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Abstract
The Monte-Carlo burn-up code ALEPH is being developed in SCK∙CEN since 2004. Belonging to the 
category of shells coupling Monte Carlo transport (MCNP or MCNPX) and “deterministic” depletion 
codes (ORIGEN-2.2), ALEPH possess some unique features that distinguish it from other codes. The 
most important feature is full data consistency between steady-state Monte Carlo and time-dependent 
depletion calculations. Recent improvements of ALEPH concern full implementation of general-purpose 
nuclear data libraries (JEFF-3.1.1, ENDF/B-VII, JENDL-3.3). The upgraded version of the code is 
capable to treat isomeric branching ratios, neutron induced fission product yields, spontaneous fission 
yields and energy release per fission recorded in ENDF-formatted data files. The alternative algorithm 
for time evolution of nuclide concentrations is added. A predictor-corrector mechanism and the 
calculation of nuclear heating are available as well. The validation of the code on REBUS experimental 
programme results has been performed. The upgraded version of ALEPH has shown better agreement 
with measured data than other codes, including previous version of ALEPH.
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Introduction

The growing of computing power caused sustainable growth of the share of Monte Carlo codes 
in nuclear reactor research and development. These Monte Carlo codes can provide the most 
accurate locally dependent neutronics characteristics in realistic 3-D geometries of any complexity. 
However, they still have had limited applicability to follow the evolution of the system neutronics 
characteristics with time. There is a variety of Monte Carlo burn-up codes developed worldwide: 
MONTEBURNS [1], MCB [2], MOCUP [3], CINDER’90 incorporated into MCNPX [4], MVP [5], Serpent [6], 
MURE  [7], EVOLCODE  [8]. The common principle of these codes is steady-state Monte Carlo 
calculation of neutron fluxes and spectra followed by solving the system of Bateman equations for a 
given time step using the reaction rates calculated from these fluxes and spectra. Then the nuclide 
concentrations are updated and passed to Monte Carlo driver for recalculation of fluxes and spectra, 
etc. This procedure repeats up to the end of the irradiation and/or decay history. As a rule, these 
codes wrap around general purpose Monte Carlo radiation transport codes (MCNP [9], MCNPX) and 
depletion codes (ORIGEN [10], CINDER’90 [11]). However, some of them use built-in depletion modules 
(MCB, Serpent). The method of coupling is often is realized as a set of scripts which complicates its 
utilization by non-experienced users.

The general-purpose burn-up code ALEPH merging MCNP(X) Monte-Carlo radiation transport 
and ORIGEN-2.2 [10] depletion codes is being developed in SCK∙CEN since 2004 [12,13]. Belonging to the 
same category of shells coupling Monte Carlo transport and “deterministic” depletion codes, ALEPH 
possess some unique features that distinguish it from other codes. The most important feature is 
full consistency of cross-section data. The same unionized cross-section tables (i.e. cross-sections 
are linearized on the same energy grid) for a given nuclide are used for Monte Carlo transport and 
subsequent depletion calculations. The reaction rates are calculated at the beginning of each time 
step using the fluxes and spectra calculated by MCNP(X). ALEPH allows the user to change materials, 
temperature and geometry after each time step to reflect the irradiation conditions. Finally, the code 
is easy to use since it requires only several extra cards in MCNP(X) input file. The validity of ALEPH 
has been confirmed for different types of problems [14,15,16].

However, since ALEPH invokes ORIGEN-2.2 to perform time evolution calculations, it retains all 
limitations inherent to ORIGEN. This concerns the accuracy of matrix exponential method to solve 
Bateman equations and limited number of nuclear data involved.

The upgraded version of ALEPH code is free from these limits which makes it powerful and 
flexible burn-up tool.

Modifications to ALEPH

Several principal modifications have been made to ALEPH code: extending the nuclear data set, 
adding an alternative to ORIGEN method of obtaining nuclide concentrations, enabling the predictor-
corrector mechanism, and calculating of heating due to neutrons, photons and decay. Besides that, 
some minor corrections were made in order to improve the code performance and facility of use.

Nuclear data
Major improvement concerns nuclear data treatment. ORIGEN-2.2 is capable to treat only limited 
number of reactions (radiative capture, fission, (n,2n),(n,3n),(n,p) and (n,a)). However, the number 
of open reaction channels can be significantly higher and increases drastically for the problems 
involving energies higher than characteristic to nuclear reactors, such as in accelerator driven 
systems (ADS). The auxiliary utility, ALEPH-DLG [13] wrapping around NJOY code [17] was modified 
to be able to build the nuclear data library containing nuclide production cross-sections up to 1 GeV. 
The library can be constructed for a set of temperatures from basic general-purpose evaluation 
(JEFF-3.1.1 [18], ENDF/B-VII [19], or JENDL-3.3 [20]). Then it is extended to higher number of nuclides 
and reactions per target nuclide by adding the data from TENDL-2009 library  [21]. TENDL-2009 
contains ~2000 neutron files and ~1200 proton files for the nuclides with half-lives greater than 
one second. The upper energy limit in these files is either 200 MeV for the majority of stable and 
important unstable nuclides or 60  MeV for short-lived isotopes. Actinides, however, have upper 
limit 20 MeV. Final step is extension to higher energies using HEAD-2009 activation data library [22]. 
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HEAD-2009 library contains neutron and proton induced data for 684 stable and unstable nuclides 
in the primary particle energy range 150 MeV to 1 GeV.

Proton induced reactions can play an important role in investigating the time behaviour of 
spallation and activation products in an ADS. The capability to treat proton data was added to 
ALEPH. To summarize, the new library constructed by ALEPH-DLG consists of ~2000 neutron files 
and ~1200 proton files for individual nuclides with half-lives greater than a second. Files contain up 
to ~2000 reaction cross-sections with upper energy limit 1 GeV.

Since the number of reactions for an individual nuclide can be rather high, significant efforts 
were directed to accelerate the cross-section averaging over the spectrum produced by the MCNP(X). 
The algorithm of averaging in ALEPH and format of activation data storing (PENDF tapes generated 
by NJOY code) were found to be ineffective. The format of activation data files was changed to ACE 
(A Compact ENDF) dosimetry type [4,9] where only reaction cross-sections are recorded. A unique 
energy grid is employed for all neutron and proton induced reactions on all nuclides in the library. 
Tests have shown that the total time to get one-group averaged cross-sections for most complex 
problem (involving all reactions for all nuclides in the library, i.e. about 460,000 neutron and proton 
induced reactions) is comparable to the time to process ~3000 neutron reactions for most complex 
problem handled by previous version of ALEPH.

At the beginning of each time step ALEPH was updating only cross-sections in ORIGEN library, 
moreover, the cross-sections of reactions leading to metastable states remained unchanged. All other 
information, such as neutron fission product yields and radioactive decay data was not updated. 
The modified version of ALEPH is capable to use almost all data supplied in basic libraries, namely 
radioactive decay data (e.g. JEFF-3.1.1 radioactive decay file contains information for 3851 nuclides), 
total recoverable energy per fission of fissile nuclides, spontaneous neutron fission product yields, 
and direct neutron and proton fission product yields.

Method to obtain concentrations
ORIGEN-2.2 uses matrix exponential method to solve the system of first-order ordinary differential 
equations. It is clear however that the expansion series have limited accuracy due to round-off error, 
and, due to stiffness of a general system, short-lived nuclides must be removed from the system 
and treated separately (in ORIGEN-2.2, by Gauss-Seidel iterative technique) [23]. Modern computers, 
however, allow applying more precise methods of solving the stiff systems of first-order differential 
equations with constant coefficients. The implicit Runge-Kutta method of order 5 (Radau IIA, three 
stages) [24] with step size control and continuous output has shown reasonable performance and 
stability when solving the system containing up to ~4000 equations for all known nuclides. This 
algorithm has then been incorporated in the code. Typical running time strongly depends on the 
size of the system and for majority of the problems is not competitive with matrix exponential 
method (minutes versus seconds or even milliseconds). However, this is still significantly less than 
the MCNP(X) running time to obtain fluxes and spectra. A simple parallelization was implemented 
and could be invoked in case the number of burnable materials exceeds the number of CPU allocated 
to the problem (assuming that MCNP(X) runs in parallel mode). This reduces significantly the total 
computational time for huge problems with numerous burnable materials. ORIGEN-2.2 can still be 
used in ALEPH if the speed rather than quality is required.

Predictor-corrector algorithm
Previous version of ALEPH did not use any predictor-corrector mechanism. It should be noted 
however that predictor-corrector will obviously slow down the code since additional steady-state 
Monte Carlo calculations of fluxes and spectra are required. The best option from the quality/
performance point of view remains the fine binning of irradiation history, however it is not always 
possible to properly define it. This situation is somehow similar to the variance reduction technique 
inside Monte Carlo code itself: the best variance reduction is simply higher statistics, but for some 
problems such increase is not feasible.

In order not to severely overburden memory consumption, the approach from MCNPX [4] which 
originates from MONTEBURNS [1] was adopted for ALEPH. The fluxes and spectra are calculated at 
the beginning of time step, and then the concentrations are obtained at the half of the time step. 
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Using these concentrations, the fluxes and spectra are recalculated and finally the concentrations 
at the end of time step are computed on the basis of new fluxes and spectra. ALEPH takes the 
responsibility whether to apply predictor-corrector or not by comparing the nuclide concentrations 
and reaction rates at the beginning and end of time step.

Nuclear heating
The ALEPH-DLG utility was modified in order to provide the neutron and photon heating numbers 
(kerma-factors) in the ALEPH data files. Using these total kerma-factors, the energy release rates 
by neutrons and photons in the material could be calculated at the beginning of each time step by 
folding these numbers with neutron and proton fluxes, accordingly. Then they are integrated over 
the time together with decay energy release rates to get the total energy release in the material 
during the given time step.

Recoverable energy per fission or capture event
It is a customary to use the total power of the system or specific power per material when describing 
irradiation history. However, this power must be converted to flux in order to obtain the reaction 
rates for the right side of Bateman equations. The ALEPH uses the following ratio to get the flux 
value at the beginning of time step after steady-state Monte Carlo calculation:

 f = 6.242×1018 j MCNP
P
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i i

⎛
⎜
⎝

⎛
⎜
⎝
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where P is specific power of a given material in MW, F and C are the numbers of fission and neutron 
capture events occurred in the material per source particle simulated in MCNP(X) calculation, Q fi 
and Qci are energy releases per fission and capture events on nuclide i, wi stands for the atomic 
fraction of nuclide i in the material, and jMCNP is the track length estimate of neutron flux in MCNP(X) 
calculation normalized to source particle. The values of recoverable energies per fission and capture 
events are taken from ENDF/B evaluations. If the recoverable energy per fission event is not provided 
in nuclear data files, the ORIGEN-2.2 approximate formula is used [10]:

 Q fi = 1.29927×10-3Z²
i √A²i + 33.12, (2)

where Zi and Ai are charge number and atomic mass of nuclide i. The user however can alternatively 
input the desired value of recoverable energy per fission.

The implementation of the changes to ALEPH allows concluding that all the limitations 
related to nuclear data treatment and method to perform depletion calculations are eliminated, 
and possible final uncertainties in nuclide concentrations will depend on the original nuclear data 
uncertainties only.

Besides major improvements some  minor corrections were done, such as the possibility to 
follow time evolution of different material types (fuel, moderator, clad, etc.) in the same code run. 
The improved version of the code contains significantly reduced number of commands extra to 
standard MCNP(X) input than its predecessor.

Validation of modified ALEPH

The GDF Suez Company requested to validate ALEPH by comparison with the experimental data 
from the REBUS study [25], which they had acquired, and not with the MALIBU [26] or ARIANE [27] 
experiments, for example. It was therefore decided to undertake the validation study using the data 
from the REBUS experiment [28].
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The REBUS experiment
REBUS  [28] was an international programme aimed at providing an experimental database for 
validation of reactor physics codes used for burn-up credit estimations. As part of the experi-
ment, several UO2 fuel elements were irradiated for four full cycles in a commercial PWR at the 
Neckarwestheim NPP in Germany. The rods from the fuel assembly from this power plant then 
underwent first a gamma spectroscopy scan to determine their burn-up profile and later a radio-
chemical analysis, during which the majority of the radionuclides of interest, in particular, to code 
validation were determined with high precision. The REBUS experiment actually considered two 
different reactors and two different types of fuel, but it was assumed that the uniform nature of the 
flux in a large commercial power reactor should make simulations relatively straightforward.

Reliable data was also available on the geometrical and material properties of the fuel assembly. 
Its position in the reactor core, however, was not known and neither was the history of any possible 
reshuffling. This limited the simulation options to the fuel-assembly level (as opposed to a possible 
full-core calculation).

The power history had been calculated at the Neckarwestheim NPP applying a licensed 
deterministic code for this type of reactors from the Siemens Company, which used the reactor’s 
thermal output as a normalization factor. A separate computer code was used for the calculation of 
the fuel and moderator temperature history, whereas the data on the changing boron concentrations 
over time was available experimentally.

Model
The approach from [28] adopted 53 time steps of power history. The boric acid in the system was kept 
constant at the average value and a single, constant temperature was used for the moderator, the 
cladding and the fuel. The initial fuel composition was adjusted for the typical presence of 234U, the 
percentage of which was not specified in [28]. Assuming that the fuel was enriched by gas diffusion, 
the process of enrichment in 234U is similar to the one of 235U. One quarter of the 18x18 assembly was 
modelled, with reflective boundaries on two sides to mimic the symmetry of the system and the 
white boundaries on other sides to simulate an infinite assembly array. The model has no division of 
the fuel elements in the vertical direction, but each of the fuel pins was burnt separately (i.e. was a 
different material in ALEPH parlance). A sketch of the model is shown in Figure 1.

Figure 1: a) Model of fuel pin. The cladding thickness is 2.8 mm.  
b) Assembly model. The UO2 pins are coloured in yellow.

 (a) (b)

	   	  



Nuclear MeasureMeNts, evaluatioNs aNd applicatioN – © oecd/Nea 2011166

developMeNt aNd validatioN oF aleph MoNte carlo burN-up code

Three different pin types were present in the assembly model: the UO2 fuel pin from Figure 1, a, 
the UO2-Gd2O3 pin and the empty guide-tube pin.

In addition to ALEPH itself, the results obtained with the 2-D deterministic code WIMS [29] recalcu-
lated to the reference date of the measurements have been used for validation. Calculations were also 
done using a pure ORIGEN-2.2 model, for which high-burn-up PWRUE libraries [10] matching the experi-
mental conditions were employed. Finally, results of MALIBU experiment [14] were also considered.

Discussion
The results of the comparison of nuclide concentrations are shown in Figure 2. They can be deemed 
satisfactory and comparable in quality with the ones from a previous verification attempt of the 
original ALEPH code  [14], which used the MALIBU program data. It has to be borne in  mind, of 
course, that the MALIBU program considered a very different reactor core setup, fuel composition 
and burn-up history, so that any comparison can only be qualitative.

The quantitative analysis was performed using two deviation criteria useful to perform 
statistical analysis when the values differ by several orders of magnitude:
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Figure 2: Deviation of calculated nuclide concentrations from experimental data
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where N stands for the total number of experimental points Ci
exp and Ci

calc are the experimentally 
measured and calculated nuclide concentrations, and DCi

exp represents the experimental error. The F 
criterion allows estimating adequately and reliably the correlation closeness between calculated and 
experimental data, while H accounts for experimental error [30]. The deviation factors are shown 
in Table 1.

The results of calculations with modified ALEPH code show improvement with respect to the 
related calculations by original ALEPH. It is observed from Figure 2 that very large discrepancies for Am 
and Cm isotopes found for ALEPH are no longer present among the results of calculation with upgraded 
ALEPH. It should be noted that the experimental error attributed to most of AM and Cm isotopes was 
quite high, reaching 36% for Cm-242. The concentrations for the major actinides are within 5% deviation 
from measured data. The 234U concentrations in the initial fuel compositions remain uncertain. Another 
isotope with a substantial discrepancy, 237Np, has a rather large experimental uncertainty attached 
to its value. This is a positive outcome of using a complete and consistent set of nuclear data both in 
MCNP(X) and in the depletion calculations.

The concentrations of fission products vary in quality with the nuclides present in higher amounts 
generally yielding better results and with the nuclides most important from the waste management 
point of view, such as 135Cs and 99Tc, showing a satisfactory match. The same is true of 137Cs, which was 
used for experimental gamma scanning, aimed at burn-up profile determination. The agreement with 

Table 1: Calculated deviation factors

Code F H
Malibu 1.146 0.137
wiMs 1.595 0.245
origeN 1.722 0.491
aleph 1.598 0.341
aleph new 1.495 0.204

Figure 3: Neutron induced FP yields from different libraries and codes. The total sum over all FP is 2.
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the experimental data is very good for the Nd isotopes, which testifies to the correct burn-up values 
used in the model. The results of most of the Sm isotopes are disappointing, however, as are those of Pd 
isotopes. This is attributed to results calculated with both ALEPH versions, as well as with ORIGEN-2.2. 
The reason is neutron induced fission product yields. They differ significantly between ORIGEN-2.2 
libraries and libraries used by upgraded ALEPH code (the calculations with FP yields from JEFF-3.1.1 and 
ENDF/B-VII were performed). For some nuclides the difference in FP yields is as high as several orders of 
magnitude which is vividly seen from Figure 3. It should be noted that in the standard ENDF evaluated 
files, as a rule, the FP yields are given only for thermal point, fast spectrum averaged and for 14 MeV. 
Thus the folding with neutron spectrum becomes one of the main sources of final uncertainty.

To summarize, the general trend is an overestimation of the calculated concentrations and the 
differences with the experimental data which exceed the uncertainties of the latter. However, for 
the current requirements of the nuclear industry, the achieved accuracy can be deemed satisfactory.

Conclusions

Two principal features of ALEPH Monte Carlo burn-up code, a nuclear data library covering neutron 
and proton induced reactions, neutron and proton fission product yields, spontaneous fission 
product yields, radioactive decay data, total recoverable energies per fission, and numerical solution 
of Bateman equations make this tool flexible and powerful. The area of application ranges from 
single pin model to full-scale reactor model, including such specific facilities as accelerator driven 
systems. In addition, the format of the input file used to describe the model and the irradiation 
conditions has been greatly streamlined, making introduction of errors in the parameters of the 
simulation much less likely.

The code has been validated on REBUS experimental data. There is notable improvement with 
regard to original version of ALEPH, ORIGEN-2.2 and WIMS codes. The fission products are generally 
overestimated which is attributed to the uncertainties in direct fission product yield data. However, 
the deviations from experimental data satisfy the current requirements.
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