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Advanced features of ALEPH2 depletion code 
applied to radioprotection of nuclear facilities
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ALEPH2 – depletion code developed at SCK CEN since 2004

 MCNP/PHITS as transport solver

 Advanced depletion solver based on RADAU5 Runge-Kutta algorithm

 Full consistency of nuclear data: same data are used for transport (MCNP) and depletion

 Multi-particle: transmutation of a nucleus by neutron, protons and photonuclear 
reactions

 Calculation of source terms

 Advanced treatment of secondary radiation

 Advanced predictor-corrector for thermal reactors simulation

 Simulation of contamination by compartment approach

 Parallelization: each depletable material is solved in own thread

Features
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ALEPH2 calculation flow
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From transport calculation (MCNP/PHITS output) ALEPH2 takes spectra in very fine energy group structure to 
account for self-shielding (~116,000 energy groups)  

 

Cross sections in ACE format 
processed by NJOY code from 
general purpose libraries JEFF 
(3.3, 3.2, 3.1.2, 3.1.1...) ENDF 
(ENDF/B-VIII.0, ENDF/B-VII.1, 
ENDF/B-VII.0..)

+additional activation data processed 
from TENDL(2017 or older) + FPY 
(JEFF or ENDF/B) + (if required) 
proton data from TENDL or JENDL-
4/HE + (if required) photonuclear data 
from TENDL

The spectra is used to collapse cross sections.  
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Delayed gamma source and spectra
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From the vector of radioactive nuclides, ALEPH2 calculates gamma 
spectrum at each moment of time:
 1500 energy bins from 1 keV to max photon energy (> 10 MeV)
 all major discrete gamma lines could be identified in the output 

photon spectra

The user has either to provide a virtual cylinder covering all cells with depletable 
materials, or a set of virtual materials covering each depletable material   

Delayed photon spectra are distributed in these materials for 
subsequent transport calculation
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(,n) neutron source and spectra

 

 

Limitations: 
 stopping powers are given only for limited nuclei
 outgoing neutron spectra are unknown

 

 

2 options

Thick Target Yield -particle transport calculation

 

 -particle spectra are treated by ALEPH2 in the same 
way as photon spectra (previous slide)

 Usually -particle transport does not take long 
(limited range)

 Outgoing neutron spectra are calculated from the 
data libraries JENDL/AN-2005 (default) or TENDL

 This is most accurate approach
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  Spontaneous fission neutron source and spectra 

Spectra generated from approximate formulas for Watt-like spectrum

If the spectrum is given in decay data library, it is taken. 
However, in modern libraries the spectrum is given only for 
Cf-252. For other nuclides like Cm-244 (important for spent 
fuel characterization) approximate formulas are used. 
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Compartment approach to simulate contamination

Compartment 1: 
production of 
radioactivity

Compartment 2:
(pipes etc.)

Compartment k: 
stack

R1 Rn-1

 
Release rates 
towards next 
compartment

 

 At any moment of time, we know the source terms in each compartment
 Solving may be time consuming (if many materials are involved) but it is most accurate way
 Release rates should be known for each element. Sometimes they are simple ventilation 

rates applied to all elements in given compartment, this simplified the task
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 The activity of air inside the tunnel decreases with 
larger ventilation rate 

 The activity releases to atmosphere per year 
increases with increasing ventilation rate. 

 A lower ventilation rate is recommended to be used 
to decrease the activity release and therefore the 
total annual dose. 
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Activity release rate!
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0.1 1 10

106

107

108

O
u

ts
id

e 
A

ct
iv

it
y,

A
ou

t, 
[M

B
q

/y
]

R (1/h)

 11C

 13N

 14O

 15O

 41Ar

 Total

0.1 1 10
101

102

103

104

In
si

d
e 

A
ct

iv
it

y,
A

in
, [

M
B

q
]

R(1/h)

 11C

 13N

 14O

 15O

 41Ar

 Total

 



SCK CEN/84574796
ISC: Public 

FPF (100 MeV, 4mA)
Simplified cooling water loop diagram

Material A [Bq] Volume 
[cm3]

Total Corrosion rate 
[μm/y]

Beam window 7.07E+09 3.15E-02 0.5

Ta beam dump 3.29E+11 2.31E-01 2 (0.5 x 4 layers)

Steel pipes 1.51E+11 4.48E+01 8.35 (1.67x5 pipes)

Pure cooling 
water

2.33E+14 1.53E+06 -
10
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Nuclides
Half-life
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energy 

[keV]

Percent yield per 
decay

(%)

Delayed gamma 
intensity [p/s]

Average gamma 
decay 

Energy

[keV]

Ambient dose 
conversion factor

[pSv.cm2]

4-Be-7 53.22 d 477.604 10.44 1.659E+11 49.862 0.551
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A unique facility in Europa:  RECUMO (Recovery of Uranium from Mo-99 Production)

As part of the nuclear license, an ALARA study is required by the authorities before commissioning! 

Application: RECUMO

More than 25% of medical radioisotopes are produced in BR2 research reactor of SCK CEN. These isotopes are then treated with a 
chemical process by the Institut National des Radioéléments (IRE) before they are administered to patients. The residues left 
behind by that chemical process still contain a number of substances that can be recovered. These residues are currently stored in 
special containers at IRE's site in Fleurus.

 Currently under construction at the SCK CEN site
 Commissioning in 2027
 The recovery is based on a chemical process
 After the recovery, the waste will be removed 

according to regulatory waste standards.
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Loading:
-Odd numbers (in green) double filled 
from bottom 
-Even numbers (in red) double filled 
from top 
-The canisters with numbers between 
11 and 15 (in blue) are filled double at 
each position
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Time of dose rate measurement: 24/04/2021 

34.37 years

4.29 years

11.86 years
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The source terms of HEU residue per 
gram of U-235

 

Time of dose rate measurement: 24/04/2021 

1 container : 15 cases x 4 cans (one double or 2 doubled )

In total, there are 90 residues (active materials) that have 
different delayed photon sources. Each source is 
separately generated for each active material.

decay only problem
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The source terms of HEU residue per 
gram of U-235

Time of dose rate measurement: 24/04/2021 
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Reg. 1 1.03 1.00
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REGAL
• PIE of UO2 and low BU (U,Gd)O2 (~50 & ~12 

GWd/tHM) samples

EURAD
• Absolute n-emission measurements

Ssf = 678 (12) s-1g-1        Sn / Ssf = 0.039 (18)

Source: P. Schillebeeckx et al. An absolute measurement of the neutron production rate of a spent 
nuclear fuel sample used for depletion code validation. Front. Energy Res. 11 (2023)

Source: J. Eysermans et al. REGAL International Program: Analysis of experimental data for depletion 
code validation. Ann. Nucl. Energy 172 (2022) 109057

Code Library Nuclide inventory, NX/NU BU Ssf S/Ssf

  148Nd x 10-4 137Cs x 10-3 244Cm x 10-5 MWd/kg s-1g-1  

ALEPH2
JEFF-

3.3
9.740 2.225 6.290 53.25

640.
1

0.020

Application: Spent Fuel Characterization
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• ALEPH2 Monte Carlo depletion code uses MCNP/PHITS for spectral calculations, 
RADAU5 for the evolution calculations and NJOY for the nuclear data processing. 

• Nuclear data consistency: the same data is used by ALEPH2 and MCNP/PHITS 
codes.

• Wide range of applications: from single pin to complex models such as ADS 
(MYRRHA designed at SCK CEN).

• Output of radioactive source terms, decay heat, yield of delayed radiation, etc. 

• It has been validated using experimental data in the framework of  many 
European projects. 

Conclusions
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Copyright © SCK CEN

PLEASE NOTE!
This presentation contains data, information and formats for dedicated use only and may not be communicated, copied, 

reproduced, distributed or cited without the explicit written permission of SCK CEN.
If this explicit written permission has been obtained, please reference the author, followed by ‘by courtesy of SCK CEN’.

Any infringement to this rule is illegal and entitles to claim damages from the infringer, without prejudice to any other right in 
case of granting a patent or registration in the field of intellectual property.
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Belgian Nuclear Research Centre
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ALEPH2 automated calculation of residual doses

First particle transport calculation is 
performed to get proton/neutron/photon 

field in which materials get activated. 

Very fine energy group structure is used 
to represent the spectrum of delayed 

gamma-rays in each user-defined cell 

Combined source of gamma-rays is 
formed over all user-defined cells with 

probabilities proportional to total 
intensities in the cells

Vector of radioactive nuclides is obtained 
at the end of time step. ALEPH2 assumes 
uniform distribution of activated material 

in each user-defined cell 

2nd transport calculation (photons only) is 
performed and dose rates at detector 

positions are obtained

Residual gammas

Prompt radiation

A single ALEPH2 run, but preparatory work is required to 
provide geometry locations of cells in order to tune the source 
for efficient sampling First particle transport calculation is 

performed to get proton/neutron/photon 
field in which materials get activated. 
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