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ABSTRACT 

This paper describes the initial global 2-D shielding analyses for the 2-element, heavy-water 
cooled and reflected Advanced Neutron Source reactor which was to have been built in Oak Ridge, 
Tennessee. The portion of the system analyzed encompassed the highly enriched core, the 
1.5-m-thick heavy-water reflector, the aluminum reflector vessel, and the first 0.2 m of light water 
beyond the reflector vessel. While some results are presented, this paper focuses primarily on the 
lessons learned during the analysis of this rather unique system. 

I. INTRODUCTION 

A global 2-D shielding analysis' of the 2-element, heavy-water cooled and reflected Advanced 
Neutron Source (ANS)  reacto? was first undertaken at the Oak Ridge National Laboratory in 1993. 
Figure 1 shows a closeup view of the ANS core analyzed in this study. It is comprised of two 
annular fuel elements -- a lower (inner) element and an upper (outer) element. (Later core 
designs, capable of operating with reduced fuel enrichment, consisted of three fuel elements.) The 
core is located inside a double-walled, approximately 0.5-m-diam, aluminum tube that forms the 
primary coolant pressure boundary around the core. The core pressure boundary tube, in turn, is 
located inside a 3.5-m-diam aluminurn reflector vessel that is filled with heavy water. The 2-D 
DORT transport code3 was used to obtain the overall unperturbed flux levels throughout the 
system. These analyses typically used a standard S, quadrature along with 138 mesh intervals in the 
radial direction and 266 mesh intervals in the axial direction. Spatially distributed "lifetime 
averaged" source terms in the core were based on detailed physics analyses performed previously 
and reported in ref. 2. The ANSL-V 39n/44g coupled cross section library4, supplemented by the 
addition of photoneutrons as noted below, was used throughout. This library has 14 fast or 
epithermal neutron groups above 0.625 eV, 25 thermal neutron groups with upscatter, and 44 
gamma groups, the first 17 of which are energetic enough to produce photoneutrons in heavy water. 
Additional details regarding the reactor system or the common analytic tools used in the global 
shielding analysis may be found in refs. 1 and 2. The balance of this paper focuses more on the 
lessons learned during that analysis. 

*Managed by Lockheed Martin Energy Research Corp. for the U.S. Department of Energy under contract 
DE-AC05-%OR22464. 
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! 11. DELAYED FISSION GAMMAS 

I The pre-release version of the ANSL-V library accounted only for prompt fission gammas from 
the fuel, while the final version described in ref. 4 also includes all delayed fission product gammas 
as part of the secondary gamma production matrix on the grounds that, in steady state, these 
gammas are always present and should be accounted for in the shielding analyses, especially those 
emitted in the first few seconds after fission. While the number of delayed fission gammas is 
comparable to the number of prompt fission gammas, the spectrum for the delayed fission gammas 
is somewhat softer. Calculations have shown that while the lower energy gamma fluxes below 3 
MeV are up to 2.5 times higher in and near the fuel with the delayed fission gammas included, the 
gamma fluxes deep in the reflector next to the aluminum vessel are only a few percent higher than 
they would have been without the delayed fission gammas. 

111. ELONGATED MESH INTERVALS 

The earliest shielding calculations used the same radial and axial mesh structure as the physics 
analyses. While the number of mesh intervals (133 radially and 236 axially) was nearly the same 
as in the final shielding analyses (138 radially and 266 axially), the distribution was quite different. 
The physics analyses were primarily concerned with core performance and less interested in the 
reflector. Thus, the physics model tended to have many radial and axial mesh intervals in the core 
region and relatively few in the reflector. With a fine axial mesh in the core region and a coarse 
radial mesh in the reflector, the intervals in the side reflector were fairly elongated radially, having 
aspect ratios of 6:l in many cases. (Likewise, mesh intervals in the reflector, above and below the 
core were elongated axially, with aspect ratios of 1:6 in many cases.) Results from the 2-D RZ 
model and a 1-D radial model (with the core modeled as an infinite cylindrical annulus) showed 
the fluxes deep in the side reflector of the finite 2-D model to be approximately two times higher 
than those in the 1-D calculation -- a physically impossible situation, at least for the fast energy 
groups! This condition was caused not so much by the size of the mesh intervals, but by the aspect 
ratio of the mesh cells -- a condition we have dubbed "artificial numerical diffusion". Figure 2 
heuristically illustrates how this phenomenon can occur. Neutrons entering the left side of a cell 
at an angle and streaming uncollided through the cell will leave through the upper surface in this 
example. In the case of a relatively square mesh, they will exit in the correct direction at 
approximately the correct location. In the case of an elongated cell, they will be spread over a 
much wider area and effectively get a "free ride" in the radial direction, thus causing an unnatural 
advancement of the neutrons in the direction of the elongation. This anomaly can be reduced in 
either of two ways: (1) if one can afford additional mesh intervals, one could use a finer mesh in 
the elongated direction or (2) if one cannot afford additional mesh intervals, one can use a coarser 
mesh in the other direction, thereby allowing for more collisions within a cell and reducing the 
uncollided component exiting the top surface. Both approaches were used together in later 2-D 
shielding analyses to obtain aspect ratios that were generally between 1:2 and 2:1, subsequent to 
which physically correct solutions were obtained, with the 2-D fluxes deep in the side reflector being 
slightly less than predicted by the 1-D analysis. 



IV. ERROR-MODE ACCELERATION 

Converging the flux in the 25 thermal neutron groups was a formidable task. This is generally 
true of 2-D or 3-D transport codes in very weakly absorbing media such as graphite or heavy water. 
In this case, early calculations showed only modest convergence deep in the reflector after 200 outer 
iterations requiring many CPU days on a dedicated IBM Model 530 workstation. To circumvent 
that difficulty, the following approach was taken for these fixed source calculations where the 
fissioning in the fuel had already been turned off. (The technique described below was originally 
suggested by D. R. Vondy, W. A. Rhoades, and R. A. Lillie at ORNL.) First, the cross sections for 
all other materials (including the heavy water) were adjusted so as to contain a negligibly small 
amount of fissionable material ( v q =  1.Oe-15). Second, this fiied source calculation was instead run 
as a highly subcritical k-effective eigenvalue calculation, with many outer iterations over the 25 
thermal groups having upscatter, but with only two inner (spatial) iterations per outer iteration. 
Lastly, the calculation was given an extremely tight convergence criteria so that it would run until 
stopped manually. The advantage of running in this fashion is that after every 5 or 10 outer 
iterations, the Vondy error-mode extrapolation algorithm built into DORT would be triggered and 
gieatly accelerate the flux in all energy groups in the correct direction. 

To venfy that these modifications would not affect the ultimate solution, the approach was first 
tested in 1-D. Here, the 1-D "group banded" ANISN code' was first used to converge the 1-D 
radial fixed source problem using the original cross sections. The same problem was then solved 
as a highly subcritical k-effective problem using the modified cross sections with a negligible amount 
of fissioning allowed in every material. The two highly converged multigroup flux solutions were 
found to agree within five or six significant figures at all locations. 

The approach described above was subsequently adopted for use in the 2-D DORT analysis of 
the ANS system. As noted above, the advantage of running in this fashion is that after every 5 or 
10 outer iterations, the Vondy error-mode extrapolation algorithm originally built into the DORT 
code for k-effective calculations would be triggered and greatly accelerate the the flu solution. 
Note, however, that this extrapolation technique is only used periodically, after a series of 
intermediate outer iterations are found to yield a semi-stable solution. Nevertheless, the effects of 
these flux extrapolations, when they happen, are quite dramatic. Between extrapolations, the fluxes 
at the reflector vessel generally change by only a few percent between outer iterations while, 
immediately after one of these flux extrapolations, the flux there may change by a factor of 2 or 3 
(or even as much as a factor of 6 or 7 in some energy groups), thus bypassing the dozen or more 
outer iterations that would otherwise have been required to get to that same point if this technique 
had not been invoked. In our case, convergence was assumed when the flux in each energy group 
had changed by less than 0.05% at the reflector vessel over the last 20 outer iterations. This was 
achieved after 150 outer iterations over the 25 thermal neutron energy groups. 

V. PHOTONEUTRONS 

A. Preliminary Evaluation 

Highly energetic gammas from the core can (and do) stream through the heavy-water refl ector 
relatively unimpeded. Likewise, highly energetic gammas released by thermal neutron (n,y) 



reactions in the aluminum reflector vessel and the core pressure boundary tube also enter the 
heavy-water reflector. Because gammas above 2.225 MeV may cause (y,n) reactions in the 
deuterium comprising the heavy water, the effect of such reactions had to be evaluated even though 
these (y,n> cross sections are only on the order of one or two millibarns. Moreover, the effect may 
be quite dramatic. 

Figure 3, taken from Keepin6, shows the photoneutron production cross section for deuterium 
as a function of gamma energy above the threshold of 2.225 MeV. As part of a preliminary 
evaluation, a tightly converged 1-D radial, coupled dy, fmed source calculation was first performed 
for the ANS core and reflector, without accounting for photoneutron production. This first step 
included only the actual source terms in the core. The gamma fluxes for the first 17 gamma groups 
in the ANSGV library structure were then folded with photoneutron production cross sections of 
1.0, 1.0, 1.25, 1.6, 1.8, 1.9, 2.0, 2.08, 2.18, 2.22, 2.27, 2.3, 2.2, 2.0, 1.6, 1.1, and 0.45 milliiarns, 
respectively, in each spatial mesh interval containing heavy water in order to obtain the 
photon-induced multigroup neutron sources in the heavy water. In this preliminary evaluation, the 
neutron energy (E,,) was assumed to be given by E,=(Eg-2.225 MeV)/2 where Eg is the average 
energy of the respective gamma group. These multigroup photoneutron source terms (and only 
these sources) were then used in a second 1-D calculation to determine the resulting neutron and 
gamma fluxes throughout the system. This process was then repeated ten more times, with the 
source terms and resulting fluxes becoming smaller each time. The actual neutron and gamma 
fluxes in each mesh interval would then be sum of the neutron and gamma fluxes from the original 
n/y calculation plus those in all ten subsequent steps. Deep in the heavy-water reflector, close to 
the reflector vessel where the fast flux would otherwise be quite depressed, the fast neutron flux 
levels were 2, 3, or 4 thousand times greater than what one would have erroneously estimated had 
one not accounted for photoneutron production. 

To account for photoneutrons in a routine automated fashion in large multidimensional 
calculations, new iterative strategies were developed along with two new cross section processing 
codes. These are descriied below. 

B. Two New Cross Section Processing Codes 

A new cross section processing code called PHOTOX was first written (see ref. 1) to rigorously 
determine the (gamma)group-to-(neutron)group photoneutron production cross sections in the 
ANSL-V 39n/44g group structure that would be needed in later 2-D shielding studies. This simple 
code uses the pointwise energy-dependent photoneutron production cross section shown in Fig. 3, 
along with an analytic evaluation7 for this cross section above 11.44 MeV. To determine the 
resulting neutron energy (E,,), it is assumed that all of the incident photon energy (Ed above the 
threshold energy (2.225 MeV) is equally divided between the neutron and the proton subsequent 
to the photodisintegration of the deuteron -- i.e., it is assumed that E,=(Eg-2.225 MeV)/2 for 
Eg>2.225 MeV. Thus, photons of one unique energy produce neutrons of one unique energy. 
Here we denote that cross section as a(E,E,). Since a single gamma energy group may span a 
wide energy range, the corresponding photoneutrons may also span a wide energy range which may 
lie within the confines of a single neutron group or span two or more neutron energy groups. To 
obtain the "group averaged" group-to-group photoneutron production cross sections, the PHOTOX 
program divided each gamma source group into one hundred increments and averaged the 
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Fig. 3. Total photoneutron production cross section for deuterium (in millibarns) 
as a function of photon energy. Taken from ref. 6. 

Table 1. Group-to-group photoneutron production cross sections for deuterium in the ANSLV 39n/44g 
library energy group structure, as calculated by the PHOTOX program. 

FROM 
CAMMA - - _ _ - - _ _ _ - _ _ _ - - _ _ _ _ _ - - - - - - - - - - - - - - - - - - - . - - - - - - - - - * - - - - - - - - - - - - - - - - - - - - - - - - - * - - - - - - - - - - - - - - - - - * - - - - - - - - - - - - - - -  

GROUP TO NGRP 1 TO NGRP 2 TO NGRP 3 TO NGRP 4 TO NGRP 5 TO NGRP 6 TO WGRP 7 TO NGRP 8 TO NGRP 9 TO NGRP 10 

PHOTONEUTRON PRODUCTION CROSS SECTIONS (BARNS) FOR OEUTERIUH IN  THE ANSL-V 39N/44G LIBRARY (*) 

1 5 . m - 4  1.5%-4 0.0 0.0 0.0 .o.o 0.0 0.0 0.0 0.0 
2 0.0 1.020E-3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
3 0.0 1.248E-3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
4 0.0 1.373E-3 1.898E-4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
5 0.0 0.0 1.792E-3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6 0.0 0.0 1.885E-3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
7 0.0 0.0 1.9?7€-3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
8 0.0 0.0 2.0656-3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
9 0.0 0.0 3.1RE-4 1.831E-3 0.0 0.0 0.0 0.0 0.0 0.0 

10 0.0 0.0 0.0 2.113E-3 1.130E-4 0.0 0.0 0.0 0.0 0.0 
11 0.0 0.0 0.0 0.0 2.27OE-3 0.0 0.0 0.0 0.0 0.0 
12 0.0 0.0 0.0 0.0 2.162E-3 1.128E-4 0.0 0.0 0.0 0.0 
13 0.0 0.0 0.0 0.0 0.0 2.191E-3 0.0 0.0 0.0 0.0 
14 0.0 0.0 0.0 0.0 0.0 1.903E-3 9.284E-5 0.0 0.0 0.0 
15 0.0 0.0 0.0 0.0 0.0 0.0 1.580E-3 0.0 0.0 0.0 
16 0.0 0.0 0.0 0.0 0.0 0.0 5.778E-4 4.822E-4 0.0 0.0 
17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.971E-4 4.322E-5 3.999E-6 

(9 ALL other terms not shown are zero. Used 100 energy points to integrate across each gama source group. 



photoneutron production cross section over the gamma source group using an assumed gamma 
spectrum such that 

The resulting microscopic group-to-group photoneutron production cross sections corresponding 
to the ANSLV 39n/44g group structure are shown in Table 1. From this one can see that most 
photoneutrons are highly energetic and that gamma group 17 (which extends from 2.35 MeV down 
to 2.15 MeV and corresponds to group 56 in the coupled n/y library) is the lowest gamma group 
that can produce photoneutrons. 

Lastly, a second processing code called SPARK was written (see ref. 1) to read the original 
DORT-ready macroscopic cross section library (without photoneutrons) as prepared by the GIP 
code' for a given application, and to expand the scattering matrix in the DORT-ready cross section 
library so as to include the macroscopic photoneutron production cross sections for each material 
containing deuterium. Moreover, the resulting DORT-ready cross section library was subsequently 
used in a 1-D group-banded ANISN calculation to demonstrate that a single automated calculation 
using this modified cross section library could, with multiple outer iterations over all energy groups, 
reproduce the results of the ten-step manual procedure described above. The agreement was 
absolutely excellent, with neutron and gamma fluxes generally within 1 or 2% (and frequently within 
0.1%) of those obtained using the manual technique with the less precise cross sections listed above. 

C. New Iteration Strategies for DORT 

Unlike small fast 1-D calculations where one can easily afford to account for photoneutrons in 
the course of each outer iteration over all energy groups, it was found to be much more efficient 
in the large 2-D calculations to first converge the fast neutron groups, then the thermal groups, and 
later the gamma groups, before beginning to perform additional outer iterations for the 
photoneutrons. This is possible because the large thermal neutron population deep in the reflector 
was several orders of magnitude larger than the fast neutron population there (even after one 
accounts for photoneutrons). Moreover, the strategy employed here and illustrated in Table 2 is 
much more efficient because the first series of outer iterations to converge the thermal neutron 
groups (Step B1) only needs to span neutron groups 15 to 39, whereas the second series of outer ' 

iterations needed to converge the photoneutrons (Step D1) has to span groups 1 to 56 -- Le., all 
39 neutron groups plus the first 17 gamma groups. Additional details regarding the DORT 
parameters used in Step D1 may be found in Table 22 of ref. 1. 

D. Results of Global 2-D RZ Analyses With and Without Photoneutrons 

Results of the global 2-D DORT analysis without photoneutrons are shown in Fig. 4. Note that 
the flux contours are more-or-less oval shaped and evenly spaced as one moves outward from the 
core to the reflector vessel. Results of the global 2-D DORT analysis with photoneutrons are 
shown in Fig. 5. Note that the fast neutron flux contours become much more distorted. While 
there is not much difference near the core, the fast flux close to the reflector vessel is now much 
higher -- up to 3300 times higher near the vessel wall where the fast flux would otherwise normally 
be quite depressed. Also, the fast flux contours with photoneutrons are more elongated axially, 



Table 2. Description of the multi-step DORT analysis of the ANS core and reflector with photoneutrons. Here 
the flux moment file generated by each step was used as the initial flux guess for the next step, while the first 
step (Al) was started with a zero flux guess throughout. Note that these 9 steps required a total of 157.1 CPU 
hours (6.54 CPU days) on a dedicated IBM Model 530 workstation. 

Step Groups Number of Outer Total Number of Average Number of Purpose of this Step 
Covered Iterations Over Inner (Spatial) inners/group/outer 

Energy Groups Iterations (allowed, used) 

A1 1 - 39 1 

A2 1 - 39 1 

B1 15 - 39 

C1 40-83 

c2 1 - 83 

D1 1 - 56 

El 1 - 83 

E2 1 - 83 

F1 1 - 83 

150 

1 

1 

42 

3 

3 

1 

420 

372 

7500 

177 

25 1 

4704 

398 

349 

1 78 

(50,18.5) g r ~ s  1-14 
(8, 6.5) grps 15-39 

(50,15.3) grps 1-14 
(8, 6.3) grps 15-39 

(50, 4.0) 

(10, 3.0) 

(10, 1.6) 

(10, 1.4) 

(4, 2.1) 

Converge all neutron groups, 
especially the fast groups 

Converge all neutron groups, 
especially the fast groups 

Converge thermal neutron groups 

Converge gamma groups 

Converge all groups 

Converge photoneu trons 

Converge everything 

Converge everything tighter 

Converge everything 
(final check; one last outer) 
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becoming more "football shaped." This is due to the thermal (n,y) reactions in the aluminum core 
pressure boundary tube (CPBT) which produce gammas of sufficiently high energy to cause fast 
photoneutrons to be produced in the surrounding heavy water. (Continued photoneutron 
production in the lower portion of the CPBT near the top of the subpile room below the reactor 
should therefore be included in any shielding design analyses for the upper portion of the subpile 
room directly below the reactor vault.) With or without photoneutron, plots of the gamma fluxes 
and dose rates show high gamma fluxes near the corners of the aluminum reflector vessel due to 
the proximity of the aluminum in both the radial and axial directions (cf. Fig. 6). Moreover, plots 
of the high-energy gamma flux levels (Eg>2.15 MeV) in these comer regions, coupled with the 
lower fast neutron flux levels otherwise present in these regions if one did not account for 
photoneutrons, visually explain why the fast neutron flux contours become so distorted once one 
accounts for photoneutron production. 

VI. CONSEQUENCES OF PHOTONEUTRON PRODUCTION 

Depending upon the particular problem one is addressing, the consequences of the higher flux 
levels associated with photoneutron production may be important or they may be negligible. (1) 
If one were interested in dose rates several meters down any of the horizontal beam tubes whose 
ends are close to the core, the effect of photoneutron production in the reflector would be almost 
negligible. (2) If one were interested in the overall vessel heating rates, the effect of photoneutron 
production will be almost completely negligible because most of this is due to gamma heating while 
the rest is due to thermal neutron activation and the subsequent beta and gamma decay of the 
Ab28 that is produced. (3) If one were interested in the dose rates in the subpile room below the 
reactor, one should certainly consider the effect of photoneutron production in the regions already 
descriied above, as well as any additional photoneutron production that may occur in the lower 
part of the heavy-water-filled core pressure boundary tube near the top of the subpile room. There, 
photoneutron production may raise the calculated neutron dose rates by 6 or 7 orders of magnitude. 
Whether or not that will be negligible relative to the gamma dose rate depends on how much 
gamma shielding is provided and whether or not any neutron shielding is provided. (4) The 
movement of any spent fuel through a heavy-water pool or canal certainly requires that 
photoneutron production be considered. This is illustrated in the following paragraph. 

Operational plans for the ANS reactor tentatively called for the movement of 1-day-old spent 
fuel elements from the refueling silo, through a 5.77-m-deep transfer canal, to a spent fuel pool. 
In this case, the refueling silo, the transfer canal, and the spent fuel pool were all filled with heavy 
water. To obtain the dose rates above the transfer canal due to a relatively.smal1 spent fuel 
element passing through the canal, a simple 1-D spherical model may be used as a first order 
approximation. Because of the high-energy gammas being released by the 1-day-old spent fuel, 
photoneutron production must be taken into account. Without accounting for photoneutrons, one 
would have had a gamma dose rate of 0.035 mrem/h directly above the transfer canal and a neutron 
dose rate of <1.0e-5 mrem/h. When one accounts for photoneutron production in pure heavy 
water, however, the results are dramatically different. Then one obtains a neutron dose rate of 
2700 mrem/h and a gamma dose rate of 80 mrem/h directly above the canal. Note that the gamma 
dose rate goes up because of secondary gammas produced by the photoneutrons (which, in turn, 
were produced by the high energy gammas coming from the fuel). When one accounts for the fact 
that the D20 is not "pure" but will likely contain 0.2 mole% H,O in the D20, one obtains a neutron 



dose rate of 735 mrem/h and a gamma dose rate of 31 mrem/h directly above the transfer canal. 
Obviously, in such cases, the inclusion of photoneutron production effects is of paramount 
importance. 

VII. CONCLUSIONS 

In conclusion, several points are worth noting: (1) The use of elongated mesh intervals in 2-D 
discrete ordinates calculations should be avoided if at all possible. (2) Fixed source DORT 
calculations having large regions of weakly absorbing media such as graphite or heavy water may 
be accelerated tremendously by adding a negligible amount of fissionable material to each material 
originally present, and treating the problem as a highly subcritical k-effective calculation so as to 
take advantage of the Vondy error-mode extrapolation technique. (3) The inclusion of 
photoneutron production may be extremely important for shielding problems involving heavy water; 
whether or not that is the case is extremely dependent upon the particular parameters of interest 
in a given situation. (4) A new program (PHOTOX) has been written to produce group-to-group 
photoneutron (y,n) cross sections for deuterium in any group structure, while a second program 
(SPARK) has been written to read an existing DORT-ready cross section library and expand the 
scattering matrix so as to include the photoneutron production cross sections for any deuterium that 
may be present in the various materials. Moreover, the cross sections produced in this fashion 
have been verified through independent calculations. 
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