neutron Decay, Harmonic 
Source) have been considered in the recent european PDS-
XADS project as suitable ones for subcriticality level 
monitoring Either the classical SJ or the Slope Fit 
Method methods seem to be the most promising ones 
to be used in coincidence with periodical short interrup
tions of the accelerator beam, in order to measure 
absolutely calibrated values of reactivity as frequently 
as needed. 

Spontaneous complete interruptions of the beam will be 
detected by the monitoring system of the accelerator 
proton beam intensity. In coincidence, a dynamic method 
would be applied from the recordings of the evolution of 
the neutron flux, and a reactivity measurement would be 
obtained. In the absence of spontaneous beam interrup
tions for a long time, a forced short interruption can easily 
be induced in the accelerator to allow for a quasi-
continuous absolute calibration of the subcriticality. 

It is worth noting that subcritical devices devoted to 
transmutation have safety advantages respect to critical 
reactors with the same type of fuel, because of the 
subcriticality margin. This is mainly related to the small 
value of the delayed-neutron fraction of most of the minor 
actinides (Np, Am, and Cm isotopes). Those nuclei and 
their descendants are the most offending nuclei as far as 
long-term radio-toxicity is concerned. The delayed-neutron 
fraction is 0.0065 for 235U and 0.0023 for 239Pu. For 241Am 
is only 0.0014 and it barely is 0.001 for 243Cm. A low value 
of this fraction means a short reactivity span between 
delayed-critical and prompt-critical conditions, the latter 
marking a forbidden level that can lead to a catastrophic 
accident. A prompt-critical accident happened in Cheno-
byl-4 in 1986, which is the biggest disaster in the history of 
the civilian nuclear industry An ADS would be much 

safer in this context, because it will be designed to remain 
subcritical always. Obviously, such an important feature 
will have to be measured when required, to guarantee the 
reactor subcriticality. 

In a subcritical ADS the total interruption of the beam 
will reduce the reactor thermal power to the level of the 
decay heat in a very short time, of the order of several 
prompt neutron lifetimes, i.e., less than 100 (is in general. 
The specific value in a given ADS will mainly depend on 
the fuel composition. 

It is worth noting that the speed of the power decline 
during the beam interruption will be a function of the 
subcriticality level. This feature enables us to make a 
calibrated measurement, which would convey a sudden 
reduction in thermal power. On the contrary, switching-on 
the beam again up to its nominal value will induce a 
heating transient. 

The aim of this paper is to analyze the impact of these 
thermal variations produced by the reactivity monitoring 
techniques in the most sensitive material for the integrity of 
the ADS, notably the fuel cladding. It is well known that a 
fundamental criterion of nuclear safety is to keep the 



integrity of the radioactive barriers in any conceivable 
condition. Therefore, thermal variations produced by beam 
interruptions must be analyzed to evaluate the mechanical 
damage they could induce, so that the cladding integrity 
could be guaranteed by setting limits to the beam 
interruption process, if needed. 

The dynamic response of the ADS as a result of beam 
interruptions for criticality measurement has been featured 
as follows: 

(a) Calculation of the source neutrons produced by the 
interaction of a proton beam into the molten metal 
target. These neutrons must be defined in number and 
spectrum. 

(b) Numerical Monte Carlo calculation of the neutron 
subcritical multiplication in the reactor, as a response 
to the beam power variations. This numerical simula
tion gives the neutron flux level variations, and 
therefore the thermal power variations in the reactor 
(and in any fuel pin under consideration). 

(c) Thermal-hydraulic analysis of a fuel pin featuring the 
reactor lattice. 

(d) Analysis of thermo-mechanical stresses in the struc
tural material (fuel cladding) as a result of beam 
interruptions. 

In Section 2, the general problem is characterized, 
particularly the neutron source performance and the 
subcritical reactor features. A simplified reactor configura
tion will be used in order to obtain general conclusions on 
this problem. Of course, for a given reactor or facility, 
detailed calculations could be done. The main calculation 
tool would be a Monte Carlo code using reliable neutron 
reactions data. The numerical results will be interpreted 
with a simple diffusion theory analytical calculation, which 
is not as accurate as the numerical simulation, but it is 
based on an easy-to-follow theory with a clear physical 
interpretation. In Section 3, the thermal response to beam 
interruptions will be evaluated. It will include the 
consideration of fatigue criteria to determine the antici
pated operational life of the fuel cladding. In Section 4, 

some conclusions will be presented, including some 
guidance for establishing limits to the beam interruption 
duration, in order to make it possible a quasi-continuous 
measurement of the subcriticality margin. 

2. Characterization of the problem 

Some key safety issues related to the structural integrity 
of Accelerator Driven System during normal or abnormal 
operation are linked to the instabilities, interruptions, or 
any other perturbations of the proton beam. Every analysis 
of this problem requires a correct characterization of the 
neutron source and a suitable model of the reactor core. In 
the safety analysis of a given design, very accurate and 
detailed descriptions should be formulated, and very acc
urate neutronic calculations should be carried out. For a 
general analysis of the problem, a simplified reactor 
geometry can be used, with a proper characterization of 
the reactor composition. 

For our study, the reactor has been simplified as a two-
zone slab depicted in Fig. 1. Take into account that upper 
and lower boundaries are periodic surfaces, in order to 
simulate an infinite length in this direction. The third space 
direction is also infinity (normal to the picture plane). 

The inner zone is a mixture of coolant (molten LBE) and 
fuel, whose isotopic composition has been taken from the 
PDS-XADS project [20], and it is given in Table 1. It 
corresponds to a prototype for an actinide burner, still 
based on uranium oxide matrix. The outer part is a neutron 
reflector, made just of coolant, that has been introduced in 
the Monte Carlo simulation in order to fix the subcriticity 
level to 0.97. The simplified source in this model is placed 
in the reactor mid-plane, and it emits the spallation 
neutrons, defined by their amount and spectrum that we 
will previously calculate as will be explained in next 
sections. This simplification opens the possibility of making 
a comparative study between the results obtained by 
numerical simulation with MCNPX in the fuel region 
and the analytical solution of the neutron diffusion 
equation for a slab as the one depicted in Fig. 1, which 
helps understand the physics of the problem. 
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Fig. 1. Slab reactor geometry and dimensions. 



Table 1 
Fuel composition 
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Fig. 3. Neutron spectrum of the spallation target. 
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Fig. 2. The spallation source is a LBE cylinder, 60 cm long and 10 cm 
radius. Beam radial intensity (i^A/cm2) profile is shown in the right-hand 
side. 

Although a simplified source has been used in the 
one-dimensional reactor model, its features have been 
calculated using the description of spallation sources 
usually designed for ADS, as those of the PDS-XADS 
project. Main features of the source are described 
below. 

2.1. The neutron source 

The source has been modeled as a cylinder made of LBE 
(see Fig. 2) irradiated by a beam of 600 MeV protons 
impinging along the axis with a cross-section distribution 
as the one given also in Fig. 2. This source has been used to 
determine the neutron generation rate and spectrum, as 
well as the angular distribution throughout the different 
surfaces. These parameters, obtained with MCNPX, have 
been used to define the simplified source that feeds the core. 
LBE was chosen as the target material for its remarkable 
properties as a suitable molten metal coolant with a 
low neutron capture. On the contrary, it has a high rate of 
210Po generation, which is a non-negligible problem of 
radiological protection (requiring coolant purification and 
radioactive products confinement). 

For the design of the beam we have assumed a current 
intensity of 6 mA, elliptically distributed, with a spot 

interaction diameter of 16 cm. All these values agree with 
the ones proposed as reference design for the preliminary 
studies of the XADS 

The neutron source has been calculated with a Monte 
Carlo code, MCNPX, with suitable models to simulate the 
medium energy physics spallation phenomena 
Results are shown in Fig. 3. The neutron energy spectrum 
of the source shows a peak between 1 and 2 MeV, as 
reported in previous works . This is due to the fact that 
almost 70% of the generated neutrons appear during the 
evaporation phase, whose physics is very similar to fission. 
A neutron tail above 20 MeV is also seen, reaching values 
of the order of the beam proton energy. This tail accounts 
for 10% of the whole neutron production. Integration over 
the full spectrum gives a neutron yield of 11.1 neutrons per 
incident proton. 

The neutron yield is an important parameter in order to 
establish a link between the spallation source and the 
subcritical core. Actually, this value gives the proportion
ality between the accelerator intensity and the rate of 
neutrons injected into the subcritical core. For a given 
value of the core reactivity, a neutron flux level will be 
attained in the reactor, as stated in Eq. (1). 

2.2. Neutronic analysis of the subcritical reactor 

In order to allow the on-line monitoring of the XADS 
reactivity level, it was recommended the use of an 
accelerator beam intensity with square-shaped modulation, 
equivalent to the sum of a constant source plus a periodic 
negative pulse. A beam pulse interruption of about 400 (is 
seems suitable for the type of fuel formerly specified, 
because it would easily allow Prompt Neutron Decay 
measurements of subcriticality levels larger (in module) 
than 2 $ (a condition largely satisfied in projected ADS, as 
the XADS). A $ is the conventional unit for reactivity, and 
it corresponds to a value equal to the fraction of delayed 



neutrons in a fission. For 239Pu fueled reactors, it is about 
0.0023, which is also expressed as 230 pcm. 

Interruptions shorter than 400 (is would also be possible 
for strongly subcritical reactors, but the former value is a 
convenient one for a conservative estimate of the thermo-
mechanical effects. A frequency of 1 Hz seems suitable for 
this monitoring 

The neutron flux evolutions in the fuel reactor region 
have been simulated with MCNP for the time-dependent 
cases corresponding to the proton beam intensity varia
tions, as described in the previous section. Cross-section 
data have been taken from ENDFB-VI Results are 
shown in Fig. 4. It can be seen that the evolution calculated 
with detailed stochastic computation (Monte Carlo) is very 
similar to the analytical results from the diffusion equation 
(deterministic approach). 

Fig. 4 shows the neutron flux evolution along time after 
the initial transient (lasting about 30 s in this case) has 
finished. It is clearly seen that the flux almost vanishes 
when the beam intensity is set to zero, and it goes up to the 
steady-state value when the beam becomes again the 
nominal one. It is very important to take into account 
that this behavior is largely dominated by the prompt 
neutrons, because the subcriticality margin is very high. In 
fact the effective multiplication factor in our case is Ke{{ — 
0.97. As the delayed-neutron fraction is \i — 334 pcm, the 
reactivity is—9.57 $. 

Monte Carlo numerical simulations are indeed very 
accurate (if properly defined) but they do not give a clear 
physical insight of the physics of the problem. In order to 
have a good complementary analytical explanation, the 
diffusion equation has been solved for the slab reactor 
under consideration, using an integrated approach in 
neutron energy (one-group theory) and assuming that all 
fission neutrons appear as prompt ones. 

The diffusion equation for the time-dependent flat plate 
case is 

1 d<P(x, t) 

~v dt 
vS{<P(x, i) - Za<P(x, i) • 

+SS(x) 

D 
d2<P(x, t) 

dx2 . (3) 

As already said, it has been considered the delayed 
neutrons to be born as prompt ones, avoiding the 
resolution of the coupled set of equation generally 
solved in detailed kinetic analysis. In actual reactors, the 
effect of delayed neutrons implies a smoothing of 
the neutronic response to transients by the enlargement 
of the effective neutron lifetime in the nuclear system. 
Neglecting such contributions will lead to slightly sharper 
neutron population change, and slightly higher slopes in 
thermal production transients and its corresponding 
thermo-mechanical stresses. Therefore, our assumption is 
conservative, particularly from the point of view of 
thermo-mechanical analysis. Although delayed neutrons 
should be taken into account in detailed kinetic studies 
devoted to safety analysis of a given ADS, they have a 
very small contribution to the thermal response of the 
system. 

The general solution of the diffusion equation can be 
expressed in a simplified way using the following expres
sions, which correspond to a bare fast reactor with an 
effective thickness yielding the same Kea as the reactor 
(with reflector) under consideration. In our case, the 
effective thickness, taking into account the so-called 
reflector saving is 206.4 cm. With this approximation, 
the flux inside the fuel can be expressed in two sets of 
solutions, one for each time domain, i.e., the active part of 
the beam (7), and the beam interruption (ta) with subindex 
1 and 2, respectively. Note that Sna is the K-term of the 
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source expansion in the eigenmode series. 

<2>i (x, 0 = E Am (t) cos(Bnx) 

$2(X, t) = Y.An2(t)COS(Bnx) 

t e (jTJT + 4) 

te(jT + ta,(j+l)T) 

where 

for (4) 

^ M ' « 

;(! 
Jikn-\)/ln)(t-jT) 

(1 " fc„) 
J„2(0 = Ani(jT + t&)^n-X)lln)(t-jT-Q 
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;(! 

Jikn-\)/ln)(t-jT) (5) 
(1 - K) 

For each eigenmode (n), former parameters are denned 
in terms of the effective thickness, H, the characteristic 
diffusion length, Lc2, and the following neutronic 
parameters: 

• mean number of produced neutrons per fission; 
• fission macroscopic cross-section; 
• absorption macroscopic cross-section. 

B 

The following expressions are obtained: 
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Fig. 6. Reduction of the effective multiplication factor with the mode 
order at 1 ms. 
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Constants AnX and An2 are the amplitudes of the n-
eigenfunction for each time domain and can be denned 
recursively from initial conditions. It is very important to 
note that both amplitudes, as the neutron lifetimes and the 
effective multiplication factors of the K-eigenfunction, 
strongly decrease as the mode-order increases. Figs. 5-7 
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Fig. 5. Reduction of the eigenfunction amplitude Aai with the mode order 
at 1 ms. 

show this trend. They imply that the former series actually 
have a very few relevant terms. 

It is seen in Fig. 4 that the flux evolution mainly depends 
on the beam intensity, going down from the nominal value, 
corresponding to 100% intensity, to almost zero in the 
beam interruptions. In Monte Carlo simulations it is not 
zero because of the delayed neutrons. Even so, the flux 
decreases by a factor much larger than 10 along the 
interruption, so making it possible to measure the absolute 
reactivity of the reactor. In the analytical solution the flux 
actually vanishes because of the assumption of considering 
all the fission neutrons as prompt ones. Both solutions are 
pretty much the same, although the numerical simulation 
presents softer profiles along the transients. 

On the other hand, it must be pointed out that the ther
mal power in the core will be proportional to the neutron 
flux in the fuel material, which will have an evolution very 
similar to the one depicted in Fig. 4. As a matter of fact, 
there will be some delay in the variations that will be longer 
for the fuel pins located far from the source (far from the 
middle plane, in our case). 

In our reactor model, it has been considered that there 
was a mixture of fuel and coolant as reactor material. 
Actually, both materials will not be mixed, and the fuel will 



always be inside the cladding. However, neutron mean-
free-paths will be much larger than the size of the fuel fin 
diameter and the fuel pin pitch, and both materials could 
be considered as homogenized for neutronic calculations. 
Therefore, the thermal power density (W/m3) evolution 
that will be used in the thermo-mechanical analysis will 
be proportional to the neutron flux evolution given by the 
Monte Carlo simulation. Of course it will have to be 
properly normalized to the nominal power density in 
the corresponding fuel pin. For safety reasons, the selected 
fuel pin has to be the one with the maximum power, in the 
closest place to the source. 

3. Thermo-mechanical reaction of the fuel pin cladding 

Along any thermal transient in the system, the size of the 
different parts will have to adapt to the new values of 
temperatures by means of contractions and expansions. 
Those mechanisms will induce cyclical strains and stresses 
because of the periodical nature of the monitoring pulse. 
These effects must be calculated to guarantee that, for the 
predicted conditions of the pulse, the structure will keep its 
mechanical integrity. 

The first step in this quest is to determine the evolution 
of the heat flux and the field of temperatures in the 
reference pin, assuming the coolant is working at nominal 
conditions and temperature. The second step will be to 
determine the induced thermo-mechanical stresses, and to 
assess that they are not high enough to produce the 
breakage of the containment elements, or to cause fatigue 
failure. 

3.1. Thermal analysis 

It will be assumed that the thermal-nuclear feedback is 
negligible during the transient, and the neutron cross-
sections do not change along it. This assumption will be 
verified afterwards, because it will be found that oscilla
tions in temperature during the transients are extremely 
low. This fact allows us to solve the thermal problem 
without recalculating the neutronics of the reactor. As 
already said, the evolution of the fuel power density will be 
the same as the flux evolution during the transient, as 
already calculated by Monte Carlo simulation. 

In Table 2, two sets of thermal properties are shown, one 
for Zr, which can be used as cladding and as a matrix for 
embedding actinides to be transmuted, and another for 

Table 2 

Main thermal properties of selected fuel matrixes (units in c.g.s. system) 

Property U 0 2 Zr 

Density (g/cm3) 10.5 6.5 

Thermal conductivity (W/cmK) 0.042 0.227 
Specific heat (J/gK) 0.28 0.278 
Thermal diffusivity (cm2/s) 0.015 0.125 

U0 2 , a fuel widely used in commercial reactors nowadays. 
Of course, future ADS fuels will be made of different 
materials, still under research, but these sets account for a 
metallic base and a ceramic one. 

A thermal transient is characterized by a Fourier number 
of about 0.16, the Fourier number (Fo) being AtxxjL2, where 
T stands for time, L is the characteristic length of the 
material and a is its thermal diffusivity. In a ceramic fuel 
pin, L~0.2cm and a — 0.01cm2/s, the transient time will 
about 0.64 s, much longer than the neutron transient 
duration. In the case of having a metallic matrix, diffusivity 
values will be much larger and the corresponding transient 
times much shorter. Nevertheless, they will be orders of 
magnitude longer than the characteristic neutron lifetime. 
If it is considered at fuel pin level (with a radius of a few 
millimeters) the transient time for a Zr matrix will be 
about 0.02 s. 

The former values give a clear indication of the 
importance of the thermal effects produced by long 
interruptions of the accelerator beam (if the accelerator 
suffers from lack of reliability). If the interruption is, at 
least, one order of magnitude shorter than the thermal 
transient time, the temperature variations will be very 
localized and small. Let Sp stand for the specific power 
variation in the fuel (due to variations in the neutron flux 
level, which will be produced by variations in the beam 
current), Cp for the fuel specific heat, and r t for the 
transient time caused by the beam interruption. The 
sudden change in temperature can be roughly estimated by 

The exact thermal analysis requires to solve the heat 
transfer differential equation: 

PCP^=V(KVT)+Q (10) 

where Q is the volumetric heat density generated by nuclear 
reactions, and K, p, Cp are the thermal conductivity, 
density and specific heat of the material. 

In our case, the pin thermal analysis has been carried out 
solving the one-dimensional heat transfer equation in the 
radial coordinate. Eliminating the axial dependence is a 
standard approach due to the enormous length/diameter 
ratio. Moreover, as a consequence of the symmetry of the 
problem, angular dependence can also be eliminated. 

Four temperatures are of particular importance in this 
analysis: The one in the center of fuel pellet, another in the 
periphery (close to the gap), and two other in the inner and 
outer surfaces of the cladding. The LBE coolant is assumed 
to be circulating at nominal speed along the cladding, with 
a temperature of 350 °C. This value is assumed to remain 
constant along the transient, which will be much shorter 
than the total circulation time of the coolant along the 
circuit (Fig. 8). 

Results of the numerical solution are shown in Fig. 9, 
which corresponds to the flux evolution of Fig. 4. It must 
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Fig. 3. Neutron spectrum of the spallation target. 
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Fig. 2. The spallation source is a LBE cylinder, 60 cm long and 10 cm 
radius. Beam radial intensity (i^A/cm2) profile is shown in the right-hand 
side. 

Although a simplified source has been used in the 
one-dimensional reactor model, its features have been 
calculated using the description of spallation sources 
usually designed for ADS, as those of the PDS-XADS 
project. Main features of the source are described 
below. 

2.1. The neutron source 

The source has been modeled as a cylinder made of LBE 
(see Fig. 2) irradiated by a beam of 600 MeV protons 
impinging along the axis with a cross-section distribution 
as the one given also in Fig. 2. This source has been used to 
determine the neutron generation rate and spectrum, as 
well as the angular distribution throughout the different 
surfaces. These parameters, obtained with MCNPX, have 
been used to define the simplified source that feeds the core. 
LBE was chosen as the target material for its remarkable 
properties as a suitable molten metal coolant with a 
low neutron capture. On the contrary, it has a high rate of 
210Po generation, which is a non-negligible problem of 
radiological protection (requiring coolant purification and 
radioactive products confinement). 

For the design of the beam we have assumed a current 
intensity of 6 mA, elliptically distributed, with a spot 

interaction diameter of 16 cm. All these values agree with 
the ones proposed as reference design for the preliminary 
studies of the XADS 

The neutron source has been calculated with a Monte 
Carlo code, MCNPX, with suitable models to simulate the 
medium energy physics spallation phenomena 
Results are shown in Fig. 3. The neutron energy spectrum 
of the source shows a peak between 1 and 2 MeV, as 
reported in previous works . This is due to the fact that 
almost 70% of the generated neutrons appear during the 
evaporation phase, whose physics is very similar to fission. 
A neutron tail above 20 MeV is also seen, reaching values 
of the order of the beam proton energy. This tail accounts 
for 10% of the whole neutron production. Integration over 
the full spectrum gives a neutron yield of 11.1 neutrons per 
incident proton. 

The neutron yield is an important parameter in order to 
establish a link between the spallation source and the 
subcritical core. Actually, this value gives the proportion
ality between the accelerator intensity and the rate of 
neutrons injected into the subcritical core. For a given 
value of the core reactivity, a neutron flux level will be 
attained in the reactor, as stated in Eq. (1). 

2.2. Neutronic analysis of the subcritical reactor 

In order to allow the on-line monitoring of the XADS 
reactivity level, it was recommended the use of an 
accelerator beam intensity with square-shaped modulation, 
equivalent to the sum of a constant source plus a periodic 
negative pulse. A beam pulse interruption of about 400 (is 
seems suitable for the type of fuel formerly specified, 
because it would easily allow Prompt Neutron Decay 
measurements of subcriticality levels larger (in module) 
than 2 $ (a condition largely satisfied in projected ADS, as 
the XADS). A $ is the conventional unit for reactivity, and 
it corresponds to a value equal to the fraction of delayed 



be noted that the time scale is not constant, because the 
400 (is interruption would be too short to be seen in an 
ordinary scale. In fact, the heating ramp would have to 
occupy the practical totality of the pulse time, and the 
cooling period would be a sudden fall. Nonetheless, the 
most important finding is that the temperature oscillation 
is totally negligible with these beam interruptions. Indeed, 
the oscillation is smaller than 0.5 K in the center of the 
fuel pin, and totally negligible in the outer surface (less 
than 0.001 K). 

A second interesting fact is the decoupling between the 
fluctuations of temperatures in the central part and the 

Claddin 345 W/cm3 

Coolant LBE 

outer fuel, due to the low thermal diffusivity of uranium 
oxide. Although oscillations are very limited in value, they 
do not take place with the same phase. This delay could be 
the origin of possible thermal fatigue effects. Note that the 
central fuel node begins warming up as soon as the neutron 
source restores its nominal value after a beam interruption, 
whereas the outer part is still in the cooling phase for a 
short time. Similarly, inner and outer temperatures of the 
cladding evolve decoupled during the transient, and the 
temperature gradient can be much higher than the nominal 
one. This effect could create stresses that surpass the elastic 
limit or originate a fatigue phenomenon leading to the 
breakage of the material even with strains smaller than the 
elastic limit. 

3.2. Stress analysis 

The biggest problem associated to fatigue is mainly 
associated to the thermal gradients inside the cladding. 
Those affecting the fuel pellet do not suppose an immediate 
risk because it would be confined in the cladding, even if a 
pellet suffers some cracks. 

It must be remembered that the expression relating 
stresses to temperature differences between inner and outer 
surfaces of the same plate or hollow cylinder is the 
following one: 

(SAT 
(11) 

Fig. 8. Fuel pin cylindrical geometry. 

where AT is the temperature difference between both faces, 
E is Young modulus, v is Poisson module and \i is the 
thermal linear expansion coefficient of the material. The 
former equation has to embody a correction factor 
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Fig. 9. Evolution of the temperatures in different nodes for the case of 1 Hz frequency repetition pulse. Time variable not to scale (read next paragraph for 
explanation). 
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depending on the boundary conditions and the exact 
configuration of the plate or the cylinder, but it is a very 
good analytical estimate, and gives a good evaluation of 
the order of the so-called thermal stresses, which will 
depend on the cladding material properties. 

Martensitic stainless steels have been developed for both 
in-core applications in advanced liquid metal fast breeder 
reactors (LMFBR) and for first wall and structural 
materials applications for commercial fusion reactors 

Tungsten-stabilized martensitic stainless steels have 
appropriate properties for high neutron-fluence applica
tions, including low after-heat and low radioactive 
inventory. HT-9 alloy has been tested for LMFBR 
applications and has shown very positive features in 
radiation damage, and creep and swelling resistance. It is a 
primary candidate for cladding in the current US fast 
reactor designs . Table 3 presents some fundamental 
properties of HT-9, that have been used in thermal-stress 
analysis. 

From calculations on the fuel pin cylindrical model, it is 
found that the cladding hoop stress has an average value of 
5MPa. Additionally, the evolution of the hoop stress is 
depicted in Fig. 10, as the difference between its actual 
time-dependent value and the average stress, for the 1 Hz 
frequency pulse with 400 (is interruptions. These oscilla-

Table 3 
Thermal and structural properties of HT-9 alloy 

Property 

Thermal conductivity (W/mK) 
Modulus of elasticity (GPa) 
Poisson's ratio 
Coefficient of thermal expansion (K_1) 

Value 

28 
160 
0.33 
12.5E-6 

tions are about 6.35 Pa, which seems a rather low value. 
These results will be used to calculate the fatigue limit. 

At first, former data could be used straightforward in the 
Wohler diagrams for the aforementioned material, in order 
to find out the number of cycles that the cladding would 
support before failure. However, the application of this 
method at high temperatures needs an elastic analysis with 
corrections for creep and plasticity. This method is based 
on article T-1432 of Appendix T of Subsection NH of the 
ASME Boiler and Pressure Vessel Code . For a given 
peak strain and a given peak temperature, this method 
gives the maximum allowable number of cycles that the 
material can afford. An important problem with this 
appendix is that it only includes data for the following 
materials: 304 stainless steel, 316 stainless steel, Ni-Fe-Cr 
alloy 800H, and 2 1/4 Cr-1 Mo steel. To estimate fatigue 
limits for HT-9 at elevated temperatures, it was decided to 
use the Stromyer-type regression curve determined by 
the standard method , for 316 SS, as follows: 

ffa= 10,775A7 -0.6194 185.75. (12) 

After analyzing the load pads with this equation for 316 
SS properties, the allowable number of cycles must be 
multiplied by a factor, fHT-9, to get the allowable number 
of cycles for HT-9 . Values for fHT-9 were evaluated 
for both HT-9 and 316 SS using Section 3, Subsection NB 
treatment, and no correction for elevated temperature 
operation In these cases, the allowable number of 
cycles for HT-9 tended to be about one sixth of the 
allowable number of cycles for 316 SS. Thus, the value 
used for fHT-9 was taken as 1/6. For higher accuracy, the 
effect of mean stress on fatigue life can be 
introduced. A variation of the Goodman model was 
also proposed by Wire to evaluate the equivalent stress 

Fig. 10. Difference between the stress during the pulses in the cladding and the average stress, for the 1 Hz frequency pulse, with 400 |̂ s interruptions. 
Again time variable not to scale. 
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amplitude, ereq: 

ffeq=" / a
 2 (13) 

1 - (<Xm/(7u) 

where erm and era are, respectively, the mean and amplitude 
stresses calculated previously, and eru is the ultimate 
strength. For HT-9 the latter takes a value of 825 MPa. 
With this negligible correction, the stress amplitude would 
not suffer any change. For all this, and since the stress 
amplitude is much smaller than the 187 MPa of fatigue 
limit fixed by the Stromyer regression curve, it can be 
concluded that the cladding will preserve its integrity for a 
1 Hz, 400 (is interruption monitoring pulse indefinitely. 

Another problem could be related to cladding loads 
surpassing the elastic limit at the working temperature. 
This problem comes from the decoupling produced in the 
evolution of the temperatures of the different parts of the 
cladding. In fatigue phenomena, failure mainly depends on 
thermal gradients and not on temperature. Unlike it, the 
elastic limit decreases as the working temperature of the 
cladding increases, even by a factor 2 at 300 °C. However, 
this effect is of very small importance in this case, since the 
strains that appear by the decoupling in the evolution of 
temperatures are absolutely negligible, about nine orders 
of magnitude below the 750 MPa that is the elastic limit 
at cold. 

4. Conclusion 

A main safety requirement in ADS is to keep a specified 
subcriticality level in the reactor, which implies to make 
absolute reactivity measurements very often. This require
ment can be met by making very short beam interruptions 
in the beam, because the flux decay could be recorded and 
interpreted according to any suitable method, as PJ or 
any other. 

Those flux variations will induce similar variations in the 
fuel power density, which in turn will produce variations in 
the temperature distribution inside the fuel pin and its 
cladding. 

For a given frequency, amplitude and width of the beam 
pulses, all relevant thermal features can be calculated, 
starting from the neutron evolution and arriving to the 
thermal stresses induced by temperature gradients inside a 
piece of material. A main risk is connected to the cyclical 
nature of the beam interruptions, which can activate 
fatigue phenomena and can produce the breakage of 
fuel pin claddings even for stresses smaller than the 
yield strength. 

The full set of mechanisms (source neutron generation, 
neutronic reaction in the reactor, power variations, thermal 
stresses and strains, and mechanical assessment of those 
effects) have been taken into consideration to verify that 
beam pulsed interruptions required for reactivity monitor
ing would not represent an unacceptable risk for cladding 
integrity. 

For 400 (is interruptions every second, as proposed in the 
EUROTRANS project , it has been verified that those 
cyclical thermo-mechanical stresses will not convey those 
risks, and their effects will remain far from reaching fatigue 
and elastic limits. 
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