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ABSTRACT
In this paper the results are presented of a neutron cross
section sensitivity/uncertainty analysis performed in a complicated 2D model of the NET shielding blanket design inside
the ITER torus design, surrounded by the cryostat/biological
shield as planned for ITER. The calculations were performed
with a code system developed at ECN Petten, with which sensitivity/uncertainty calculations become relatively simple.
In order to check the deterministic neutron transport calculations (performed with DORT), calculations were also
performed with the Monte Carlo code MCNP. Care was taken
to model the 2.0 cm wide gaps between two blanket segments,
as the neutron flux behind the vacuum vessel is largely determined by neutrons streaming through these gaps. The
resulting neutron flux spectra are in excellent agreement up
to the end of the cryostat. It is noted, that at this position the
attenuation of the neutron flux is about 11 orders of magnitude.
The uncertainty in the energy integrated flux at the beginning of the vacuum vessel and at the beginning of the
cryostat was determined in the calculations. The uncertainty
appears to be strongly dependent on the exact geometry: if
the gaps are filled with stainless steel, the neutron spectrum
changes strongly, which results in an uncertainty of 70% in
the energy integrated flux at the beginning of the cryostat in
the no-gap-geometry, compared to an uncertainty of only 5%
in the gap-geometry. Therefore, it is essential to take into
account the exact geometry in sensitivity/uncertainty calculations.
Furthermore, this study shows that an improvement of
the covaraince data is urgently needed in order to obtain
reliable estimates of the uncertainties in response parameters
in neutron transport calculations.
1 INTRODUCTION
In the design of a next-step fusion device, like ITER, it is
of vital importance that uncertainties may be attached to parameters determined in shielding calculations. Therefore, in
the framework of the European Fusion File (EFF) project

much attention was given in the last few years to sensitivity
and uncertainty calculations. This resulted at ECN Petten in
the development of a code system (mainly consisting of adjusted existing codes), with which it is possible to determine
sensitivities and uncertainties for response parameters in 2dimensional (2D) shielding calculations. The 2D sensitivity
and uncertainty code SUSD [1] plays a main role in this code
system.
A major achievement is the use of uncertainty data (more
generally, covariance data) for angular- and energy distributions. Processing of these data from basic nuclear data
(section MF34 and MF35 of the evaluated nuclear data file
(ENDF), respectively) is possible with the cross section processing code NJOY [2] using modules from the modified
SUSD code package.
Uncertainty data for angular- and energy distributions
(SAD- and SED data, respectively) are usually not present on
even the most recent releases of evaluated nuclear data files,
such as ENDF/B-VI, EFF-2 and JENDL-3. The European
EFF-2 evaluation is an exception, however, as for the main
structural materials (Fe, Cr and Ni) uncertainty data for angular distributions were evaluated for energies E„ > 0.8 MeV.
In order to show the usefulness of sensitivity/uncertainty
calculations for realistic designs, in this paper results are presented of calculations performed for two different shielding
designs for a next-step fusion reactor:
• an elaborate design, in which gaps between adjacent
blanket segments of the fusion reactor were taken into
account ("gap-geometry")
• the same design, in which the gaps were filled with
stainless steel ("no-gap-geometry").
It appears, that the uncertainty in relevant response parameters is strongly dependent on the exact geometry and may be
as large as 70% (no-gap-geometry) or as small as 5% (gapgeometry) for the same parameter. A significant contribution
will be due to uncertainties in angular- and energy distributions of scattered neutrons. Data needed for the latter type

of analysis are still lacking for most elements in nearly all
evaluations. However, they are urgently needed for accurate
analyses.
2

COMPUTATIONAL DETAILS
2.1 Theoretical basis
The basic theory of sensitivity and uncertainty calculations
can be found in the literature [3-5]. Only those quantities
needed for the work presented in this paper are touched upon
in this section.
First of all the response parameter R should be defined,
which is a function of the neutron flux <j>„ at a certain position.
Interesting response parameters may be the energy integrated
flux, the nuclear heating or the nuclear damage.
Once the response parameter has been defined, it should
be used as a neutron source in an adjoint neutron transport
calculation. Forward and adjoint angular fluxes can then be
used to compute sensitivities and uncertainties.
A good insight in which cross sections at which energies
play an important part in the sensitivity of a specific response
parameter is obtained by a comparison of sensitivity profiles
for different cross sections.
A sensitivity profile P| ( for a given response parameter
R and cross section E; is defined as [6]
(1)
with g the neutron energy group index. Thus, P^ indicates
the relative change in a response parameter R due to a relative
change in £,• at energy Eg.
A useful quantity is the integrated sensitivity SE(> defined
as

The integrated sensitivity can be interpreted as the fractional
change of a response parameter R as a result of a fractional
change of cross section S; in all energy groups.
Final uncertainties are determined by the magnitude of the
sensitivity profiles as well as by the values of the covariance
matrix elements. It can be derived (see [6]), that the relation
between the sensitivity profile P | ( and the resulting relative
uncertainty ~ is given by

,Sj')
g

(3)

g'

Covariance matrices may be found on the evaluated data files.
For this work a processed library was used (ZZ-VITAMINJ/COVA), which was obtained from the NEA Data Bank.
2.2 Code system
An outline of the code system used in this analysis is given in
fig. 1. The 2D sensitivity/uncertainty code SUSD [1,7] plays
a central role in this system. It is noted, that several modules

of the cross section processing code NJOY [2] and two modules of the SUSD-package (i.e. GROUPSR and SEADR) are
needed in order to produce libraries for use in SUSD. Neutron
transport calculations may be performed with standard codes
(ANISN [8] or ONEDANT [9] for ID calculations, DORT
[10] or TWODANT [11] for 2D calculations).
The code system shown in fig. 1 was developed at ECN
Petten. It mainly consists of existing codes, which were
adjusted in order to enable a good communication between
the codes. Especially large modifications were applied to
SUSD, SEADR and GROUPSR.
The code SUSD is probably the most sophisticated sensitivity/uncertainty code to date. Various kinds of cross section sensitivities/uncertainties can be treated. Moreover, a
calculation is possible of uncertainties due to uncertainties
in energy- and angular distributions of scattered neutrons
(SED- and SAD-uncertainties, respectively). The contribution of the latter kind of uncertainties to the uncertainty in
a response parameter may be large, but only very few codes
exist which can treat SED/SAD-uncertainties.
3 SAMPLE CASE
As an interesting sample case a complete sensitivity/uncertainty analysis was performed for a 2D model of the
NET shielding-blanket design inside the ITER torus-design,
surrounded by the cryostat/biological shield as planned for
ITER. In this specific geometry a difficulty is present, as
the outboard blanket segments are separated by gaps with
a width of 2.0 cm. This implies, that for neutron transport
calculations the gap region has to be taken into account very
accurately, as most of the radiation transport will take place
through these gaps. A schematic diagram of the geometry is
given in fig. 2.
In order to study the effect of the presence of these gaps
on radiation levels outside the torus, neutron transport calculations were performed for two closely related geometries:
• one in which the gaps are present ("gap-geometry")
• one in which the gaps are filled with stainless steel ("nogap-geometry").
Sensitivity/uncertainty calculations were performed for both
geometries, using the code system described in section 2.
Response parameters were taken to be the energy-integrated
neutron flux at the beginning of the vacuum vessel (important
for the welds of the vacuum vessel) and at the beginning of
the cryostat (important for the dose rate outside the reactor).
3.1 Geometry
Only a concise description of the geometry is given in this
section. More details can be found in [12]. According to the
drawings obtained from the NET-team, the shielding-blanket
geometry consists of toroidal stainless steel sections with
incorporated cooling-channels.
The gap and the blanket section nearest to the gap were
modelled as accurately as possible, correctly representing the

ONEDANT/ANISN
TWODANT/DORT

Figure I: Code system used for the sensitivity and uncertainty calculations.

cooling-channels. The remaining blanket sections containing
steel and cooling-water were homogenised into "onion-skin"wise material-zones.
The backplate was modelled in an analogous way. The
second section, which consists of vertical cooling pipes surrounded by steel pebbles, was homogenised.
A simple "onion-skin" type model of the inboard blanket/first wall was included in order to obtain the correct
backscatter contribution from the inboard region.
The ITER design of the vacuum-vessel is a complicated
structure with a large number of penetrations. In this shielding problem, the vacuum vessel was approximated by a simple "onion-skin" type geometry.
The TF-coils are not of interest for this study, thus they
were removed from our model. With respect to the biological
shielding this is an acceptable conservative approximation.
The cryostat/biological shield is, apart from the penetrations, a simple geometry consisting of a concrete wall lined
at the inside with a steel layer of 6 mm thickness. The main
function of the cryostat as a shield will be to reduce the ydose rate outside the cryostat after shut-down. The thickness
chosen in our model (170 cm) is based on preliminary MCNP
calculations.
As a simple "onion-skin" type model for the vacuum vessel is used, the toroidal symmetry of our model is determined
by the 48 outer blanket-segments. Thus the model could
be restricted to half a blanket segment, spanning a toroidal

interval of 3.75°, which is l/96 th part of the torus, see fig. 2.
The 14 MeV neutron-source distribution of the plasma
was represented by an isotropic volume source at r =
611 - 620 cm, resulting in an average neutron wall loading of 1 MW/m 2 .
4 2D DETERMINISTIC CALCULATIONS WITH DORT
2D deterministic neutron transport calculations were performed using the code DORT. This code was chosen as it
has the provision to use biased quadratures, which are indispensable in this study. For details see [12].
4.1 Spatial and angular discretisation
A detailed spatial- and angular- discretisation was determined
in order to guarantee sufficient accuracy for the radiation
leakage through the gaps and the deep penetration through
the blanket, vessel and cryostat/shield. In the 2D-calculations
with DORT the torus was modelled in (r, 0) geometry. Therefore, the cooling-pipes in the first blanket-section (i.e. nearest
to the segment-gap) could not be modelled exactly. The spatial mesh was defined in such a way, that each cooling-pipe
is enclosed by a spatial (r, 9) mesh, in which the amount of
water and steel was homogenised.
The number of the radial mesh-intervals, required to obtain the correct radial flux-attenuation, was determined by
performing test calculations with the one-dimensional transport code ANISN [8] in a ID representation of the torus and

1

3

Figure 2: 2D geometrical model used for the description of the NET/ITER torus/vacuum vessel/cryostat/biological shield. The picture is distorted in order to
show more detail in the toroidal direction. The planes shown are used in the MCNP calculations as splitting planes, and do not necessarily define material zones.
The inboard blanket is indicated by 1, the plasma region by 2, the neutron source by 3, the gap by 4, the vacuum vessel by 5, the outboard blanket by 6, the
region between vacuum vessel and cryostat by 7 and the cryoslat by 8.

cryostat, in which the number of mesh-intervals was gradually increased. In the final calculations radial mesh-intervals
of 2 to 3 cm were used for the material zones and intervals of
20 cm or smaller were used for the plasma- and void- regions.
Toroidally the geometry was subdivided in 11 meshintervals (T = Ti to r = Tn). The first interval exactly
spans the segment-gap. The adjacent blanket section was
subdivided in three intervals. The next 6 toroidal intervals
each span one blanket section (with a width of approximately
6 cm), whereas the last toroidal interval spans the 8lh and half
of the 9th blanket section.
In order to calculate the radiation-leakage through the
gaps, a biased angular-quadrature set is required which is
biased towards the (r, z) plane to ensure a sufficient number
of discrete directions passing through the gaps. A symmetric
Ss quadrature set was used as a starting point. The biased
quadrature set was obtained by replacing at each »j;-level
(r?j is the direction-cosine with respect to the Z-axis at level
j where 7 = 1, n/2 ) the discrete direction of the S„ set
nearest to the (r, z) plane by NL (> 1) new directions. These
were distributed quadratically over the azimuthal angle a,
such that the distribution is denser towards the (r, z) plane
(cos a = ^/-y/l — r?2, where /x is the direction-cosine with
respect to the r-axis.) The weights of these new directions
were determined in such a way, that for the resulting biased
set the diffusion condition still holds.
In order to determine the value of NL required to treat
the gaps in sufficient detail, several biased sets for increasing
valuesof NL wereproduced. The calculated attenuation over
the gap converged at NL « 27. Therefore in the calculations
a biased set was used with 464 directions instead of the 160
directions for the symmetric 5s quadrature set.

processing-code TRAMIX [14] for mixing, collapsing and
self-shielding. A library in a 33 group structure was used,
which appears to give a good agreement with a library in the
100 group GAM-II structure in a simplified ID geometry.
It is known from previous studies that in order to describe
neutron deep penetration correctly it is essential to take selfshielding explicitly into account. Therefore, self-shielded
cross sections were used for all mixtures used in this study.

4.2 Cross section data
The group-constants used in the Sn-calculations were derived from the MAT175 (JEF/EFF-1) library [13] (which is
in the 175 group VITAMIN-J group-structure), using the

II the neighbouring blanket-slab region (in this region the
water-cooling tubes are modelled explicitly),

4.3

Adjoint neutron transport calculations

Adjoint neutron transport calculations were performed with
DORT for both response parameters in both the gap-geometry
and the no-gap-geometry. The code was used in the forward
mode, using adjoint libraries produced by TRAMIX.
5

2D MONTE CARLO CALCULATIONS WITH MCNP
5.1 Geometrical model

In order to check the results from the deterministic calculations 2D Monte Carlo neutron transport calculations were
performed as well, using MCNP4 [15].
An accurate estimate of the number of neutrons passing
through the gaps is required for a reliable calculation of the
response parameters. Therefore, a Monte Carlo calculation
without biasing neutrons into the direction of the gaps and,
in the gaps, into the direction of the cryostat, is not adequate.
As it is required that a large number of neutrons start from
the gap region of the surface of the outboard first wall, we
chose to subdivide the complete geometry, as given in fig. 2,
in three separate regions:
I the segment gap region,

III the remaining blanket region.

Using this approach, in the first step of the calculations surface sources were produced on the outboard first wall for
each of these three regions using the SSW-card in MCNP.
The remaining calculations were devoted to the transport
of neutrons from the surface sources to the outside of the
cryostat/biological shield. The weight-window technique
was used in order to bias particles into the direction of the
segment gap and also into the direction of the cryostat. The
splitting planes were chosen in such a way, that a reasonably
flat track distribution was obtained [16].
In the cryostat the neutrons were biased radially outward
using the exponential transform in MCNP (see [16]) with
p = 0.7.
On a series of locations response parameters were calculated (fluxes, dose rates, heating). The energy group structure
for representing the flux spectra was taken to be identical to
the one used in the DORT calculations (see section 4).
5.2

Unfortunately, uncertainty data for the energy distribution of scattered neutrons (SED data) are still lacking in the
evaluations.
7

RESULTS
7.1 Neutron transport calculations
7.1.1 Comparison DORT - MCNP

As can be seen from the energy-integrated r-averaged radial
neutron flux profile (pn,av(r) given in fig. 3, there is a good
agreement between the results of the deterministic calculations and the results of the Monte Carlo calculations, despite
the large attenuation of more than 11 orders of magnitude
between the neutron source and the end of the cryostat.

::;

Cross section data

Cross sections were taken from the EFF-1.3 library [17],
which is based on the basic nuclear data from the JEF/EFF1 evaluation. Thus, the cross section data used in these
Monte Carlo calculations are consistent with those used in
the DORT calculations, which are also based on the JEF/EFF1 evaluation.
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SENSITIVITY CALCULATIONS

The sensitivity calculations were restricted to the main consistuents of stainless steel, i.e. Fe, Cr and Ni, as it is known
from previous studies that they will be the main contribution
to the total uncertainty.
Libraries for use in SUSD were produced for these elements in the 33 group structure. Using NJOY-modules
RECONR, BROADR, UNRESR and GROUPR and SUSD
module GROUPSR the required GENDF library (see fig. 1)
was produced.
The covariance library was obtained from the ZZVITAMIN-J/COVA library using the code ANGELO-2 [18]
and SUSD-module SEADR. Uncertainty data for the elastic
angular distribution (SAD uncertainties) were taken from the
EFF-2 evaluation, converted to the SUSD-format by NJOYmodule ETSR and added to the covariance library (module
ETSR is part of the ECN code package, which will be sent
to the NEA Data Bank soon). SAD uncertainty data are only
evaluated for energies E„ > 0.8 MeV. The uncertainty for
energies E„ < 0.8 MeV was taken to be equal to the uncertainty at E„ — 0.8 MeV. The SAD data are only available in
the EFF-2 evaluation and are only given for the elastic cross
sections of Fe, Cr and Ni.
Thus, with these libraries as well cross section sensitivity/uncertainty studies can be performed as SAD sensitivity/uncertainty calculations, in which the uncertainty in the
angular distribution of the scattered neutrons is taken into
account.
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Figure 3: r-averaged radial flu:, profiles for the geometry with gaps (above)
and without gaps (below). In the upper figure the results of MCNP calculations are also given. Adjoint radial flux profiles for two different responses
(energy integrated flux at beginning of vacuum vessel (vac vessel) and
energy integrated flux at beginning of cryostat (cryostat)) are given in this
figure as well.

A detailed comparison requires that neutron flux spectra
are compared. An example is given in fig. 4, where neutron
spectra calculated by DORT and MCNP at r = 981.5 cm
(end of vacuum vessel) are shown. It is clear from this figure
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Rgure 4: r-averaged neutron flux spectrum for the gap-geometry at r =
981.5 cm (end of vacuum vessel) as calculated by MCNP and DORT.
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that also the calculated flux spectra agree well. An extensive
comparison and discussion of the results can be found in [ 12].
The comparison of the DORT- and MCNP-results shows
that consistent results can be obtained for gap streaming problems, provided that the gap region is accurately taken into
account.
Therefore, for a comparison of the results for the gapgeometry with those for the no-gap-geometry it is sufficient
to take only into account the DORT results.
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7.1.2

Comparison of gap-geometry with no-gapgeometry

Results of neutron transport calculations for the gapgeometry and the no-gap-geometry are given in fig. 3.
The effect of the gaps is very clear from this figure: radiation levels are increased by a factor of more than 10 (at the
end of the vacuum vessel) to more than 100 (at the end of the
cryostat) compared to the situation without gaps.
Neutron spectra calculated by DORT at several locations
are given in fig. 5. The spectrum at the first wall is hardly
influenced by the presence of the gaps. Therefore, the raveraged neutron spectrum in the no-gap geometry (not given
in this figure for clarity) nearly coincides with the r-averaged
neutron spectrum in the gap-geometry.
The anisotropy of the toroidal distribution at the beginning of the vacuum vessel is evident, causing the strongly
increased flux <p„iav as observed in fig. 3. The r-averaged
flux (especially at En > 1 MeV) is largely determined by
neutrons from the gap region.
No pronounced anisotropy is present in the neutron spectrum at the beginning of the cryostat. Both the radiation
level and the neutron spectrum are strongly determined by
neutrons travelling through the gaps.
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Figure 5: Toroidal flux spectra at the outboard first wall (upper figure), at
the beginning of the vacuum vessel (middle figure) and at the beginning of
the cryostat (lower figure). Spectra are given for r = r\, T4, T7 and TH . In
the latter two figs, for comparison the r-averaged neutron flux spectrum in
the geometry with gaps is given as well as the average neutron flux spectrum
in the geometry without gaps.

7.2 Sensitivity/uncertainty calculations
As mentioned in section 3 sensitivity/uncertainty calculations
were performed for two different response parameters: the
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neutrons will succeed in penetrating the blanket.
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7.2.2

Sensitivity calculations
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This difference is reflected in the sensitivity profiles Pf (NO
GAP) (for the no-gap-geometry) and P[ (GAP) (for the gapgeometry), given in fig. 7 for the total, elastic and nonelastic
cross sections of Fe. Similar profiles were calculated for Cr
and Ni. There is a relative increase in P | in the E„ > 1 MeV
region for the geometry without gaps. Furthermore, the absolute value of f | (NO GAP) is much larger than the absolute
value of P | (GAP). This reflects the fact, that in the geometry
without gaps neutrons suffer far more collisions than in the
geometry with gaps.
Resulting integrated sensitivities 5 forFe, Crand Ni cross
sections are given in table 1. From this table it is clear, that
both the elastic and the nonelastic cross section contribute
substantially to the total sensitivity. There is a strong dependence of the neutron energy spectrum, as can be observed for
Ni in the no-gap-geometry.
7.2.3

10*
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10° 10' 10'
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10s

The SAD sensitivity profile for the / = 1 component of
the elastic cross section of Fe is given in fig. 7 as well.
As the anisotropy of the elastic cross section increases with
increasing energy, this is reflected in the sensitivity profiles.
Again, the sensitivity for the no-gap-geometry is much larger
than for the gap-geometry.
10'

10* 10° 10' 10'

Figure 6: Toroidal adjoint flux spectra at the beginning of the vacuum vessel
(upper figure) and at the position of the neutron source (r = 611 - 620 cm)
(lower figure). Spectra are given for r = rj, u, ri and r n . In the lower
figure for comparison the r-averaged neutron flux spectrum in the gapand the no-gap-geometry is given as well. Response parameter: energyintegrated neutron flux at the beginning of the vacuum vessel.

energy-integrated neutron flux at the beginning of the vacuum
vessel and the energy-integrated neutron flux at the beginning
of thecryostat.
7.2.1

SAD sensitivities

Adjoint neutron transport calculations

Energy-integrated r-averaged neutron adjoint fluxes are
given in fig. 3 for the gap- and the no-gap-geometry, respectively. As expected, the average importance of neutrons
from the blanket region is much larger in the gap-geometry,
leading to a difference of a factor of more than 10 in the
plasma region.
This difference is obvious from a comparison of adjoint
flux spectra at the position of the neutron source (r = 611 —
620 cm) for both geometries. It is seen from fig. 6 that when
gaps are present, neutrons with a broad energy spectrum have
a possibility of reaching the vacuum vessel or the cryostat.
However, if these gaps are absent, only the most energetic

7.3 Uncertainty calculations
Sensitivity profiles calculated in section 7.2 were used in
order to calculate uncertainties in response parameters. Resulting uncertainties are summarized in table 2. From this
table it can be deduced, that if the Fe, Cr and Ni cross sections are supposed to be non-correlated, the final uncertainty
in the energy-integrated flux at the beginning of the vacuum
vessel amounts to 33% in the no-gap-geometry and 6.5%
in the gap-geometry. The uncertainty in energy-integrated
flux at the beginning of the cryostat amounts to 72% in the
no-gap-geometry and 5% in the gap-geometry. Therefore,
there is a huge difference between the uncertainties in both
geometries. This implies, that for sensitivity/uncertainty calculations the real geometry has to be taken into account very
accurately. The large difference in this case is clearly due
to the neutron spectrum which differs strongly between both
geometries. Thus, different parts of the covariance matrix
become important.
This is evident from the uncertainty in the energy integrated flux at the beginning of the cryostat due to Ni cross
sections in the no-gap-geometry. Because of the large uncertainty in the Ni non-elastic cross section at low energies, this
uncertainty strongly increases.
Furthermore, it is shown that the importance of SAD
uncertainties may be large (especially for Fe), so that they
not be neglected.

Table 1: Calculated integrated sensitivities for both response parameters in the gap- and no-gap-geometry. Results for the energy integrated flux at the beginning
of the vacuum vessel are given in the upper part of the table. In the lower part of the table the results for the energy integrated flux at the beginning of the cryostat
are given.

Fe

Cr

Ni

"tot

SSAD

Selas

^nonel

Slot

SSAD

Selas

Selas

•^nonel

GAP
NO GAP

-1.22
-5.85

0.183
1.09

-0.694
-3.50

-0.526
-2.35

-0.329
-1.58

0.052
0.309

-0.223
-1.11

-0.106
-0.473

-0.298
-1.29

0.029
0.179

-0.192
-0.904

-0.106
-0.386

GAP
NO GAP

-1.20
-8.41

0.136
1.41

-0.613
-5.16

-0.587
-3.25

-0.311
-2.21

0.038
0.392

-0.168
-1.51

-0.143
-0.698

-0.296
-13.2

0.021
0.249

-0.164
-4.87

-0.132
-8.35

Stot

Snonel

SSAD

Table 2: Calculated uncertainties for both response parameters in the gap- and no-gap-geometry. Results for the energy integrated flux at the beginning of the
vacuum vessel are given in the upper part of the table. In the lower part of the table the results for the energy integrated flux at the beginning of the cryostat are
given.

Fe
(^)to,

8

Ni

Cr
(~R~)elas

(f),ot

(fflsAD

Sum

(ir) tot

GAP
NO GAP

1.78%
9.11%

5.41%
28.1%

1.00%
5.27%

2.71%
11.7%

1.49%
7.75%

2.22%
10.5%

0.862%
3.78%

0.300%
1.57%

0.781%
3.76%

6.54%
33.0%

GAP
NO GAP

2.03%
13.3%

4.37%
42.0%

0.961%
8.14%

1.87%
14.3%

1.20%
11.4%

1.56%
13.3%

0.874%
53.4%

0.236%
2.80%

0.584%
22.9%

5.38%
71.7%

CONCLUSIONS
• Using the sensitivity/uncertainty code system developed
at ECN Petten it is relatively easy to perform sensitivity
and uncertainty calculations for elaborate 2D geometries.

distributions if accurate sensitivity and uncertainty calculations are required.
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