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ABSTRACT

A new approach is developed for optimizing the geometrical shape of a cold neutron
source to maximize its cold neutron outward leakage. An analogy is drawn between the
shape optimization problem and a state space search, which is the fundamental problem
in Artificial Intelligence applications. The new optimization concept is implemented in
the computer code DAIT in which the physical model is represented by a two group, r-z
geometry nodal diffusion method, and the state space search is conducted via the Nearest
Neighbor algorithm. The accuracy of the nodal diffusion method solution is established
on meshes of interest, and is shown to behave qualitatively the same as transport theory
solutions. The dependence of the optimum shape and its value on several physical and
search parameters is examined via numerical experimention.

1. INTRODUCTION

A cold neutron source is a device through which the cold neutron population (i.e., neutrons
with energy below 5 meV) in a provided spectrum is increased dramatically. Cold neutron
sources have been installed in many research reactors1 ~4 to satisfy the high demand for cold
neutrons often used to perform scattering experiments to study surfaces of metals. In these
cases, the Cold neutron source is typically made up of a highly scattering material at very
low. cryogenic temperatures situated in the reactor reflector pool, sufficiently far from the
core so that the spectrum of the neutrons incident on its surface is approximately a room-
temperature Maxwellian. If the cold moderator is thick enough, neutrons thermalize with
its molecules to a cryogenic temperature spectrum, thus increasing the fraction of neutrons
with very low energies. This configuration poses a tremendous engineering problem
because of the very low operating temperature and the large heat source presented by the
surrounding radiation field. Therefore, optimizing the cold neutron source performance,
i.e., maximum cold neutron yield with least cold moderator volume, becomes crucial to its
successful and economical construction and operation.

It has long been observed experimentally and numerically1"4 that a cold neutron source
possesses an optimum thickness that maximizes the gain factor for cold neutrons. The
origin of this optimum thickness for materials with very low absorption, such as liquid
deuterium, has been investigated recently using simple two group, slab geometry diffusion
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models.5 Indeed, the performance of the cold source in the Institute Laue-Langevin I
facility recently has been improved0 by inserting a cavity region in the spherical cold
source. This reduced the "effective" distance between the outer surface of the sphere and
the cavity surface, where the cold neutrons emerge, and brought it closer to the optimum
thickness, thus increasing the gain. However, no attempt has been made yet to optimize
the geometrical shape of the outer surface of the cold source or the cavity.

The key idea in this work is the analogy that we draw between the shape optimization
problem and a state space search. "We use a simple AI search techniqtie. the nearest
neighbor algorithm." to determine the cold source optimum shape based on a two-grour). r-z
diffusion model. This Design with Artificial Intelligence Technique concept8 is implemented
in a computer code. DAIT. which consists of two modules, a physical model module and a
search module described in Sections 2 and 3, respectively. Each module is sufficiently
decoupled from the other so that modifications, improvements, and higher levels of
sophistication can be introduced independently to either module. Moreover, the search
module can be applied to other shape optimization problems by simply coupling it with a
physical model module that properly describes the given system.

Results of several numerical tests of DAIT, with various initial guesses and different
computational mesh resolutions are presented in Section 4. The work and main results
and conclusions are summarized in Section 5.

2. THE PHYSICAL MODEL MODULE

The success of state space search techniques in locating an optimum state depends, in
general, on the number of states examined. That is. the larger the number of states
evaluated during the search, the higher the confidence that the result is close to the
actual optimum state; that confidence becomes complete if one evaluates all available
states. It follows that an important requirement the physical model has to satisfy in such
applications is very high computational efficiency. By this, we mean that the physical
model should be capable of accurately representing the behavior of the physical system at
a low computational cost. This can be achieved by using simple neutronic models, such
as diffusion theory, combined with highly accurate coarse mesh methods, such as nodal
methods.

In order to maximize the neutron yield from the cold source and to reduce the neutron heat
deposition in its materials, it is normally constructed from very low absorption nuclides.
Systems of this type are normally very well described by the neutron diffusion theory.
Indeed, previous comparisons0 between two-group, one-dimensional transport and diffusion
calculations for slab cold neutron sources have established the accuracy of the latter in
predicting the optimum thickness for liquid deuterium. Hence, we employ the diffusion
approximation to describe the cold source system in r-z cylindrical geometry, and we use the
two-group (one thermal, one cold) approximation for the sake of computational efficiency.
Assuming azimuthal symmetry of the cold neutron source about its axis which is normal
to the reactor core vertical axis, the cold source geometry can be represented in two-
dimensional r-z geometry. This approximation is particularly valid when the cold source
is located •"sufficiently deep" into the reflector that the effect of the core geometry (which
cannot be taken into account in the cold source r-z geometry) can be ignored. In this case,
the source of thermal neutrons to the cold source can be uniformly distributed over the
radial and axial surfaces of a predefined reflector region large enough to accommodate the
cold source. The validity of diffusion theory for this system is examined in comparison
with transport theory results later.



Nodal methods have been shown to be very effective in producing highly accurate numencal
solutions for neutronic systems at a very low computational cost. This is accomplished
by deriving discrete-variable equations that are very accurate on coarse meshes, so that
the number of discrete variables, hence the size of the algebraic problem to be solved
numerically, is drastically reduced. A nodal method has been derived and implemented
for the diffusion equation in r-z geometry.9 Numerical tests and comparisons of the results
with finite difference results have established the very high accuracy of the nodal method
on coarse meshes. Later in this section, we evaluate the accuracy of the solution for the
meshes used in this work. The set of discrete-variable nodal method equations consist?
of one nodal balance (conservation) equation for each computational cell, a continuity
equation for the r-direction neutron current for each internal r = constant surface, and
a continuity equation for the z-direction neutron current for each internal z = constant
surface. The system of equations is linear, sparse, and loosely coupled, which makes its
solution relatively simple. Moreover, the coarse meshes used result in reasonable size
algebraic problems which are efficiently solved using direct solution methods. For this
purpose, we used the Harwell routine MA28A which uses a lower-upper decomposition
approach to the matrix equation, and stores the decomposition process in an integer array
which can be used later to decompose matrices with similar structure. This algorithm
is very effective in reducing the CPU time requirement since the nodal method matrix
equations solved during the search procedure have identical structure and differ only in
the value of their elements corresponding to different material compositions.

Cold sources employing liquid deuterium as the cold moderator typically have a radial size
of about 40 cm.6 Therefore, we consider a slightly larger cylindrical region R with radius
25 cm and height 50 cm with variable material composition representing the different
possible geometrical shapes of the cold neutron source. This is surrounded radially by a
cylindrical shell of thickness 30 cm of D2O, representing the reactor reflector, with uniform
unity and zero incoming partial current boundary conditions on the outer radial boundary
for the thermal and cold groups, respectively. Reflective boundary conditions are applied
on the z-axis for both groups. The z = 0 surface, corresponding to the cold source-guide
tube interface, is left bare with zero incoming partial current boundary condition for both
groups. Another D2O reflector disc-shaped buffer of radius 55 cm and height 30 cm is
located at z = 50 cm representing the reflector region separating the core from the cold
source. Uniform unity and zero incoming partial current boundary conditions are applied
at z = SO cm for the thermal and cold groups, respectively. Region R is divided into
X x 2.Y computational cells of equal thickness and height, while the vertical and horizontal
reflector buffer regions are divided into two equal vertical and horizontal computational
cells, respectively. The geometry, computational mesh, and boundary conditions are shown
in Figure 1.

While the material composition of the reflector buffer region is kept unchanged, the
material composition of the .V x 2.Y computational cells constituting region R is varied
during the search procedure to represent various cold neutron source geometries. A
computational cell in R may contain liquid deuterium, representing the cold moderator,
gaseous deuterium, representing the re-entry gap. or DoO representing the reflector
surrounding the cold source geometry. Assigning an integer index 0, 1. or 2 to each of
the three materials, the material composition of any cold source geometry approximated
on the X x 2.Y computational mesh is equivalent to an X x 2.Y integer matrix, S. For
any given cold source geometry (equivalently specified S), the two-group nodal diffusion
method equations can be solved numerically, and the outgoing partial current at z = 0 can
be evaluated for the cold group. Thus, we can define a real function A that operates on a
given S to produce the cold group outward leakage at z = 0.



Figure 1. Geometry, computational mesh, and boundary conditions for the cold so
and reflector buffer region.
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The two-group nuclear data is collapsed from a P-l. 15 group set using Maxwellian
weighting at room temperature (293 K) for the reflector DoO, and at cryogenic temperature
(20 K) for the cold moderator (liquid deuterium) and re-entry gap gaseous deuterium.
The P-l representation of the scattering cross section is used to estimate /2 for each
group, and this is used to calculate group diffusion coefficients for the three materials
involved. Macroscopic nuclear data for the cryogenic materials is based on atomic densities
.4096 x 10~23 and .4096 x 10~22 atoms/cc for liquid and gaseous deuterium, respectively.
In order to avoid complications due to upscattering, it is ignored altogether for the
cryogenic materials, while for room temperature D2O, the upscattering is assumed equal
to downscattering so that both cross sections were set to zero.

2.1 ACCURACY OF THE XODAL DIFFUSION METHOD

Typically numerical solutions to the diffusion equation are accurate when the
computational mesh size in each material is of the same order, or smaller than, the diffusion
length in this material. The group diffusion lengths for the three materials in this system
are listed in Table 1.

Clearly, these are large compared to the system dimensions (see Figure 1) so that the
computational cell size is determined by shape geometry resolution requirements, rather
than by accuracy constraints. In order to further confirm the accuracy of the nodal method
solutions, we solved the five configurations shown in Figure 2 on .V = 5 and .V = 10 meshes.



Table 1. The Group Diffusion Lengths for
the Cold Source Materials

Thermal diffusion Cold diffusion
length (cm) length (cm)

liquid deuterium S 110
gaseous deuterium SO 1102
D2O reflector S4 71

These configurations are two initial guesses: the hollow cylindrical shell (Figure 2.a) and the
minimum re-entry gap (Figure 2.b): two ILL type cold sources: the solid sphere (Figure 2.c)
and the sphere with re-entry gap (Figure 2.d). both with the vacuum chamber represented
by external gaseous D2: and the optimum configuration obtained on the .V = 5 mesh as
described in Section 4 (Figure 2.e). The cold outward leakage at z = 0 was evaluated
from the .V = 5 and .V = 10 solutions for each of these configurations and the results
are compared in Table 2. This comparison confirms the very high accuracy of the nodal
diffusion method solution even on meshes as coarse as 7 x 12, i.e.. .V = 5.

Table 2. Cold Neutron Outward Leakage at z = 0 for the
Five Sample Configurations of Figure 2 as Calculated bv the

Nodal Diffusion Method on X = 5 and .V = 10 Meshes,
and bv the Neutron Transport Code PORT10 on the .V = 10 Mesh

A for N = 5 A for N = 10 A for .V = 10
Configuration diffusion method diffusion method transport method

(n/sec) (n/sec) (n/sec)

hollow cylindrical shell
minimum re-entry gap
solid sphere
sphere with re-entry gap
.V = 5 optimum shape

2.2 VALIDITY OF DIFFUSION THEORY

The very low absorption in the cold source configuration suggests that the diffusion
approximation should describe the system fairly accurately. The same five sample
configurations shown in Figure 2 were solved on the .V = 10 mesh using the transport
code DORT.10 The cold neutron outward leakage at z = 0 was then obtained from the
balance tables as shown in Table 2. Comparison between the diffusion and transport
calculated quantities indicate a relative difference in the order of 25(/c. This is probably
due to the relatively large anisotropic scattering. However, as previously observed in
the one-dimensional study.0 the diffusion solutions qualitatively resemble the transport
solutions quite well. In fact, the qualitative behavior of the solution as a function of
the configuration is far more important than the exact numerical value because of the
exploratory nature of the search technique. The optimum shape obtained from such study
must be evaluated using more sophisticated physical models before it is incorporated in
actual designs. Hence, we conclude that in spite of the relatively large difference between

727.9
440.6
521.9
5S2.4
754.5

727.9
439.5
525.0
5S4.4
745.S

575.5
560.1
494.S
503.5
59S.5



Figure 2. Five sample cold source configurations used to establish the accuracy of the
nodal method solution and the validity of the diffusion approximation.
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the diffusion and transport solutions, diffusion theory performs satisfactorily as far as the
objectives of search techniques are concerned.

3. THE SEARCH MODULE

The diffusion model described above can be used to describe the performance of a cold
source on a specific X x 2.V mesh. Clearly, the shape of any cold source composed of the
three materials discussed in Section 2 can be approximately represented on the A x 2A
mesh, so that there is a one to one correspondence between each approximate shape and
an .V x 2.V integer matrix 5. Now we draw the analogy between the cold source shape
optimization problem and a state space search.' A state is a permissible (as defined below)
cold source shape that is uniquely specified by an JV x 2.V integer array 5: the state space.
E. is the collection of all states. Typically, the search starts from an initial state I 6 I] that
is guessed based on intuition, experience, or previous calculations. The evaluation function
for a given state is the real function A that yields the cold neutron outward leakage at
z = 0 for that state. The evaluation function also can be a set of functions representing
several criteria based on which the "goodness" of a shape (i.e.. state) is quantified. The
objective of the search then is to find a goal state, G, that maximizes (without loss of
generality) the evaluation function over the state space; i.e., G 6 S. A(G) > A(S) for
all S £ S. Finally, the set of production rules, P , map a state 5 into another state(s)
S' during the search process, such that 5 ' satisfies prespecified constraints required for
physical or logical reasons. For example, in the cold source optimization problem, the
production rules should conserve the connectivity of the cold moderator shape, such that
it encloses the gaseous deuterium on the inside, and is surrounded by D2O on the outside.
This completes the analogy between the shape optimization problem and the state space
search; the optimization problem now translates into: search for G in YJ.

Because of the crucial role that the production rules play in the search procedure, we
describe in detail their implementation in DAIT. There are three material indices; we use
0 as the active index, and 1 and 2 as the passive indices, in the sense that through the
production rules, P , exactly one element of the state matrix S that is passive changes to 0.
More specifically, if 5 ' = P{S), then there is a unique pair (i'.j1) such that Sjij' = 1 or 2,
s'^j, = 0, and s'^ = Sij for i ^ i' or j ^ j ' . So, each application of P replaces exactly one
passive index in 5 by 0 in S'. In order to preserve the connectiveness of the active material,
ve also require that at least one immediate neighbor of «,-/_,-/ equal 0; i.e., at least one of
the eight elements smn, m — ?' ± 1. n = j ' ± 1 is 0. In all the tests we performed on DAIT,
we assigned DoO to the passive index 1. In some numerical experiments, we assigned
liquid deuterium to the active index in order to investigate the overall optimization of
the cold moderator shape. In other experiments, we assigned gaseous deuterium in the
re-entry gap to the active index to investigate its optimum shape for a specific cold source
external shape. These production rules do not necessarily result in a cold source that is
connected and closed. When this happens, minor modifications can be introduced to the
goal state to make the liquid deuterium region connected and closed without changing
A(G') significantly.

State space searches constitute the cornerstone for most artificial intelligence (AI)
problems.' For any reasonable size computational mesh, .V, the number of states in E
is extremely large that any attempt to evaluate G by an exhaustive search is doomed
to fail because it would require an unacceptably large CPU time. Alternatively, several
strategies' have been developed and implemented for various applications that are designed
to produce satisfactory estimates of the goal state in reasonable execution times. This is
done by evaluating states that are strategically "more promising," and ignoring others



that, based on some prespecified criteria and state values previously determined during
the search, will probably produce lower values.

One of the simplest search strategies is the Nearest Neighbor algorithm.' which is
implemented in the search module of the code DAIT and is used to obtain the optimization
results presented in Section 4. At each level of the search, the search module generates all
permissible states from the current state using the production rules, evaluates each one
using A, then compares the resulting cold leakage for each state to that of the current
state. If none is larger than the cold leakage of the current state, the search terminates
successfully with G being the current state. Otherwise, the state with the largest cold
leakage is taken to be the current state and the search proceeds to the next level. This
algorithm is represented by the flow map shown in Figure 3.

In spite of their wide-spread use. state space search techniques lack any guarantee that
the achieved goal state indeed maximizes the evaluation function over E. In addition,
the resulting goal state may be sensitive to the details of the particular search scenario
that produced it, such as the initial state for the search procedure, the physical model
computational mesh, etc. The production rules themselves may influence the outcome
of the search since they determine the whole state space and the mapping of one state
into the next state during the search. Also, the search strategy plays a significant role in
determining the outcome of the search since it determines which states are evaluated and
which are ignored. All these dependencies will be demonstrated through explicit examples
in Section 4 below. Therefore, confidence in the result of the search process is gained if.
when varying these parameters, different goal states are obtained whose values, A(G), are
very close to one another.

4. DISCUSSION OF OPTIMIZATION RESULTS

In order to demonstrate the versatility of this new approach, we applied it to several initial
states, on meshes .V = 5 and N = 10, with the two types of production rules discussed in
Section 3.

First, we applied the method on the .V = 5 (i.e., 7 x 12) mesh with liquid deuterium
assigned to the active material index with five different initial states. These initial states,
together with the goal states they lead to and their values, are shown in Figure 4. The
common feature between the optimum shapes obtained with the various initial states is
that liquid deuterium consistently replaced gaseous D2 in computational cells located at
large radii, leaving most of the interior region unchanged (i.e., the re-entry gap). Indeed,
this is consistent with cylindrical one-dimensional studies of the cold source optimum
thickness which indicate that the cold neutron leakage increases linearly with the inner
radius for a given cold moderator thickness, while it decreases very slowly with thickness
for a given inner radius. In other words, the loss in cold neutron leakage due to a cold
moderator thicker than the optimum thickness is far smaller than the gain due to the larger
outer surface area. All optimum shapes shown in Figure 4 do not satisfy the closedness
condition of the liquid deuterium: i.e., it does not form a closed configuration that contains
gaseous D2 inside it. and is surrounded by D2O. Therefore, we used the cylindrical shell
of Figure 2.a as an initial state to obtain the optimum shape of Figure 2.e, which satisfies
both the connectivity and closedness conditions. It is worth noting that even though the
goal states shown in Figure 4 are all different from one another, their values are within
10% of the largest value of the optimum state of Figure 2.e.

One shortcoming of the Nearest Neighbor algorithm is that it searches only one level at a
time, without regard to long term effects normally considered in in-depth search strategies.7

This is evident from comparing the initial and goal states of each of Figures 4.c and 4.e to



Figure 3. Flow map for the Nearest Neighbor Algorithm.
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Figure 4. Five initial states and the goal states they produce for the JY — 5 mesh. The
initial state contains gaseous Do in all 5 x 10 computational cells in region R.
except for one liquid deuterium cell shown with a thicker border for each case.
The value of each goal state is also indicated.
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Figures 2.a and 2.e. respectively. Successive application of the production rules discussed
in Section 3 to the initial states of Figures 4.c and 4.e can produce the state shown in
Figure 2.a. and hence, should be able to produce the optimum shape of Figure 2.e. This
does not happen because as the search proceeus, liquid deuterium is inserted at locations
inconsistent with Figure 2.e, thus excluding it from the set of goal states before the search
is concluded.

To investigate the dependence of the goal state on the mesh resolution, we executed DAIT
for the A" = 10 mesh starting with the "thinner" cylindrical shell shown in Figure 5.a
as initial state. This results in the optimum shape shown in Figure o.b whose value is
75S.3 n/sec, only 2% different from the .V = 5 optimum value. Moreover, comparing
Figure 2.e and Figure 5.b indicates the two optimum shapes appear to be consistent to
within the resolution of the computational mesh.

Figure 5. The initial and optimum shapes for the N = 10 mesh.
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Finally, in order to examine the effect of the production rules on the outcome of the search,
we executed DAIT with gaseous D2 assigned to the active index. We used a minimum re-
entry gap occupying only one computational cell at r = 0 and z = 0 for both N = 5
(see Figure 2.b) and .V = 10 meshes. This allows the re-entry gap to expand in size in
the interior of the cold moderator via the search procedure to maximize the cold neutron
outward leakage at z = 0. The resulting optimum states are shown in Figures 6.a and 6.b
for the -V = 5 and N = 10 meshes, respectively. Even though these are not identical to the
optimum shapes shown in Figures 2.e and 5.b, respectively, they are very similar in shape.
One major difference is that the liquid deuterium in Figures 6 does not completely enclose
the gaseous Do as is the case in Figures 2.e and 5.b. Clearly, the values of the optimum
shapes in Figures 6 are very close to those in the Figures 2.e and 5.b.

5. CONCLUSION

We have developed an Artificial Intelligence type state space search technique for geometric
shape optimization and implemented it in the modular computer program DAIT. We
applied our new technique to the problem of optimizing the shape of a liquid deuterium
cold neutron source to maximize its cold neutron output.

We used a special purpose two group nodal diffusion method code in r-z geometry to
represent the physical model, and a simple Nearest Neighbor algorithm to perform the state
space search. We carried out several preliminary calculations to establish the accuracy of
the nodal diffusion method on the meshes used in this study, and also to examine the



Figure 6. Optimum states and their values with gaseous D2 assigned to the active index
starting with a minimum re-entry gap.
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validity of the diffusion approximation with respect to transport calculations. We also
performed several numerical experiments with the search procedure on two meshes using
various initial states and two variants of the production rules. The resulting optimum
shapes were found to depend on the mesh resolution, the initial state, the production
rules, and the search strategy. However, all resulting optimum states produced cold neutron
outward leakages at z = 0 that are close to one another. The versatility of our new approach
makes it an attractive alternative for other optimization problems, such as geometric shape
design optimization of mechanical equipment, power flattening in nuclear reactor cores, etc.
Such applications may require the implementation of more sophisticated search strategies
on parallel processing machines in order to improve the computational performance of the
developed codes. ;
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