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EXECUTIVE SUMMARY

This report details the results for an optimization of the dimensions of the moderators in the preliminary
design of the Spallation Neutron Source Second Target Station (STS). This study uses the optimization
algorithms of Dakota[1] and an unstructured mesh model for the moderators in MCNP[2]. More details on
the unstructured mesh model and the automated mesh generation can be found in [3]. Parallel to this effort,
the same moderator geometries have been optimized using a constructive solid geometry (CSG) MCNP
model. More details on this model and its results can be found in [4]. Three optimal designs are selected
for each moderator: one that is optimized for maximum peak brightness, one for maximum time-integrated
brightness, and one for a combination of peak and time-integrated brightness.

The backbone of the optimization work flow is provided by Dakota. For each set of design parameters
requested by Dakota, a new solid geometry is automatically built in Creo[5] and SpaceClaim[6], and
subsequently exported to AttiladMC[7] to generate an unstructured mesh geometry for MCNP. After the
MCNP calculation is finished, the objective function (e.g., brightness metric) is returned to Dakota. After
the new design has been evaluated, a result-file is written, and Dakota proposes the next set of design
parameters to be evaluated. The loop continues until a specified convergence criterion has been met.

The design parameters of the cylindrical (upper) moderator include the hydrogen radius, the premoderator
thickness (top, bottom, radial), the beryllium radius and the horizontal position of the moderator. The
crucial design choice is the hydrogen radius. A radius of 62 mm is shown to provide the maximum
time-integrated brightness. The maximum peak brightness occurs with a radius of 40 mm. A combined
(middle) design, which balances peak and time-integrated brightnesses, is obtained with a hydrogen radius
of 50 mm. The premoderator thicknesses and the beryllium radius are slightly larger in the design
optimized for time-integrated brightness than in the design optimized for peak brightness. The sensitivity
to these two parameters is relatively small close to the optimal configurations.

The hydrogen vessel and vacuum vessel wall thicknesses are dependent on the radius of the liquid
hydrogen due to structural integrity requirements. The increased wall thicknesses for larger vessels
significantly penalize the time-integrated brightness, with the maximum obtainable value reduced by more
than 10% relative to earlier studies which used fixed vessel wall thicknesses. The impact of the variable
wall thicknesses is much less for the peak brigthness and combined brightness designs.

The design parameters of the tube (lower) moderator selected for the optimization are the tube length, the
annular premoderator thickness, the beryllium radius and the horizontal position of the moderator. The
tube length is the crucial parameter and is chosen large (210 mm) and small (125 mm) in the designs
optimized for time-integrated and peak brightness respectively. A combined optimal design has a tube
length of 170 mm. The premoderator thickness and the beryllium radius are chosen larger in the design
optimized for time-integrated brightness.

viii



1 SCOPE

This study covers the results of the optimization analyses of both moderators for the preliminary design of
STS. This report details

o the algorithms that have been used in Dakota,

o the results and interpretation of the optimization and sensitivity analysis using the unstructured mesh
models for the moderators (more details on the models itself can be found in [3]),

e a comparison with results obtained with the CSG model (more detailed information can be found in

[4D.

2 ACCEPTANCE CRITERIA

Not applicable.



3 METHODOLOGY AND MODELS

3.1 DAKOTA

Dakota is a software package containing many algorithms for optimization, parameter estimation,
uncertainty quantification, and sensitivity analysis. It also provides a flexible interface to external
simulation codes.

3.1.1 Algorithms of interest

Dakota offers a number of optimization algorithms. The efficient global optimization (EGO) algorithm,
which is a gradient-free global optimization algorithm, was used for this study. It typically converges faster
than alternative gradient-free algorithms, because it uses an internal surrogate model to predict the most
interesting regions in the parameter space. Details can be found in the Dakota Theory Manual [8]. The
general procedure of the algorithm is as follows:

o Build surrogate model. This is a Gaussian process (GP) model of the response function(s) as a
function of the parameters.

o Calculate the Expected Improvement Function (EIF). The EIF is defined as the expectation that any
point in the search space will provide a better solution than the current best solution based on the
expected values and variances predicted by the GP model.

e Evaluate the objective function at the point where the EIF is maximized.
e Repeat until convergence.

The EIF can be large either where there is a large model uncertainty (and thus more samples are needed to
reduce the uncertainty) or where the model predicts a high objective function. In the first case the algorithm
will explore spaces in the parameter domain that have not been sampled sufficiently. In the second case the
algorithm chooses parameter combinations that exploit the region where the objective function is predicted
to be maximized. Therefore, exploration and exploitation are balanced by using the EIF. The EGO
algorithm often converges to a global optimum much faster than algorithms that do not use a surrogate
model and ‘blindly’ sample the full parameter space like a scoping study. The EGO algorithm is expected
to work well with up to ~10 parameters according to the typical guidelines.

Before starting the EGO algorithm, samples need to be available to build a first surrogate model. If no
information is available Dakota starts with evaluating (ml)zﬂ random samples (latin hypercube
sampling), in which p is the number of parameters in the problem. It is possible to use previous simulation
data as a starting point of the algorithm, using the import_build_points_file keyword. This will give
the algorithm a ‘warm start’. Using more samples is not always better. The algorithm works best when the
initial samples are nicely spread out over the domain. Experience indicates that restarting the algorithm
without importing previous data often provides better results. If imported data is clustered in variable
space, the algorithm will sometimes converge to a bad optimum. Appendix 6 provides an evaluation of the

effect of the statistical uncertainty on the result of the optimization.

Figure 1 shows all sample evaluations performed with the EGO algorithm for an example with two
parameters. The horizontal and vertical axis show the value of the two parameters and the color of the dot
indicates the value of the objective function. Clearly, more samples are chosen in the region close the
maximum (red colors) than in the uninteresting region further away from the optimum (blue colors). By



using EGO algorithm more samples are evaluated closer to the maximal region compared to a typical
parameter study across the whole parameter space.
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Figure 1. Evaluations with the EGO algorithm for an example with two parameters.

The EGO algorithm in Dakota stops when one of the convergence criteria is reached. The algorithm will
stop when

e the EIF is sufficiently small for two iterations in a row (value given in the input file or 107! by
default),

o the distance in the parameter space for the next iteration is sufficiently small (value given in the input
file or 107 by default),

e a maximum number of iterations is reached (value given in the input file or 25*p, with p the number
of parameters).

More information on these criteria can be found in the Dakota Reference Manual [9].

When the objective function is the weighted sum of the two or more objectives, and several sets of weights
are selected, one optimal design is obtained for each set of weights and the optimal designs constitute the
Pareto front. With two objectives, the Pareto front provides a curve of points with optimal designs. Each
optimal design is maximized for a different weighted sum of the two objectives. With the pareto_set
method in Dakota, the optimization is run sequentially for each of the chosen weight combinations. Each
optimization run is called a ‘set’. Using pareto_set, the initial samples that are used to build the first
surrogate model for the EGO algorithm are re-used for each optimization run. While the first optimization
(with the first combination of weights) requires a full run with no initial information, the next optimizations
will require significantly fewer samples because of having a ‘warm start’.

It is good practice to perform a parameter study around the optimal configuration. This will check if the
obtained design is optimal and also provides information about the sensitivity of the objective function to
all parameters. In this study, the centered_parameter_study method was used to perform these
simulations.



When many samples are available, the user can perform their own fit to the data. Use of a fit smooths out
the noise in the data and provides an expression which is easy to evaluate. For this study a cubic
polynomial model was used. It is crucial to check if the polynomial fit captures the behavior of the data
well. Not all data sets are suitable for a reliable fit. We discourage using this option if there are doubts
about the quality of the model.

3.1.2 Interface with neutronics simulation

Dakota communicates with other codes in the optimization process using file exchange. A driver-,
parameter- and response-file are specified in the interface block. The driver-script is written in Python.
Apart from file exchange, pre- and post-processing of the results is also performed with this Python script.
The parameter- and response-files for dakota are typically called ‘params.in’ and ‘results.out’. If a
simulation fails, we provide the word ‘fail’ in the output-file instead of response function values. A
simulation can fail because of several reasons, for example when an unfeasable geometry is created and a
segmentation fault occurs in MCNP. In this case, no MCNP output is created and the objective function
cannot be evaluated.

Dakota offers several possibilities to cope with failed simulations. These following options were evaluated
during the course of this study:

e failure_capture continuation: Dakota tries to estimate the value for the failed simulation by
doing more samples nearby and extrapolating the result. Sometimes many simulations are performed
to extrapolate the value for just one failed sample. These extra samples are, however, not taken into
account by the optimization algorithm and are only used to estimate the value for the failed
simulation. This option is not recommended for this work.

e failure_capture recover nan: Dakota omits the sample completely. This causes false
convergence in the EGO algorithm. As the result is ignored by the algorithm, the next iteration will
ask for the same sample. This causes the algorithm to converge for zero distance and the simulation
stops.

e failure_capture recover 0: Dakota assumes a response function of O (it is also possible to
select any other value than 0). This is the option that has been primarily used in this work. The
advantage is that the algorithm keeps running and is not aborted. Therefore, samples continue to be
accumulated without the need for human intervention. The disadvantage is that a false value (i.e. 0)
is assumed. This will cause the surrogate model inside the EGO algorithm to be distorted, and may
even cause convergence to values that are not optimal. Consequently, results using this option should
be used with caution.

e failure_capture abort: Dakota stops the algorithm.

e Apart from these options within Dakota, we have tried to use a simplified model to give a value (in
‘results.out’) closer to the real value. This, however, is very speculative and is not recommended.
Dakota will not separate the real values with those of the simplified model. In that case, the optimum
may be governed by the simplified model instead of the real one.

We have not found an ideal way to deal with failed samples. It is always best to avoid failures and to take
additional efforts to avoid having to deal with failed samples. When encountering a failure, it is often better
to restart the algorithm with a slightly different set of successful samples only.



3.2 NEUTRONICS MODELS

Section 3.2 provides a brief overview of the moderator models and lists the design parameter ranges used
in the optimization studies. A detailed description of the models can be found in [3].

3.2.1 Cylindrical moderator

Figure 2 shows a vertical cut of the geometry of the upper moderator. The design parameters are

o the radius of hydrogen vessel R;,yq (32 to 80 mm)

the thickness of the premoderator radially and on top R, (18 to 35 mm)

the thickness of the premoderator on the bottom H,,,, (25 to 40 mm)

the radius of the beryllium vessel Rp, (150 to 200 mm)

the position of the moderator in the direction of the proton beam X, (-20 to 20 mm)

For some simulations, the thickness of the premoderator R, is seperated in the radial thickness (still called
R,m) and the thickness on top Hy,,. The position X, is measured relative to the initial position at 87 mm
from the outer radius of the target, which was obtained in previous studies. The thicknesses of the
aluminum vessel walls are dependent on the radius of hydrogen vessel R,,,4 to ensure structural
integrity[10].
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Figure 2. Vertical cut (x-y plane) of the geometry of the upper moderator with indication of the
design parameters.

3.2.2 Tube moderator
Figure 3 shows a horizontal cut of the geometry of the lower moderator. The design parameters are

o the length of the long tube (i.e., the tube perpendicular to the proton beam direction) 77, (120 to 230
mm)

e the annular thickness of the premoderator R, (25 to 29.2 mm)

(91



o the radius of the beryllium vessel Rp, (180 to 220 mm)
e the position of the moderator in the direction of the proton beam X, (-20 to 20 mm)

The position X, is measured relative to the initial position at 87 mm from the outer radius of the target,
which was obtained in previous studies. It is noteworty to point out that the triangle is not equilateral but
rather isosceles with the angle at the top of 70 degrees. This is necessary to obtain better spacing between
the beam lines.

_ Xposition .
osion

<

Figure 3. Horizontal cut (x-z plane) of the geometry of the lower moderator with indication of the
design parameters. The proton beam is launched towards the target in the x-direction.

3.2.3 Brightness

Both moderators can be optimized either for maximum peak brightness, maximum time-integrated
brightness, or any combination in between these extremes. The difference between the peak and
time-integrated brightness is illustrated in Figure 4, which represents time-emission spectra for the

5A neutrons produced by arbitrarily selected configuration of the tube and cylindrical moderators chosen
for illustration purposes only. Peak brightness is the curve maximum, whereas time-integrated brightness is
the area under the curve. In this configuration, the cylindrical moderator provides 5% higher
peak-brightness, 55% narrower pulse (smaller full width at half maximum (FWHM) of the pulse) and a
steeper leading edge, while the tube moderator offers 80% higher time-integrated brightness. Some
dynamic neutron scattering instruments prefer superior time resolution, steep leading edge, and high peak
brightness while other instruments perform best with the maximum time-integrated brightness and lower
time resolution. Because of this delicate performance balance, the moderators need to be optimized in a
close collaboration with instrument scientists.

The determination of an optimal moderator configuration is based on two performance metrics, which we
refer to as peak brightness and time-integrated brightness figures of merit (FOMs), abbreviated as peak and
tint. These FOMS, or weighted combinations of the two, will be used as objective functions for the
optimization algorithm. The words FOM and objective function are used as synonyms in this report. Peak
brightness FOM is obtained by integrating the flux ®(E, r) over a range of neutron energies E at the time ¢
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Figure 4. Time-emission spectra for the 5A neutrons at a random configuration of the cylindrical

and tube moderators. Peak brightness is the curve maximum, while time-integrated brightness is

area under the curve.

when the flux reaches its maximum value:

Ema)c
peak = f max;(DO(E,1)dE, (1
0

where E,,, is set to 10 meV. The time-integrated brightness FOM is given by

Emax Imax
tint = f f (O(E,1))dE. 2)
0 tmin

The O(E, t) is the neutron flux calculated with the MCNP simulations from the point detector at 10 meters
from the moderator surface. The contributions to the point detector are limited to the neutrons emitted from
the viewed surface of the moderator only by a collimator (zero importance zones). The point detector
applied in this work tallies the neutron time from the moderator viewed face. Detailed information on the
calculation of these metrics can be found in [4].

For the cylindrical moderator, peak and time-integrated FOM are calculated as the sum of two point
detectors tallies located at two beam lines. Most simulations were performed with 5 million histories. This
gives a relative statistical precision (107) of ~#0.3% and ~0.06% on peak and tint respectively. One run
takes ~1h on 8 nodes (48 tasks per node) on a Linux cluster. For the tube moderator, peak and
time-integrated brightness are calculated as the sum of three point detector tallies. The reported absolute
values of the FOMs are the sum of the two or three point detector tally results. Most simulations have been
performed with 4 million particles, which corresponds to approximate relative errors of ~0.2% and ~0.04%
for peak and tint respectively. One run takes ~1h 20min on 8 nodes (48 tasks per node) on the Linux
cluster. For both moderators, there is a large variability in run duration depending on the moderator size.
The error values have been calculated based on the statistical uncertainties reported by MCNP for all
energy and time bins. The effect of cross-correlations has not been taken into account. The reported values
are thus underestimated, but still indicate the order of magnitude correctly.



4 ANALYSIS AND RESULTS

4.1 CYLINDRICAL MODERATOR
4.1.1 Optimization and sensitivity
For each optimization run (or set), the objective is a weighted sum of the two FOMs:

eak tint
P +

Objective = w

3)

Wy — .
peakyax tintax

The scaling factors peak,q, = 1.519 - 1074 neutrons/cmz/proton/s and tintyg, = 2.7985 - 1078
neutrons/cm?/proton are estimates of the maximum FOM values. This way both terms in the objective
function have similar values and are close to 1.0. The w; and w, are the weights for each set, with w
chosen between O and 1, and wy = 1 — w;.

A summary of the results is given in Table 1. Sets 1 and 6 are the optimal designs with maximum
time-integrated FOM tint and maximum peak FOM peak respectively. Sets 2 to 5 are optimal designs for a
balance of the two FOMs according to the weights listed in the table and equation 3. The most sensitive
parameter is the moderator radius R,,,s which is the largest for the tint-optimized design and the smallest
for the peak-optimized design. Designs with a balanced objective have values inbetween these extremes.
The same trend is seen for the radial and top premoderator thickness R, and the beryllium radius Rp.. The
bottom premoderator thickness H,,,, and the horizontal position X,,,s; remain similar for all designs along
the Pareto-front.

In this simulation, the Pareto-front is obtained using a total of only 38 design iterations. With five
independent design parameters, the EGO algorithm in Dakota needs 21 runs to build its first surrogate
model. These 21 initial runs are re-used for each subsequent set, which significantly lowers the number of
new runs that are required for each subsequent set.

Table 1. Results of Dakota Pareto set run for the upper moderator

Set Nrofruns w Wy R0 Ry Hy,py, Rp, Xpos Peak Tint
(new) [mm] [mm] [mm] [mm] [mm] [10~*cm™3s"'] [10%cm™2]
1 25 (24) 0 1 61.4 31.8 29.2 194 3.2 1.254 2.893
2 25(2) 025 075 55.0 29.3 29.0 188 1.8 1.338 2.855
3 25(2) 0.5 0.5 47.5 29.3 28.7 178 -0.2 1.439 2.750
4 25(2) 0.7 0.3 40.9 29.5 29.1 181 1.4 1.497 2.577
5 27 (4) 0.85 0.15 38.8 26.0 29.5 159 2.7 1.530 2.446
6 27 (4) 1 0 35.7 24.6 29.0 150 4.0 1.539 2.279

The relative values for tint and peak FOM for all iterations are shown in Figure 5. The Pareto front is
shown with the orange lines. The green and red crosses indicate the design cases that are within 2% of the
maximal tint and peak respectively. The peak-optimized design reaches ~80% of the maximal tint-value.
Also the tint-optimized design reaches ~80% of the maximal peak-value. The optimal designs inbetween
have tint and peak values inbetween 80% and 100%.
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Figure 5. Relative tint and peak FOM for all iterations in one Dakota Pareto set run for the
cylindrical moderator. The orange line indicates the Pareto front. The green and red crosses indicate the
designs that are within 2% of the maximal tint and peak FOM respectively.

To smooth out the noise and have a simple functional description to work with, a cubic polynomial is fitted
through the data (see section 3.1.1). Here we use 196 MCNP runs in total (coming from exploration runs
and other optimization runs). In Figure 6, the tint and peak FOM are plotted from all MCNP runs. The
orange line is the Pareto front using a cubic polynomial model. This polynomial fit has also been used to
evaluate the effect of the statistical uncertainty of the solution in Appendix F. More plots of this data can be
found in Appendix D.

It is interesting to inspect the values for the objective functions and the choice of parameters along the
Pareto front. In Figure 7, the dots show the values obtained with the Pareto set run with MCNP
(corresponding to Table 1). The solid lines are obtained by performing Pareto optimization with FOM
obtained from the cubic polynomial fit and using much finer grid for the weights. From left to right in the
figure, we walk along the Pareto-front from the fint-optimized design (w;=0) to the peak-optimized design
(w1=1), with w; defined in equation 3. The range over which the optimal designs vary is also indicated.
The results from the polynomial fit confirm and strengthen the previous findings: the tinf-optimized
moderator design has a larger radial dimension and larger premoderator thickness than the peak-optimized
moderator design. For the other parameters, the results of the polynomial fit do not match the MCNP
results well and, therefore, no strong conclusion can be taken.

We select three optimal designs: the tint-optimized design, the peak-optimized design, and a middle design
that balances both objectives. The middle design is chosen as the design that has the minimal distance to
utopia. Utopia is the (unfeasible) design which has both the maximal peak and tint FOM, i.e. point (1,1) in
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Figure 6. The distance can be calculated as \/(1 — peak)? + (1 — tint)?, with peak and tint taken as their
relative value to the maximum. From the simulations, the middle design with w; = 0.5 results in the
minimal distance, with a peak and time-integrated FOMs that are each 94% of their maximum values.
Table 2 lists the design parameters and brightness FOMs for the three chosen designs. Geometry plots of
these models can be found in Appendix C.

Table 2. Optimal designs based on the surrogate model.

Rod Rpm Hy,p, Rp. Xpos Peak Tint
[mm] [mm] [mm] [mm] [mm] [10~*ecm2s~!] [10~%cm™?]
Time int 62 33 30 187 2 1.218 (80%) 2.899 (100%)
Middle 47 29 29 173 1 1.435 (94%) 2.734 (94%)
Peak 35 26 28 165 1 1.524 (100%) 2.276 (79%)

The sensitivity of the FOMs to the design parameters is investigated by using a centered parameter study
around the optimal designs. In these studies, one parameter is varied in 5 mm increments while keeping all
others constant. The optimum is sensitive to the varied parameter if a large change in peak and/or tint is
observed. The results are shown in Figures 8, 9 and 10 for respectively the peak-optimized design, a design
close to the tint-optimized design, and the optimal middle design. The dots in these figures are results with
MCNP.

The largest sensitivity is seen by varying the moderator radius R,,,4 and the premoderator thicknesses R,
and H),. A variation of ~5 mm in these parameters will cause a 1% decrease in performance (peak and
tint) around the optimum. Further away from the optimum, the change is larger (see figures for more
details). The radius of the beryllium vessel Rp, and the horizontal position of the moderator X,,,; have a
much smaller sensitivity. To obtain a 1% decrease in performance around the optimum, these parameters
have to change by 20 mm.

It is noteworthy to point out that the design used for the sensitivity study in Figure 9 is not the optimum as
listed in Table 2. It can be observed in Figure 9 that tint can be improved by choosing a larger R ,,, and
H,,,. Indeed, the values of these parameters in the tint-optimized design from Table 2 are larger than the
design around which the parameter study is performed (indicated with stars in the Figure 9).
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Figure 10. Sensitivity study around the optimal middle design.

4.1.2 Separate radial and top premoderator thickness

A parametric study was conducted to determine whether using separate values of the radial and top
premoderator thickness, R, and H;,,, rather than a single value for both, has a significant effect on the
peak and time-integrated brightness. In this study, each parameter (R,,, and H,,,) was varied in 2.5-mm
intervals around the optimal design. All other parameters were kept constant. The results are shown in
Figure 11. A variation of 5 mm around the optimal configuration remains within 1% of peak and tint
around the optima, which is consistent with the results in the previous section.This study confirms that
varying the radial and top premoderator thickness separately does not significantly influence the optimal
configuration.
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Figure 11. Sensitivity study around the optimal designs (peak, tint and middle) for separate radial
and top premoderator thicknesses, R, and H,,,. The dotted black lines indicate +1% around the
optimum.

4.1.3 Effect of aluminum vessel thickness

In previous STS moderator optimization studies, the thicknesses of the hydrogen and vacuum vessels were

fixed at constant values. For the current study, vessel thickness values from [10] were used. These values

are functions of the moderator radius and are dictated by structural requirements. Table 3 gives an overview

of the wall thicknesses for three moderator radii that are close to three optimal designs. It also lists the

values that were used in the previous optimization study. Larger R,,,s result in increases in the thickness of
all vessel walls. The previous fixed values are in between the peak-optimized design and the middle design.

A Pareto set optimization was run with the fixed wall thickness values in Table 3. Table 4 compares the
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Table 3. Vessel wall thicknesses for several designs

H-vessel radius H-vessel H-vessel wall Vacuum vessel Premoderator
Riod wall flat cylindrical wall flat vessel wall flat
[mm] [mm] [mm] [mm] [mm]
peak-optimized 40 4.24 1.77 2.06 2.8
middle 50 5.35 2.8 2.61 3.38
tint-optimized 62 6.67 4.34 3.26 4.06
previous fixed values 4.6 2.1 2.25 3.0
Table 4. Optimal designs with a fixed and variable thickness
Rmod R pm H pm R Be X pos Peak Tint
[mm] [mm] [mm] [mm] [mm] [10%cm2s7!] [10~3cm™2]
Peak optimized design
Fixed 40 27 29 200 4 1.494 2.484
Variable 35 26 28 165 1 1.524 (+2%) 2.276 (-9%)
Time int optimized design
Fixed 80 26 28 200 1 1.260 3.312
Variable 62 33 30 187 2 1.218 (-4%) 2.899 (-13%)
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Figure 12. Brightness FOMs peak and tint as a function of the moderator radius R,,,; with variable
(grey crosses) and fixed (black dots) wall thicknesses for the cylindrical moderator.

optimal designs for maximal peak and tint with fixed and variable thicknesses. Geometry plots of both
models are provided in Appendix C. In Figure 13, the Pareto front for the results with fixed (black dots and
purple line) and variable thicknesses (grey crosses and orange line) are compared. Figure 12 shows peak
and tint FOMs as a function of the moderator radius.

Because the aluminum wall thicknesses for the peak-optimized design are less than the original fixed wall
thicknesses, the peak FOM increases slightly (=~ 2%) for this configuration. The time-integrated FOM is
relatively insensitive to the reductions in the wall thicknesses. The curves of the wall thicknesses as a
function of R,y in [10] do not extend below 40 mm. If those curves are extrapolated to smaller values of
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thicknesses respectively.

R4, the thinner aluminum walls result in a slight increase in peak FOM. However, structural integrity
constraints place a lower bound on all of the wall thicknesses. While the minumum wall thicknesses were
not explicitly calculated for R,,,4 values less than 40 mm, a minumum wall thickness of 2 mm was
considered to be a reasonable lower bound. As some of the MCNP simulations have wall thicknesses lower
than 2 mm, this additional constraint is taken into account in the next simulations.

The aluminum wall thicknesses for the tinf-optimized design are significantly larger than the original fixed
wall thicknesses. Because of this, the time-integrated brightness reaches a maximum at an R,,,; value of
~60 mm and then decreases with increasing values of R,,,s. Consequently, the maximum time-integrated
brightness is reduced by ~13% relative to the original study. Figure 12 suggests that the maximum tint
value may occur for an R,,,4 value greater than 80 mm with the fixed values of the wall thicknesses. This is
confirmed by the optimization study in [4], which shows a maximum value of tint at an R,,,; value of ~90
mm.

The parameter study with R,,,; around the previous optimum R,,,;= 35 mm was repeated with applying the
2 mm minimal thickness of the aluminum walls. The blue and red symbols in Figure 14 show the results
with and without this lower limit. The error bars indicate the 1o precision. From these results, we see that
there is no significant difference for the results with and without 2 mm limit. With 30 mm < R,,q < 42.5
mm, the peak FOM remains within 2% of the peak-optimized design of section 4.1.1. Because of this
broad optimum and the increasing engineering difficulties with smaller R4, a design with R,;,,¢= 40 mm
was selected as peak-optimized design.

16



1 t
wn
§ 100+ —=—====— = - - Sk ———————————————————
= S
50 b % 2%
el EL R e S
Q0
A X
<
E 0.96
© X
5 variable
0.94
= 2 mm
(7 o
30'.0 32l.5 35‘.0 37'.5 40’.O 421.5 45'.0 47’.5 501.0

Rmod [mm]
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4.1.4 Effect of location of point-detector tallies

In previous simulations the brightness FOMs for the cylindrical moderator were calculated as the sum of
two point detector tallies (for more details, see [3]). Here, we take four point detector tallies located in four
beamlines. The tally locations are chosen in an asymetric way, as can be seen from Figure 15 which gives a
graphical view of the geometry around the moderator and the selection of the beamlines in which the tallies
are placed.

The results of the Pareto set optimization with peak and tint as the sum of the FOMs of these four tallies
are shown in Table 5. The resulting designs are very similar to those obtained before. In Figure 16 the
average peak and tint as well as the individual tally results are shown for the Pareto front with four and two
tallies in respectively red and blue colors. The average FOM with four tallies is ~1% higher than the
average with two tallies. The difference between FOMs of the four tallies separately is ~4-7%. Tally 4,
which gives the largest brightness metrics is forward directed with regard to the proton beam.

We conclude that the two point detector tallies give a good representation for the FOMs in all beamlines.
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Figure 15. Schematic representation of the beamlines around the upper moderator and the choice of
tally locations for the two-tally (blue) and four-tally simulations (red line = tally, red dot = no tally).
Also the beamline numbers (BL) for the chosen four-tally positions are indicated.

Table 5. Results of Pareto set Dakota run with four tallies.

Set Nrofruns w; Wy R0 Rpm Hy, Rp, Xpos Peak Tint
(new) [mm] [mm] [mm] [mm] [mm] [10%cm32s7!'] [108cm™?]
1 25 (24) 0 1 59.5 34.0 30.1 187 3.4 2.543 5.882
2 36 (15) 025 075 545 33.1 31.1 200 2.4 2.679 5.821
3 25(2) 0.5 0.5 46.9 31.2 30.0 177 8 2.921 5.606
4 35(12) 0.7 0.3 40.8 29.0 29.1 172 -4 3.078 5.241
5 27 (2) 0.85 0.15 38.9 28.6 27.4 178 14 3.083 5.042
6 28 (4) 1 0 35.5 28.8 26.7 178 19 3.094 4723
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Figure 16. Brightness FOMs obtained from optimization runs with two (blue) and four (red) tallies.
The top figures show the average peak and tint FOM values. The bottom figures show all tally results
separately.
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4.1.5 Final optimization run with model updates

To conclude the optimization of the upper moderator, the optimization algorithm was run again with all
updates combined. The lower limit for the wall thickness is set at 2 mm, tallies are located at four beamline
locations and the radial and top premoderator thickness can be varied seperately. In addition to these
changes, a newer MCNP executable that corrects a bug in point detector tallies was used. With the new
executable a slightly lower (=3-4%) value is expected for the brightness metrics.

The EGO algorithm was run for the six weighted objectives as before (see equation 3). with six parameters,
the initial number of samples needed to build the first surrogate model was 28. The maximum number of
iterations for each set was set to 10. The results are shown in Table 6. Only one of the sets (set 5) did not
converge within 10 iterations. One iteration in this set failed (and returned a zero solution), which
interfered with a fast and reliable convergence of the algorithm. It is clear from looking at the results that
the unconverged 5Sth set does not give the expected design as the solution of the 4th set has both a higher
peak and tint, while a higher peak is expected. The relative peak- and tint- values of all samples are shown
in Figure 17, in which the optimal points are connected with the orange line. The green and red crosses
indicate solutions that are within 2% of the maximal tint and peak respectively.

Overall, very similar designs result from this final optimization run compared to the first optimization run.
All model updates have a minor effect on the brightness metrics and the parameters of the optimal designs.
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Figure 17. Relative tint and peak for all MCNP runs for the final upper moderator optimization. The
orange line indicates the Pareto front. The green and red crosses indicate the designs that are within 2% of
the maximal tint and peak respectively.

20



Table 6. Results of final Pareto set run for upper moderator. The results of set 5 are typed cursively
to indicate that these results did not properly converge.

Set Nrofruns w Wy R,0a Ry Hy, Hiop Rg. Xpos Peak Tint
(new) [mm] [mm] [mm] [mm] [mm] [mm] [10%cm32s7!] [10~8cm™?]
1 33(31) 0 1 61.5 35.0 31.3 25 183 2 2.416 5.609
2 32 (2) 0.25 075 532 32.5 31.5 28.4 178 -1 2.642 5.525
3 31 (1) 0.5 0.5 46.7 30.1 30.4 25.0 173 -1 2.833 5.302
4 32 (2) 0.7 0.3 42.9 25.7 29.2 25.0 172 4 2.924 5.030
5 38(10) 0.85 0.15 41.6 25.6 31.5 35 167 5 2.917 4.984
6 32 (2) 1 0 38.9 24.3 28.9 25.0 178 -4 2.972 4.686

4.1.6 Final optimal configurations

The final optimal designs are listed in Table 8. This selection of designs has been made based on a
comparison between the CSG [4] and UMG results based on the sum of two point detector results, see
Table 7. The brightness FOMs for the final configurations in Table 8 are based on beamline 15. The
simulations have been performed with SOM particles to ensure sufficient accuracy to construct neutron
sources which are used in the design of the instruments. A detailed comparison between the pulse shapes
obtained for these designs with the CSG and UMG model can be found in [3].

Table 7. Comparison between optimal solutions obtained with UMG and CSG.

Roa Rpm Hy,, Rp. Xpos Peak Tint
[mm] [mm] [mm] [mm] [mm] [10*cm™2s7!] [103cm™?]

peak CSG 40 20 27.5 162.5 0 1.54 2.45

peak UMG 40 27 29 165 2 1.49 2.48
middle CSG 50 20 30 172.5 0 1.43 2.80
1
0
1

middle UMG 47 29 29 173 1.44 2.73
tint CSG 62.5 20 30 182.5 1.25 2.94
tint UMG 62 33 30 187 1.22 2.90

Table 8. Final optimal designs for the cylindrical moderator

Roa Rym Hy,p, Rp. Xpos Peak Tint

[mm] [mm] [mm] [mm] [mm] [107ecm™2s™'] [10~8cm™2]
peak 40 20 27.5 162.5 0 7.54 1.18
middle 50 29 30 172.5 0 7.04 1.41
tint 62 33 30 182.5 0 6.06 1.45
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4.2 TUBE MODERATOR

The tube moderator optimization study makes use of the results obtained with the CSG model [4], in which
optimal configuration for the peak, middle and tint FOM have been selected based on a scoping study with
two parameters (tube length and annular premoderator thickness). We start by verifying that these three
designs are indeed optimal by performing a parameter study around the parameters with the UMG model.
Afterwards, a Pareto set optimization is performed varying four parameters (tube length, annular
premoderator thickness, beryllium radius, horizontal position of the moderator).

4.2.1 Parameter study around CSG optima

In Table 9 the parameters of the optimal designs are listed. The design parameters have been decided based
on the scoping study with a CSG model [4]. Around these designs a parameter study is performed to
evaluate the sensitivity of the brightness FOMs peak and tint for each parameter. Three point detector
tallies are considered in calculating the FOMs. In this section, we confirm that these parameters are indeed
optimal and that the optimum is not sensitive to a small variation of the parameters.

Table 9. Parameters of optimal configurations (selected with CSG model, see [4] for which a
sensitivity study is performed.

Tien Rpm Rp. Xpos peak tint
[mm] [mm] [mm] [mm] [10~*cm2s~!'] [1078cm™?]
peak 125 25 220 0 2.273 5.049
middle 170 27.5 220 0 2.200 5.847
tint 210 27.5 220 0 2.068 6.083

The results for this parameter study are shown in Figures 18, 19, 20 and 21. The stars in these figures are
the MCNP results for the optimized designs. The colors green, purple and red are used to indicate the
results of the parameter study around the tint-, combined and peak-optimized designs respectively. The
dashed lines indicate the +1% values around the optimum.

Figure 18 illustrates the effect of the tube length. This parameter is chosen very differently for each of the
optimal designs, going from 125 mm for the peak-optimized design to 210 mm for the tint-optimized
design. The simulation is run for 5-mm differences for three steps in each direction, resulting in a 30-mm
variation in total around the optimal design. For the tint-optimized design, the optimized metric remains
within 1%, indicating a broad optimum. Also for the peak-optimized design, most evaluations fall within
the 1% band, but for smaller tube lengths, the peak brightness decreases slightly more.

To evaluate the effect of the premoderator thickness, we look in 2.5-mm steps from the optimized designs
(see Figure 19). A variation of + 2.5 mm remains within 1%, but a variation of = 5 mm decreases the
brightness by 1-2%.

For the optimized designs, a beryllium radius of 220 mm was chosen. This parameter was not a part of the
CSG optimization study. Figure 20 illustrates the effect of decreasing the beryllium radius by 15 mm and
30 mm. A 30 mm difference results in ~1% change in FOMs. Decreasing the beryllium radius by 30 mm
decreases tint, but increases peak. A small gain in peak brightness is expected if the design has a smaller
beryllium radius.
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The sensitivity of the horizontal moderator position is very similar to what we observed with the cylindrical
moderator: a 20 mm variation results in ~1% decrease in brigthness, see Figure 21.
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T 1.05 1.05

?

0 1.004 — 1.001

s i

Ny [%)]

©0.95 1 L : 9 0.95-

5 --§-- tint =

S 0.90 1 —- middle | 5 0.90-

© —+— peak S

30.85- X 0.85 1 —— peak

c v b ;

7 0.801 > o804 ~F middle

c ~-$-- tint

.I: 0.75 L} T Ll L} L} L} 0.75 T T T L} T L}
20.0 225 25.0 27.5 30.0 325 20.0 225 25.0 27.5 30.0 325

Rpm [mm] Rpm [mm]

Figure 19. Optimization metrics (relative to value of the optimal design) as a function of
premoderator thickness. The colors green, purple and red indicate the results of the parameter study
around the tint-, combined, and peak-optimized designs respectively. The stars indicate the value for the
chosen optimal designs.

23



— 1.05 1.05

A P A AL S s s s s s R s ssssssssesassssecsesantectatasssnsananas

© 1.00- — 1004 X

c L PR PR

E " ——— e -*

©0.95 - : ¢ 0.95 -

5 —-+—- tint c

T 0.90+ —4- middle | §o0.904 " ST *

© —— peak 5

§ 0.85 - T é 0.851 4 peak

C ——- i

< 0.804 o 0.g04 - middle

0 - tint

F 0.75 = y r r 751 T T T
190 200 210 220 190 200 210 220

RBe [mm] RBe [mm]

Figure 20. Optimization metrics (relative to value of the optimal design) as a function of beryllium
radius. The colors green, purple and red indicate the results of the parameter study around the tint-,
combined, and peak-optimized designs respectively. The stars indicate the value for the chosen optimal

designs.
—1.05 1.05
o
o 1.00 A — 1.00 A
b= L
Ny (V)]
$0.951 8 0.95 1
S S
D 0.901 —4- middle < 0.90 #-=="" S ettattutute S R —— e 4
© —+— peak s
5 0.85 1 1 ?50-85' —— peak
- — Lo E— ] .
C —
< 0.80- 2 o.go{ ~H- middle
£ --¢-- tint
i: 0-75 T L} L) T T 0.75 L) L) T T T
-20 -10 0 10 20 -20 -10 0 10 20
Xpos [Mm] Xpos [Mm]

Figure 21. Optimization metrics (relative to value of the optimal design) as a function of the
moderator position. The colors green, purple and red indicate the results of the parameter study around
the tint-, combined and peak-optimized designs respectively. The stars indicate the value for the chosen

optimal designs.

Contour plots of the brightness metrics as a function of the tube length and the premoderator thickness are
shown in Figure 22. The yellow line indicates the contour in which the metric (either tint or peak) differs
by 1% from the maximum. This line is constructed using a polynomial fit built from the CSG data (similar
as in Appendix E). The dots represent the parameter study results with the UMG model. They are colored
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yellow if their value is within 1% of the value of the optimal design (MCNP evaluation) and black if they
differ >1% from this reference. Except for the results at tube length < 125 mm, the results match perfectly.
We conclude that the UMG results confirm the results of the CSG results. A wide range in the parameters
gives a design that only differs 1% of the optimal design.
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Figure 22. Visualization of the broad optimum for the tube moderator dimensions. The flooded
contour and contour lines are constructed using a polynomial fit built from the CSG data (and relative to
the maximal value from this model). The dots represent MCNP results from the parameter study with the
UMG model. They are colored yellow if their value is within 1% of the value of the optimal design (MCNP
evaluation) and black if they differ >1% from this reference.

4.2.2 Pareto set optimization with four parameters

A Pareto set optimization was performed for the tube moderator. The objective function is the following:

peak tint
+ wo ,

2.25-107* 6.0-108
with peak and tint the brightness metrics obtained from three point detector tallies. In total 113 MCNP
evaluations were performed to obtain convergence. The brightness metrics for all 113 evaluated designs are
shown in Figure 23. More data plots can be found in Appendix G. The Pareto front is indicated in orange.
The green and red crosses indicate the designs that are within 1% of the maximal tint and peak
respectively. Again, it is clear that many designs have brightness metrics within 1% of the optimized
designs, indicating a broad optimum with a low sensitivity to many of the design parameters.

4

Ob jective = wy

Table 10 lists the final designs for the six sets. Sets 5 and 6 resulted in the same design. The chosen
parameters are very similar to the those chosen with the CSG model (Table 9). A noteworthy difference is
the longer tube length for the peak-optimized design: 136 mm instead of 125 mm. The beryllium radius is
chosen large for the tint-optimized design and small for the peak-optimized design.
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Table 10. Results of final Pareto set run for lower moderator

Set w; wo Tien Rpm Rp. Xpos peak tint
[mm] [mm] [mm] [mm] [10%ecm™2s™'] [10~%cm™2]
1 0 1 214 274 220 8 1.96826 5.8307
2 025 075 198 278 220 7 2.02734 5.7935
3 0.5 0.5 175 27.1 200 0 2.12036 5.621
4 0.7 0.3 161 25.2 184 2 2.16852 5.4764
5 0.85 0.15 136 25 180 3 2.21668 5.1002
6 1 0 136 25 180 3 2.21668 5.1002
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Figure 23. Relative tint and peak for all MCNP runs for the final lower moderator optimization. The
orange line indicates the Pareto front. The green and red crosses indicate the designs that are within 1% of
the maximal tint and peak respectively.
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S CONCLUSIONS

We have selected three optimal designs for both the upper (cylindrical) moderator and the lower (tube)
moderator. These designs have been optimized for maximal peak brightness, maximal time-integrated
brightness, and an equally weighted combination of both.

The optimization was performed with a new optimization workflow using Dakota, which contains
state-of-the-art optimization algorithms. For each design selected by the algorithm in Dakota, a new
geometry was created in Creo and SpaceClaim and then exported to Attila4MC to construct an
unstructured mesh geometry for MCNP. The brightness metrics were evaluated using an MCNP transport
calculation for each design. This process is fully automated and thus requires no user intervention.

Using the Pareto set and EGO optimization methods in Dakota, a series of optimal designs (balancing two

objectives) has been obtained with ~40-110 MCNP evaluations. This is much faster than a typical scoping
study for four to six design parameters, which easily requires several hundreds or even thousands of design
evaluations.

The most sensitive parameters for the cylindrical moderator are the moderator radius and the premoderator
thicknesses (radial, top and bottom). A 5-mm change in any of these parameters results in 1% decrease in
brightness around the optimum. The position of the moderator and the beryllium radius are less sensitive: a
20 mm change from the optimal value is needed to decrease the brightness by 1%. The design optimized
for time-integrated brightness has a larger radius (62 mm) than the design optimized for peak brightness
(40 mm). The same trend is observed for the other parameters: a larger value is selected for a maximized
time-integrated brightness.

The wall thicknesses have a large influence on the optimal design parameters and the value of the
brightness metrics. For the cylindrical moderator, we compared the results with varying wall thicknesses
(based on structural analyses) to those with a fixed thickness. A larger wall thickness, which is required for
larger vessels, penalizes the time-integrated brightness: the optimal value decreased by 13% at a drastic
reduction of the optimal hydrogen radius from 80 mm to 62 mm compared to a simulation with fixed wall
thicknesses.

The tube length is the most crucial design parameter for the tube moderator. A length of 210 mm and 125
mm is selected for the optimal designs that maximize respectively the time-integrated and peak brightness.
The premoderator thickness and the beryllium radius are chosen larger the for the design optimized for
time-integrated brightness. The designs have a broad optimum and thus have a low sensitivity to the design
parameters: a large range of parameters gives a brightness metric close to the optimal value.
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APPENDIX A. COMPUTER HARDWARE AND SOFTWARE

Two executables of MCNP have been used on STS Linux computational cluster Saturn. The first one
mcnp/dagmc6.2-mtNEW is outdated and does not contain the point detector bug fix (2021). The second
one is menp/menp6.2mod_20220105 is the newest MCNP executable at the time of the analysis and does
contain the point detector bug fix. The brightness metrics differ 3% between the two executables.

Dakota version 6.14 has been used on Saturn (module dakota/6.14).
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APPENDIX B. LOCATION OF COMPUTATIONAL INPUT AND OUTPUT FILES

The input and output files are located on saturn in the sts-archive in directory
sts_archive/S.03.04_Mod/Optimization_2022/.

B-3



B-4
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APPENDIX C. GEOMETRY PLOTS OF OPTIMAL CONFIGURATIONS OF THE
UPPER MODERATOR

For the optimized designs of Table 2, a vertical and horizontal cut through the geometry is respectively
shown in Figures 24 and 25. In Figures 26 and 27 compares the peak- and tint-optimized designs, showing
a vertical cut through the geometry, for the models with fixed and variable wall thicknesses. The tint and
peak FOM in these figures are in units of neutrons/cm?/proton and neutrons/cm?/proton/shake, with a
shake equal to 1073s.

Time int Middle Peak

T

Hpm Rp. pos Peak Brightness Time-integrated
[mm] [mm] [mm] [e-12] brightness [e-8]

Time int 1.218 (80%) 2.899 (100%)
Peak 35 26 28 165 1 1.524 (100%)  2.276 (79%)
Middle 47 29 29 173 1 1.435 (94%) 2.734 (94%)

Figure 24. Vertical cut through the geometry of the optimized upper moderator designs.

Time int Middle Peak

P

Figure 25. Horizontal cut through the geometry of the optimized upper moderator designs.
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fixed variable

S|

Rg. Xpos Peak Brightness Time-integrated

[mm] [mm] [e-12] brightness [e-8]
Fixed 1.494 2.484
Variable 35 26 28 165 1 1.524 (+2%) 2.276 (-9%)

Figure 26. Vertical cut through the geometry of the peak-optimized design with fixed and variable
wall thicknesses.
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fixed variable

L

Rpe Xpos Peak Brightness Time-integrated

[mm] [mm] [e-12] brightness [e-8]
Fixed 1.260 3.312
Variable 62 33 30 187 2 1.218 (-4%) 2.899 (-13%)

Figure 27. Vertical cut through the geometry of the rint-optimized design with fixed and variable wall
thicknesses.
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APPENDIX D. DATA PLOTS FOR UPPER MODERATOR






APPENDIX D. DATA PLOTS FOR UPPER MODERATOR

Figures 28, 29, 30, 31 and 32 present the data from 196 MCNP runs of the upper moderator with different
parameter combinations. In each graph, all data is plotted against one parameter, regardless of the value of
the other parameters. These 196 runs come from several (sometimes incomplete) Dakota runs, both
optimization and parameter study. The tint and peak FOM in these figures are in units of
neutrons/cmz/proton and neutrons/cmz/proton/shake, with a shake equal to 1078s.
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Figure 28. Brightness metrics peak and tint of 196 MCNP runs as a function of the moderator radius.
The green and red crosses are within 2% of the maximal tint and peak respectively.
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Figure 29. Brightness metrics peak and tint of 196 MCNP runs as a function of the premoderator
thickness radially and on top. The green and red crosses are within 2% of the maximal tint and peak
respectively.
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Figure 31. Brightness metrics peak and tint of 196 MCNP runs as a function of the beryllium radius.
The green and red crosses are within 2% of the maximal tint and peak respectively.
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APPENDIX E. POST-PROCESSING OF SCOPING STUDY WITH CSG MODEL AND
COMPARISON WITH UMG

An extensive scoping study was performed using a CSG model and varying the moderator radius R,,,4, the
bottom premoderator thickness H,,,, and the beryllium radius Rp, [4]. The tally results from that study
were used to construct a polynomial fit with Dakota. A subset of the results was selected to obtain a
polynomial fit that matches the results well (based on y2-value and sensitivity plots around the optima).
Only the results with R,,,,¢ > 37.5 mm and peak > 0.7 (relative) have been used. This fit captures the
behavior very well around the tint-optimized design, but it does not capture the behavior close to the
peak-optimized design, as it is close to the domain boundaries and as such fewer samples are available.
This fit is sufficiently good as a tool to compare the results and see trends, but it was not used to select an
optimum design.

Figures 33 and 34 show contour plots of respectively tint (green color) and peak (red color) obtained with
the polynomial fit based on the CSG data. The dots show the locations in the domain where an MCNP
evaluation has been performed with the CSG model. The dot is colored green or red if respectively tint or
peak is within 2% of the maximal value. Comparing the colored dots with the contour line of 0.98 shows
an excellent match. These contour plots provide a visual aid to gain more insight in the influence of the
parameters on the brightness metrics.

The dark shade in Figures 33 and 34 indicates the location of the optimum. For both tint and peak, the
choice of the moderator radius Ry, is crucial. For a fixed H),,, and Rp,, tint and peak vary >20% within
the chosen bounds (35 mm <R,y < 100 mm). This variation is much smaller for H,,, and Rg,. The
contours are very elongated along H,,,, indicating a small sensitivity within the chosen bounds (20 mm <
H),,, <35 mm). The effect of Rp, is seen from comparing the different plots (for the four different values of
Rp.). Figure 33 shows a much larger and darker (thus higher value) optimum for tint for the largest Rg, =
18.25 cm compared to the smallest Rg, = 15.25 cm. The opposite is true for peak in Figure 34, in which
darker shades (higher values) are observed for the smallest R, = 15.25 cm. In general, we see that many
designs give a high value for peak and/or tint. A small difference in the dimensions of the moderator will
only have a small effect on the brightness. A broad range of parameters gives results close to the optimum.

Figure 35 compares the Pareto front with optimal designs obtained with the UMG model (dashed lines and
stars) and the CSG model (full lines and diamonds). The lines are obtained with the polynomial fits, while
the stars and the diamonds are the three chosen optimal designs for respectively the UMG and CSG model
evaluated with MCNP. The brightness metrics are shown relative to the maximal peak and tint obtained
with the MCNP evaluations of the CSG model. While there are slight differences between the UMG and
CSG results, the overall behavior matches very well. Looking at the lines with optimal choices of R4,
H,,, and Rp,, both models give very similar optimal designs. This comparison provides a high degree of
confidence in the validity of the results.
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APPENDIX F. UNCERTAINTY FROM THE NUMERICAL PROCESS

In this appendix, the effect of statistics on the solution is evaluated by separating the contribution from the
optimization algorithm and the effect of the MCNP precision. The optimization algorithm is a statistical
method because its final result is dependent on the initial set of runs (statistically sampled in the latin hyper
cube) to build the surrogate model for the EGO algorithm. This test is performed using the surrogate model
of the cylindrical moderator, see Section 4.1.1.

We examine the uncertainty by analyzing the probability distribution of solutions obtained by repeating the
optimization algorithm 1000 times with different seeds. The optimization is run for the polynomial cubic
fit model of the cylindrical moderator. This approximate model has two advantages: it runs much faster
than MCNP and it is deterministic (and thus provides a solution without relative error). A histogram of the
resulting optimal R,,,,4 is shown in the left graph of Figure 36. For each set (optimized for a different
weighted sum of tint and peak as defined in the Section 4.1), the black lines represent a gaussian fit for the
distribution. Except for Sets 5 and 6, in which the lower bound of R,,,4= 35 mm interferes, the gaussian
distributions approach the results well. In the right graph of Figure 36, the mean and standard deviation o
(errorbar) of the gaussian distributions of each set are shown as a function of the weight w;. The grey
errorbars indicate the 30~ error bars. The squares indicate the most extreme values obtained in 1000 runs. In
Figure 37, these graphs are shown for all parameters and the objective functions. Of course, these graphs
look very similar to those in Figure 7. The valuable addition is the error bars, which provide the expected
accuracy from the optimization algorithm.
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Figure 36. Left: Histogram of R,,,; values (and gaussian fits) obtained by running the Pareto set
optimization algorithm 1000 times on the cubic polynomial surrogate model. Right: Mean and
standard deviation o (error bar) of the R,,,s values as a function of w;. The grey errorbars indicate the 30
error bars. The squares indicate the most extreme values obtained in 1000 runs.

The solutions obtained with MCNP are expected to have a higher statistical uncertainty because the
brightness metrics themselves have a statistical precision. To evaluate the added effect of this uncertainty,
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Figure 37. Mean and standard deviation o (error bar) of all parameters and objectives as a function
of w;. The grey errorbars indicate the 30~ error bars. The squares indicate the most extreme values obtained
in 1000 runs.

the analysis is repeated for a noisy surrogate model. To obtain a solution with statistical noise, as is the
case with MCNP, a random normally distributed number with the appropriate standard deviation is simply
added to the deterministic solution for each evaluation of the polynomial model. Finally, the analysis is
repeated once more with a larger precision, which corresponds to 5x the MCNP precision. In Table 11, a
summary is given for the range of standard deviations obtained with both noise levels. The standard
deviations that have been added to the polynomial fit (1x noise) correspond to the estimate of the statistical
uncertainty that we calculated for most of the MCNP simulations.

The variation in optimal parameters obtained with the EGO algorithm is correlated with the sensitivity of
each parameter. For Ry04, R and H),,,, the standard deviation is limited to 1.5 mm. This is significantly
less than 5 mm, which is the change needed to reduce the optimum by 1%. With noise included, this value
increases a little, but not drastically. Even with 5x the noise, the standard deviation remains significantly
lower than the the parameter change that causes 1% metric change. The same is true for Rp, and X, for
which the sensitivity is smaller. This results in a larger variation in the optimal configurations, but lower
than the sensitivity. The maximal values in the objective functions tint and peak are also estimated
accurately. Especially for single-objective runs (set 1 and 6), the standard deviation of respectively tint (set
1) and peak (set 6) remain well below 1%. The increase in the standard deviation when noise is added, is
very limited. This demonstrates that the algorithm is working properly for this problem, even with
statistical noise on the simulation results.



Table 11. Variation of parameters and objectives in the optimization process, with and without
added noise, compared to the sensitivity of the parameter.

Parameter Standard deviation Standard deviation Standard deviation Sensitivity
from optimization  from optimization  from optimization around
no noise [mm] 1x noise [mm] 5x noise [mm] optimum [mm)]
Rod 0.5-1 mm 0.8-1.5mm 1.5-2.5 mm ~5 mm for 1%
Rym 0.5-1.5 mm 1.2-1.6mm 2.0-3.0 mm ~5 mm for 1%
Hy, 0.5-1.5 mm 0.6-1.6 mm 1.2-2.5 mm ~5 mm for 1%
Xpos 2-5 mm 2-6 mm 4-10 mm ~20 mm for 1%
Rp. 3-8 mm 4-9 mm 7-13 mm ~20 mm for 1%
Objective  Standard deviation Standard deviation Standard deviation MOCNP precision
from optimization  from optimization  from optimization (relative error)
no noise 1x noise 5x noise 1x noise
tint 0.1-1.5% 0.1-2% 0.3-3.5% 0.06%
peak 0.3-0.5% 0.5-0.7% 1.0-1.8% 0.3%
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Figures 38, 39 , 40 and 41 show the data from 113 MCNP runs of the lower moderator with different
parameter combinations. In each graph, all data is plotted against one parameter, regardless the value of the
other parameters. These 113 runs come from several (sometimes restarted) optimization runs. The tint and

peak FOM in these figures are in units of neutrons/cmz/proton and neutrons/cmz/proton/shake, with a
shake equal to 1078s.
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Figure 38. Brightness metrics peak and tint of all 113 MCNP runs as a function of the tube length.
The green and red crosses are within 1% of the maximal tint and peak respectively.
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Figure 39. Brightness metrics peak and tint of all 113 MCNP runs as a function of the premoderator
thickness. The green and red crosses are within 1% of the maximal tint and peak respectively.
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Figure 40. Brightness metrics peak and tint of all 113 MCNP runs as a function of the beryllium
radius. The green and red crosses are within 1% of the maximal tint and peak respectively.
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APPENDIX H. EXAMPLE INPUT FILES FOR DAKOTA

This appendix details two input files for Dakota. More details can be found in the Dakota Reference
Manual [9].

The first input file shows an example of a Pareto set run. The environment block defines the name of a
tabular output file and points to the first method. In the pareto_set method block, the weigths for each set
are specified. The EGO algorithm is used to optimize each set. In the EGO algorithm, you can choose to
import previous samples (commented out in this example with the # sign). Additional keywords to control
the convergence of the algorithm can also be specified. In this example, six variables are specified with
their upper and lower bounds. Two objective functions need to be returned. In the interface, a driver script
"run4b’ is called with bash. This script reads the parameters from ’params.in’, runs the simulation
code, and provides the results in results.out’. If a failure is detected, two zeros are returned.

The second input file performs a centered parameter study on a polynomial cubic surrogate model. Instead
of providing an interface with the simulation, the model is based on the data provided in the txt-file
"UM_ego_4par_2o0bj.txt’. The surrogate model is exported in an algebraic file for inspection later. In
addition, several metrics are specified that we use as a first evaluation of the quality of the surrogate model.

environment
top_method_pointer = ’PS’
tabular_data
tabular_data_file = 'UM_pareto_set.dat’

method
id_method = ’PS’
pareto_set
method_pointer = "EGO’

weight_sets = 0.00000e+00 1.72473e+07
8.20210e+10 1.29355e+07
1.64042e+11 8.62366e+06
2.29659e+11 5.17420e+06
2.78871e+11 2.58710e+06
3.28084e+11 0.00000e+00

method

id_method = ’EGO’

efficient_global
max_iterations = 10
# import_build_points_file = ’UM_ego_5par_2o0bj_nps5e6.txt
#  freeform
convergence_tolerance = le-5
# x_conv_tol = 0.1

model
single
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variables
continuous_design = 6
lower_bounds 35 18 25 25
upper_bounds 80 35 40 40
descriptors 'rh2’ ’t_pm_cyl’ ’t_pm_low’

interface
fork
analysis_drivers = ’bash run4b’
parameters_file = ’params.in’
results_file = ’'results.out’

failure_capture recover 0 0

responses
objective_functions = 2
sense = 'maximization’

descriptors = ’'peak’ ’tint’

no_gradients
no_hessians

150 -20
200 20

"t_pm_top’ ’'r_be’ ’x_shift’

environment
tabular_data
tabular_data_file = ’surrogate_centered_param.dat’

method
centered_parameter_study
step_vector = 1111
steps_per_variable = 2 2 2 2

model
surrogate global
polynomial cubic
import_build_points_file = 'UM_ego_4par_2obj.txt’

freeform
export_model format algebraic_file
filename_prefix = ’poly_cubic’
metrics = ’root_mean_squared’ ’sum_abs’ ’'mean_abs’ ’max_abs’

cross_validation folds = 5

variables
continuous_design = 4
lower_bounds 35 18 25 170
upper_bounds 90 25 32 200

descriptors 'rh2’ ’t_pm_cyl’ ’t_pm_low’ ’'r_be’
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’rsquared’




responses
response_functions = 2
descriptors = ’peak’ ’tint’
no_gradients
no_hessians
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