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Abstract 
 
In deuterium-deuterium (D-D) and deuterium-tritium (D-T) fusion plasmas neutrons are produced 
causing activation of JET machine components. For safe operation and maintenance it is important to 
be able to predict the induced activation and the resulting shut down dose rates. This requires a suitable 
system of codes which is capable of simulating both the neutron induced material activation during 
operation and the decay gamma radiation transport after shut-down in the proper 3-D geometry. 
 
Two methodologies to calculate the dose rate in fusion devices have been developed recently and 
applied to fusion machines, both using the MCNP Monte Carlo code. FZK has developed a more 
classical approach, the rigorous 2-step (R2S) system in which MCNP is coupled to the FISPACT 
inventory code with an automated routing. ENEA, in collaboration with the ITER Team, has developed 
an alternative approach, the direct 1 step method (D1S). Neutron and decay gamma transport are 
handled in one single MCNP run, using an ad hoc cross section library. The intention was to tightly 
couple the neutron induced production of a radio-isotope and the emission of its decay gammas for an 
accurate spatial distribution and a reliable calculated statistical error 
 
The two methods have been used by the two Associations to calculate the dose rate in five positions of 
JET machine, two inside the vacuum chamber and three outside, at cooling times between 1 second and 
1 year after shutdown. The same MCNP model and irradiation conditions have been assumed. The 
exercise has been proposed and financed in the frame of the Fusion Technological Program of the JET 
machine. The scope is to supply the designers with the most reliable tool and data to calculate the dose 
rate on fusion machines. Results showed that there is a good agreement: the differences range between 
5-35%. The next step to be considered in 2003 will be an exercise in which the comparison will be done 
with dose-rate data from JET taken during and shortly after the deuterium-tritium experiment (DTE1) 
in 1997. 
 
Large computing power, both in terms of amount of data handling and storage and the CPU computing 
time is needed by the two methods, partly due to the complexity of the problem. With parallel versions 
of the MCNP code, running on two different platforms, a satisfying accuracy of the calculation has been 
reached in reasonable times. 



 
 
Introduction 

 
In deuterium (D-D) and deuterium-tritium (D-T) fusion plasmas neutrons are produced causing 

activation of JET (Joint European Torus [1]) machine components. For a safe operation and 
maintenance it is important to be able to calculate the resulting shut down dose rates. This requires a 
suitable system of codes, able to calculate both the neutron induced material activation during operation 
and the decay gamma radiation transport after shut-down in a proper 3D geometrical model.  

 
Two methodologies have been developed to calculate the dose rate for fusion machines. They both 

use as basic code the Monte Carlo code MCNP [2] for transporting the radiation, neutrons or decay 
gammas. FZK, following a more classical approach, has developed the, so called, rigorous 2-step (R2S) 
system [3]. According to this method MCNP is coupled to the FISPACT [4] inventory code for the 
activation calculations with an automated routing of decay gamma source distributions and neutron flux 
spectra. The final (second step) MCNP calculation is conducted with a decay gamma source 
distribution, given by FISPACT. The R2S system has been previously applied to shut down dose rate 
analyses on a problem related to the Vacuum Vessel design of ITER (International Thermonuclear 
Experimental Reactor) [5]. Later it has been validated versus the results of an irradiation experiment on 
an ITER shield mock-up [6].  

 
The second methodology has been developed in a joint effort by ENEA and the ITER Team [7, 8], 

following a novel approach. The idea was to couple the emission of gamma rays by radioactive isotopes 
to the preceding neutron activation reaction. A modified version of MCNP code is used to perform a 
coupled neutron and decay gamma transport in one single run, using an ad hoc cross section library. 
The novel approach, referred as the direct one-step method (D1S) has been successfully applied in the 
shut down dose rate analysis of ITER [9] and of mock-up experiments [10].  

 
Since 1999, the JET program is organized and conducted by the EFDA (European Fusion 

Development Agreement). EFDA intends to make use of the JET machine during the last operation 
years for tasks relevant to the fusion technology development. One of these is devoted to the calculation 
of shutdown dose rate after D-T operation requiring a reliable computational tool. As a first step, a 
computational exercise has been conducted assuming a reference irradiation history similar to a real 
irradiation during a D-T campaign of JET. A common model of JET machine and same origin of cross 
section data have been shared by the two methods, to reduce the sources of difference Five detecting 
positions have been chosen, at which the dose rate is calculated after shutdown at times between 1 
second and 1 year. ENEA and FZK using the two methodologies, the D1S and the R2S, have compared 
the results and the methods. In the next paragraphs essential features of the two methodologies are 
presented together with results. A paragraph is dedicated to analysis and comparison. 

 
The important role of the power of the computing machines and services has been recognized. 

Both methods have obtained results with low statistical error thanks to them. In particular the capability 
to produce parallel versions of MCNP, increased the computer capacity, given the large number of 
processors available. Some details of the computing facilities, performances and platforms are given as 
well. 

 
The computing exercise in the frame of the JET fusion technology program has given satisfying 

results. The next step, more challenging, will be the comparison with available experimental data of 
JET. EFDA has financed this activity to be performed in the second half of 2003.  

 
 



The Rigorous 2 Step Method: Methodology and Interfaces  
 
The shutdown dose rate is due to decay photons emitted by radioactive nuclides generated during 

irradiation. The Rigorous 2 Step method (R2S) follows a classical approach. Firstly a neutron transport 
calculation is performed to calculate the neutron flux spectra in the different parts of the machine; then 
nuclide inventory calculations are performed to obtain a map of the decay gamma source distribution, 
and finally decay gamma transport calculations for the dose rate distribution are carried out. The 
transport calculations, both for neutrons and decay gammas, are performed with the Monte Carlo code 
MCNP. Cross section data are from FENDL-2.0/MC [11] the reference nuclear data for transport 
calculation in fusion technology (ITER relevant). The activation calculation is performed with the 
FISPACT inventory code using FENDL-2.0/A activation cross-section data [12].  

 
The Monte Carlo code MCNP and the activation inventory FISPACT thus form the core of the 

computational scheme. The output of one code is processed for input of the other and the other way 
round. As it is difficult to manage the large amount of data, the two codes are linked through interfaces 
for the automated routing of the neutron flux spectra from MCNP to FISPACT (interface MCFISP) and 
the decay gamma source distribution from FISPACT to MCNP (interface FISPMC). The flow diagram 
of the R2S system is displayed in Fig. 1. 
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Fig 1: Flow scheme for MCNP-FISPACT based 3D shutdown dose rate calculations (R2S method) 
 
Neutron flux spectra are calculated in the standard way using the track length estimator in all non-

void cells that may after irradiation become a decay gamma source. In complex geometries such JET 
several runs with different importance sampling techniques are necessary to have a satisfying statistical 
error and the complete map of the neutron flux spectrum distribution. The calculated neutron flux 
spectra can be written at request, by MCNP, on an external ASCII file, called MCTAL.  



 
MCFISP (MCNP to FISPACT) reads the MCTAL file and passes the neutron flux spectrum to 

FISPACT for the activation calculation for the material in the associated geometrical cell. FISPACT 
uses the neutron flux spectrum to collapse the activation cross-sections which are provided in the 175 
VITAMIN-J group structure in MCTAL, into one-group effective cross-sections. These are then used in 
a FISPACT activation calculation to calculate the activation inventory and decay gamma source 
(intensity and spectrum) for the material and geometry cell under consideration. This procedure is 
automatically repeated for all geometry cells specified in the MCFISP input file. The material 
specification, irradiation history and the considered cooling times are given in the FISPACT input file. 
For each cell a standard FISPACT output file is created with the decay gamma source intensity and 
spectrum stored on it.  

 
The interface FISPMC (FISPACT to MCNP) reads all decay gamma source files which have been 

generated by FISPACT for the cells as specified in the previous step. FISPMC creates one single decay 
gamma source file which contains the decay gamma source intensity, the spectrum, the cell volume and 
the cell name for all considered geometry cells and cooling times.  

 
The decay gamma transport calculation is performed with MCNP using the same geometry model 

of the neutron transport calculation. Modifications can be introduced at this stage if necessary. For 
example, air could be included in the vacuum vessel for the gamma transport calculations since this is 
the situation of interest during manned access. The decay gamma source distribution is sampled by 
means of a proper routine using the decay gamma source file provided by the FISPMC interface. In the 
MCNP input deck, only one single source sampling volume has to be specified giving the boundaries of 
a rectangular box. The source sampling volume may cover the complete MCNP geometry model or 
only parts of it which are thought to be relevant for the shutdown dose rate calculation. A point is 
sampled uniformly in the box as starting position for the gamma, the cell belonging to it is identified, 
and then a weight to the source gamma is assigned equal to the decay source intensity as in FISPMC 
file. More details about the interface features can be found in [13]. 

 
 
Shutdown Dose Rate Calculations for JET by the R2S method 
 
An MCNP model of JET was provided by UKAEA Culham [14]. The original model has been 

modified by FZK for a finer spatial segmentation, necessary for an optimal usage of the R2S method. 
The updated model consisting of 383 geometry cells has been sent to ENEA as well. Fig. 2 shows 
vertical and horizontal pictures of the modified model. 

 
The neutron source spatial distribution and intensity is related to the density and temperature of the 

fusion D-T plasma. Plasma shape and intensity are defined by means of parametric equations. In table 1 
the main parameters values are given. The neutron is sampled according to a routine linked to the 
MCNP code as provided by UKAEA Culham [14].  

 
The MCNP JET model used for the R2S calculation at the end was made of more than 103 cells 

and 47 different materials compositions. The neutron flux spectra were calculated in the standard 175 
VITAMIN-J group structure for every non void cell which in principle could act as sources of decay 
gammas. To have a satisfying statistical accuracy in all the cells, 11 separate MCNP runs were 
performed for different regions with optimal importance sampling.  

 



 

Horizontal cut at torus midplane (z=0) 

 

 

 

Vertical cut through octant mid plane   Horizontal at  z=575 cm above mid-plane 

Fig.2: MCNP model of  JET octant 5 with detector positions indicated in circle.  

 
 

Parameter JET 
Mean neutron energy (MeV) 14.1 

Plasma temperature (keV) 20 
Major radius (cm) 290 
Minor radius (cm) 80 
Plasma elongation 1.6 

Plasma triangularity 0.2025 
Radial plasma shift (cm) 0.2 

Vertical plasma shift (cm) 30.0 
Source peaking factor 7 

Table 1: Parameters defining the shape of the plasma used to sample the neutron source routine 
linked to MCNP 

 
With respect to the activity inventory calculations, the decay gamma ray sources were calculated 

for almost all the geometry cells using the associated 175 VITAMIN-J group neutron flux spectra. As 
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agreed with ENEA Frascati and UKAEA Culham, FENDL-2.0/A activation cross section data were 
used in the activation calculations performed with FISPACT-99. A typical JET irradiation scenario 
(table 2), as proposed by UKAEA Culham was assumed, for the activation calculations. It consists of a 
steady operation for a week followed by three intense shots for a total D-T neutron production of 2.4 
⋅1019. 

 
neutron intensity [n/s] duration 
3.858 ⋅⋅1013  108 h 
0 40 h 
3.0 ⋅⋅1018 1 s 
0 40 h 
3.0 ⋅⋅1018 1 s 
0 40 h 
3.0 ⋅⋅1018 1 s 

Table 2: Reference irradiation history assumed for the activation calculation. 
 
The activity inventories and decay gamma sources were calculated for decay times of 1h, 1d, 1 

week, 1 month, 3 months, 6 months and 12 months after the last shot.  
 
As final step of the R2S calculations, decay gamma transport calculations were performed with 

MCNP4C to calculate the dose rate at the following five detector locations interior and exterior to the 
machine (Fig. 2 above, Table 3). 
 

detector specification position 
D1 on the vessel mid-plane at the major radius x, y,  z = 0.0, 290.0, 0.0 cm   
D2 Exterior to the machine on main horizontal port MCNP cell 1439 
D3 on the wall opposite the main horizontal port MCNP cell 420 
D4 at a point corresponding to a re-entrant irradiation end MCNP cell 366 centred at x, y, z 

= 0.0, 325.0, 191.4 cm 
D5 adjacent to upper horizontal section of the transformer 

limb 
x, y, z =  200.0, 667.0, 575.0 cm 

Table 3: List of the detectors where the dose rate has been calculated. 
 

The track length estimator (MCNP tally F4) was used to calculate the decay photon flux spectra in 
the specified detector cells. The photon flux-to-dose rate conversion factors according to ANSI/ANS-
6.1.1-1977 were then applied to obtain the dose rates on the basis of the calculated photon flux spectra. 
One MCNP run per each cooling time was performed using the associated decay gamma source 
distribution given in the previous FISPACT calculation step for each 7 specified decay times.  
 
 
Results of R2S shut-down dose rate calculations  

 
The shutdown dose rates calculated for the five detector positions are displayed in Figure 3 as 

function of the decay time after the last plasma shot. The corresponding numerical data are shown in 
Table 4. The major contribution to the shutdown dose rates at positions D1, D2 and D4 inside the JET 
machine comes mainly by decay gammas from the poloidal limiters and the vacuum vessel cells made 
of Inconel. This is also true for the dose rate for position D3 on the wall opposite the main horizontal 
wall with a direct view to the vacuum chamber. Probably the isotopes with major intensity are: at short 
decay times (few hours) 56Mn (generated through the 56Fe (n,p) 56Mn reaction); 57Ni , generated through 



the 58Ni(n,2n) 57Ni reaction becomes dominant at 1 day; 58Co, produced through the 58Ni (n,p) 58Co 
reaction dominates the shut-down dose rate for decay times larger than a few days. 
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Fig. 3: JET shutdown dose rates calculated by the R2S procedure for the five detector positions as 
function of the decay time after the last shot.   

 
 

Decay 
time [d]  

D1 
Cell 203 

D2 
Cell 4439 

D3 
Cell 420 

D4 
Cell 366 

D5 
Cell 3042 

0.0417 3.4214e+05 ± 5% 1.7285e+04 ± 5% 1.2922e+02 ± 4% 1.6273e+05 ± 4% 1.8217e+02 ± 4%  

1.0 4.4824e+04 ± 3 % 1.5462e+03 ± 4% 8.7975 ± 4% 9.4574e+03 ± 4% 6.3987 ± 2 % 

7.0 2.4720e+04 ± 3% 8.8661e+02 ± 4% 9.6610e-01 ± 5% 4.9929e+03 ± 5% 1.8030± 6% 

30.0 1.7827e+04 ± 3% 6.4873e+02 ± 4% 7.1806e-01 ± 6% 3.7426e+03 ± 5% 1.5203 ± 6% 

90.0 1.0991e+04 ± 3% 3.4776e+02 ± 5% 5.0605e-01 ± 6% 2.1672e+03 ± 5% 1.0848 ± 6%  

180.0 6.2323e+03 ± 4% 1.5691e+02 ± 5% 3.2252e-01 ± 6% 1.0724e+03 ± 6% 6.4822e-01± 3% 

360.0 2.6927e+03 ± 5% 4.1743e+01 ± 6% 1.5988e-01 ± 5% 3.6859e+02 ± 6% 3.0864e-01± 4% 

 
Table 4:  JET shutdown dose rates [µSv/h] calculated by the R2S procedure for the five detector 

positions as function of the decay time after the last shot. The standard deviation (%) of the 
Monte Carlo dose rate calculation is given as well.  

 
 
 



The Direct One Step method (D1S) 
 

The D1S method has its origin from the fact that in the ITER design, there was the need of a more 
reliable and prompt tool to calculate the dose rate outside the machine. The ITER Team looked for 
alternative approaches and elaborated a first version of the D1S method [7] which was further 
developed later [8], in a joint effort ENEA and ITER Joint Central Team. It was feared that the classical 
procedure in two steps (R2S) has inherent features which may increase the uncertainty associated to the 
final result.  

 
The inherent limitations of the R2S method are the following: firstly inventory codes accept 

neutron flux given in energy multi-group format only, to be collapsed internally in one single group. 
MCNP uses pointwise cross section data, any pointwise information available is smeared when 
collecting fluxes in energy bins. Secondly, the neutron flux scored in a region by MCNP is the result of 
an average over the volume. Therefore, the information of the spatial variation of the neutron flux 
inside the volume is lost. The resulting activity and decay intensity is also an average over the volume 
region. 

 
The underlying idea of the D1S is to couple the emission of decay gamma rays to the neutron cross 

section producing the radioactive isotope. Decay gammas are thus handled as if they were promptly 
emitted in the same MCNP neutron transport calculation. Thus it is not necessary to pass through an 
inventory code, in this stage, while activation calculations are needed in the pre-analysis to know the 
most important radio-nuclides or to derive time dependent factors (see later). A modified version of 
MCNP with a special cross-section library is needed to this end. Almost all the patches to the original 
code are in the subroutine ACEGAM.F that handles the gamma generation in the neutron interactions. 
The neutron part of the nuclear library is like a usual MCNP transport library, but with regard to the 
photon generation, only the cross sections generating radioisotopes are included. Absolute and relative 
intensities, energy spectra of the decay gamma are then coupled accordingly.  

 
The decay gamma rays are transported, as if they were prompt. The energy release, if any, is 

calculated in the scoring regions. By means of this ad hoc modified version of MCNP, an artificial 
delay time, expressed in shakes (1 shake = 10-8 sec), is given to gammas emitted by a certain isotope. 
The list of the delay times is associated in a bi-univocal way to the different radioactive isotopes in an 
external file to be read at the beginning of the run by MCNP. A proper time binning of the gamma 
tallies divides the different contributions of the isotopes in the scoring region. The different 
contributions must be added together weighted by factors, “real“ time dependent, that take into account 
the build up of the isotope during irradiation and its decay after shut down. In that way, the time 
evolution due to the different half lives and the history of the irradiation is taken into account. Those 
factors can be calculated analytically or derived by means of inventory codes, which in this stage are 
necessary, through the solution of a system of secular equations.  

 
The final statistical error in the dose rate calculation by the D1S is the result of all processes 

involved in the MCNP run, as the decay gammas are directly coupled to the neutrons that have formed 
the radioactive isotope. The variance reduction capabilities related to the control of the weight and the 
number of photons generated is kept unchanged in the modified MCNP code version for the D1S 
method. Those can be very helpful when low probable photons have to be scored. The spatial 
distribution of the neutron flux in a volume is inherently taken into account as gammas are generated 
exactly in the position where the neutron interaction took place. Also the neutron energy spectrum is 
exactly taken into account. More details on the D1S can be found in [15]. 

 
The D1S method has been benchmarked with experiments relevant to ITER reaching a good 

agreement [10, 16]. However some limitations inherent of the D1S method must be considered: it is 



difficult to be able at the moment to treat multi-step reactions, if they are relevant for the formation of 
radio nuclides; high burn-up problems in which the composition of the material is changing 
considerably is not at the moment affordable; the method is problem dependent, e.g. it uses transport 
library which has to be produced ad hoc for the problem to be treated. Thus the D1S method cannot be 
considered in theory as a general purpose method. 

 
 

Application of the D1S to JET dose rate calculations 
 
 

Pre-analysis and preparation of special library for JET application  
 

A pre-analysis of the neutron induced activation in JET materials/components, following DT 
discharges, has been carried out in order to find out the activated isotopes responsible for the dose rate 
in the selected positions and decay times. In this way a list of the nuclides to be processed and inserted 
in the special library to be used in the D1S method is identified. 

 
To this purpose, neutron flux spectra have been calculated in all JET components using MCNP-4C 

and the JET geometrical model provided by UKAEA. FENDL-2/MC neutron transport cross section 
data have been used [11]. The calculated neutron spectra in some important components are given in 
Fig. 4. 
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Fig.4 Calculated neutron spectra in JET components 

 
For a number of components/materials the contact dose rate has been calculated with FISPACT 

code with FENDL-2/A activation library, using the neutron spectra calculated by MCNP-4C, and the 
materials composition given in the MCNP input. Often the same material is used in more components, 



each of which is described by one or more cells in the geometrical model. In the pre-analysis, only one 
or two cells have been analyzed for each material: for each cell/material the contact dose rate has been 
calculated, the dominant isotopes have been listed and the pathways for the production of dominant 
nuclides have been produced. Only 14-MeV neutrons produced in DT plasmas have been considered. 
The reference irradiation history has been assumed in the activation calculation for a total 2.4 1019  
neutrons. The resulting dose rate has been calculated at 1 hour, 1 day, 1 week, 1 month, 3 months, 6 
months and 12 months of decay time after shutdown. More details of the results of the pre-analysis can 
be found in [17]. 

 
The results of the pre-analysis led to the constitution of a list of 56 activation reactions most 

contributing to the dose rate in the selected positions and decay times. The overall contribution amounts 
to 99% of the total dose rate rate. However, some of these reactions contribute less than 1-2% to the 
total. Thus a shortlist of 28 “relevant” reactions has been identified and included in the special library 
for the D1S calculation for JET.  
 

During the D1S MCNP run the decay gamma rays coming from these reactions are allowed or 
inhibited using the PIKMT card, controlling the gamma generation. Activation cross sections have been 
taken from FENDL-2/A and inserted in the FENDL-2/MC transport library by means of special 
software developed for this purpose [9]. On the basis of the pre-analysis, the use of the limited set of 
activation cross sections, may give rise to an underestimation of the dose rate within 5-10%. 

 
 

Results of the Shutdown Dose Rate Calculation by D1S method 
 
The MCNP modified version calculates the decay photon flux at given positions and translates it to 

dose rates multiplying the flux by a flux-to-dose conversion factor according to ANSI/ANS-6.1.1-1977. 
The contributions of the different radionuclides are divided and can be identified by means of time tally 
binning.  

 
Table 5 - Calculated dose rates in the selected positions as a function of time after shutdown  
Time after 
irradiation D1 D2 D3 D4 D5 

1 s 1.43E+06 ± 3% 3.09E+04 ± 1% 1.50E+02 ± 2% 3.68E+05 ± 5% 2.68E+02 ± 2% 

1 h 3.17E+05 ± 2% 1.56E+04 ± 1% 9.95E+01 ± 2% 1.43E+05 ± 4% 1.62E+02 ± 1% 

1 d 3.46E+04 ± 1% 1.46E+03 ± 1% 7.57E+00 ± 4% 8.35E+03 ± 3% 5.01E+00 ± 3% 

1 w 1.94E+04 ± 2% 7.73E+02 ± 1% 1.03E+00 ± 6% 4.45E+03 ± 5% 1.47E+00 ± 4% 

1 m 1.53E+04 ± 2% 5.75E+02 ± 1% 8.43E-01 ± 6% 3.38E+03 ± 5% 1.33E+00 ± 4% 

3 m 9.70E+03 ± 2% 3.18E+02 ± 1% 5.94E-01 ± 6% 1.97E+03 ± 5% 1.07E+00 ± 4% 

6 m 5.53E+03 ± 3% 1.43E+02 ± 1% 3.88E-01 ± 6% 9.78E+02 ± 6 % 6.90E-01 ± 4% 

1 y 2.41E+03 ± 4% 3.84E+01 ± 1% 2.01E-01 ± 7% 3.38E+02 ± 8% 3.50E-01 ± 4% 
 

In the D1S, the MCNP outputs need to be further processed to take into account the different decay 
constants of the produced radionuclides, because the scored result is the heat of the gamma rays as if 
they were promptly emitted. The results have to be multiplied by a time-dependent correction, a 
function of the irradiation history, which gives the built-up of the radio nuclides and the decay time 
after shutdown. The correction is given by the analytical solution of the secular equation but normally is 



obtained by two FISPACT runs: one run with the real irradiation history, which gives the activities of 
radionuclides at the selected decay times, the second run with an irradiation lasting 1 sec, which gives 
the production rate as it is calculated by FISPACT. The ratio of the activity at different decay times 
over the production rate is multiplied by the MCNP output for each radionuclide. The total dose rate is 
obtained adding the contributions of all radionuclides. Results are given in Table 5, together with the 
total statistical uncertainties, and in Fig. 5 

 
According to MCNP D1S results, the major contributors at short times (< 1 day) are: 62Cu, 64Cu, 

56Mn at longer times 58Co, 60Co and 110Ag. Cu and Ag radioactive isotopes are produced through 
reactions in the materials composing the coils through 63Cu(n,2n)62Cu, 65Cu(n,2n) 64Cu, 109Ag(n,γ) 110Ag 
reactions. Mn and Co radioactive isotopes are formed in the steel through the 56Fe (n,p) 56Mn, 55Mn (n,γ) 

56Mn, 58Ni (n,p) 58Co,   59Co(n,γ) 60Co, 60Ni (n,p) 60Co reactions. 
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Fig. 5 - Calculated dose rates in the 5 positions as a function of time after shutdown (years) 
 
 
Comparing the D1S with R2S method results 

 
The results obtained by ENEA with the D1S have been compared with those obtained by FZK with 

the R2S method. The D1S/R2S ratios are given in Table 6 and in Fig. 6 : it can be seen that depending 
on the considered decay times, the results of the  R2S and D1S calculations agree within 5-20 % and 5 -
35% for detector locations inside and outside the JET machine, respectively. 

This agreement is considered satisfactory taking into account the very different computational 
approaches. In the R2S method the agreement has been achieved after the JET MCNP model has been 
further refined with regard to the spatial segmentation of the material cells contributing to the shut-
down dose rates. The number of material cells thereby was increased from approximately 400 to more 



than 1000. This was necessary to have an accurate representation of the neutron flux gradients in the 
R2S calculations. This is not required for the D1S approach, since the decay gamma sources are 
generated at the spatial location where the associated radio-nuclide activation reactions take place. The 
D1S method, on the other hand, needs the preparation of a bulk of special cross-section data describing 
the generation of the radioactive nuclides and the emission of decay photons in the Monte Carlo 
calculation. Supplementary activation calculations on a case-by-case analysis are required to identify all 
activation reactions taking place in the system considered. Sequential multi-step reactions, which in 
particular are important for high fluence irradiations, are not taken into account in the D1S procedure. 
Part of the difference between the two methods can be attributed, on a qualitative basis, to the fact that 
the D1S neglects some reactions. On the other hand underestimations of the neutron fluxes by the R2S 
procedure is the reason of the ratio D1S/R2S greater than unity that occurs in other cells, due to the 
spatial averaging. 
 
Table 6 Ratio D1S/R2S of the shutdown dose rates calculated by D1S (ENEA) and R2S procedures 
(FZK) 
 

Decay time 
[d]  

D1 
Cell 203 

D2 
Cell 4439 

D3 
Cell 420 

D4 
Cell 366 

D5 
Cell 3042 

0.0417 9.265E-01 9.025E-01 7.700E-01 8.788E-01 8.893E-01 

1.0 7.719E-01 9.443E-01 8.605E-01 8.829E-01 7.830E-01 

7.0 7.848E-01 8.719E-01 1.066E+00 8.913E-01 8.153E-01 

30.0 8.583E-01 8.864E-01 1.174E+00 9.031E-01 8.748E-01 

90.0 8.825E-01 9.144E-01 1.174E+00 9.090E-01 9.864E-01 

180.0 8.873E-01 9.1145E-01 1.203E+00 9.120E-01 1.065E+00 

360.0 8.950E-01 9.199E-01 1.257E+00 9.170E-01 1.134E+00 
 

 
Computing systems used by the two methods 

 
 
MCNP4C used in the R2S method was running on HPC Linux cluster under PVM (Parallel Virtual 

Machine [19]) configuration. Calculation of neutron flux spectra (175 VITAMIN-J groups) in all 
material cells required 11 separate Monte Carlo runs with weight windows optimised for different 
scoring regions  for a total 2 103 hours CPU and total 2.2 109 histories, performed in different runs. 
FISPACT calculations for all material cells needed (≈ 15 h CPU) and the final MCNP4C decay gamma 
transport calculation required additional 400 hours with 70 106 histories. 

 
The D1S method used a MCNP4C version of the code capable to run on a grid of computers. User 

friendly software can help the customer to choose the best performing computer/platform according to 
the available resources and the work sharing. The facility is one of the resources of ENEA Frascati 
managed by INFO Division. The PVM MCNP version was running on AIX multiprocessors IBM with 
more than 30 nodes available. The total CPU consumed is approximately 103 hours for 300 106 neutron 
source particles, by means of different runs. The FISPACT calculations for the pre-analysis required not 
more than 1 hour CPU on a normal PC Pentium IV, 1.8 GHz. 

 
The D1S method used a MCNP4C version of the code capable to run on an ENEA’s computational 

GRID. User friendly software can help the customer to choose the best performing computer/platform 
according to the available resources and the work sharing. The computational GRID include about 300 
CPUs located in the ENEA’s campus, managed by ICT Division (INFO). The PVM MCNP version was 



running also on the fastest AIX SMP multiprocessors node (IBM P4) with 32 CPUs. The total CPU 
consumed is ca 103 hours for 300 106 neutron source particles, by means of different runs. The 
FISPACT calculations for the pre-analysis required not more than 1 hour CPU on a normal PC Pentium 
IV, 1.8 GHz. 
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Fig. 6  - Ratios of D1S over R2S calculated dose rates in the selected positions as a function of time 
after shutdown (years) 

 
 

Summary and conclusions 
 
Two different methods have been applied to the shutdown dose rate analysis of the JET machine, 

the more classical R2S and the innovative D1S. They both have at the core the use of the MCNP Monte 
Carlo code, but they differ in using the inventory calculation code FISPACT. The R2S, by means of 
interface files for the automated routing of the neutron flux spectra and the decay gamma source 
distribution, tries to give a full map of the activation in the machine, while the D1S tries to follow more 
accurately the generation of the decay gamma, concentrating only on the radioisotopes main contributor 
to the total dose rate. The D1S method uses ad hoc generated libraries, problem dependent. In the JET 
calculation a comparison has been possible between the two methods. To minimize the possible sources 
of differences, the same 3D MCNP model of JET and the same origin of cross section data have been 
used. A typical JET irradiation scenario was assumed with a total neutron production of 2.4⋅1019 and the 
dose rate has been calculated for decay times between 1 hour and 1 year in five selected positions, 
internal and external to the vessel. The resulting dose rates were obtained by calculating the decay 



photon spectra for the specified detector locations by means of the MCNP track length estimator and 
applying the ANSI/ANS-6.1.1-1977 photon flux-to-dose rate conversion factors. 

 
When using the refined MCNP model of JET octant 5, the R2S and D1S calculation results agree 

within ± 35 %, which is a good result, taking into account the great difference in the approach by the 
two methods. The R2S-D1S comparison again revealed that a fine subdivision of the space is required 
for R2S shut-down dose rate calculations to take into account the neutron flux variations inside the 
cells. 

 
Different computing resources and platforms have been used by the two methods in a very 

different way. A direct comparison, therefore, is not easy, but looking at the total number of neutron 
source particles, and the statistical error achieved, it looks like that the D1S is more efficient for a 
particular problem once all required special cross-section data are available.  

 
The two computational tools are ready to be used in a more severe test against dose rate 

measurements available from the JET D-T campaign. There the prediction capabilities of the two 
approaches for JET shut-down dose rate calculations will be checked. This comparison will be the 
subject of a follow-up JET fusion technology task to be performed in 2003. 
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