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ABSTRACT

In simulations of the TRX-1 experimental lattice, WIMS-AECL overpredicts, relative to MCNP,
resonance absorption in neutron-energy groups containing the three large, low-lying resonances of
238U when a standard ENDF/B-V-based library is used. A total excess in these groups of 4.0 neu-
tron captures by 238U per thousand fission neutrons has been observed. Similar comparisons are
made in this work for the MIT-4 experimental lattice and simplified CANDU* lattice cells contain-
ing 37-element fuel, with and without heavy-water coolant. Eleven different 89-group cross-section
libraries were constructed for WIMS-AECL from ENDF/B-V data: only the neutron-energy-group
boundaries used in generating multigroup cross sections and the Goldstein-Cohen correction factors
differ from one library to the next. The first library uses the original 89-group structure, and the
other ten involve energy groups of varying widths centred on the three large, low-lying resonances
of238U.

For TRX-1, some reduction in total discrepancy in 238U capture can be achieved by using a
new structure, although the improvement is small. The discrepancies in 238U capture are of the
same order for the MIT-4 case as those observed for TRX-1 for both the original group structure
and the ten new structures. The WIMS-AECL calculation of 238U resonance absorption in the
same ranges of energy for the simplified CANDU 37-element lattice are in better agreement with
MCNP than they are for TRX-1 and MIT-4: when the original structure is used, WIMS-AECL
underpredicts total capture rate by 238U in the energy range of interest by only 0.56 per thousand
fission neutrons (coolant present) and 0.88 per thousand fission neutrons (voided coolant channel).
The discrepancies are reduced when some of the new structures are used. For almost all of the cases
considered here—TRX-1, MIT-4 and CANDU with coolant—better group-by-group agreement of
238U capture around the 6.67-eV resonance is achieved by using a new library structure. One
particular group structure is recommended for future library development.

1 INTRODUCTION

The WIMS-AECL computer program [1] is used to model neutron transport in CANDU-reactor
lattices for design, safety analysis, and operation. 238U is a particularly important constituent

'CANDU: CANada Deuterium Uranium; registered trademark.



of CANDU fuel. Resonance capture by 238U impacts on fuel-temperature reactivity feedback,
void reactivity and generation rate of 239Pu. WIMS-AECL applies special methods [2] when
evaluating the microscopic cross sections <jj>g for 238U (and certain other heavy nuclides) to account
for resonance-self-shielding effects.

In a preliminary validation study made in 1993 [3], it was observed that in simulating the
well-known TRX-1 experiment, WIMS-AECL and a new cross-section library based on ENDF/B-
VI data yielded /CQQ roughly 4 mk lower than what was obtained when an older library based on
ENDF/B-V [4, 5] was used. The source of the discrepancy was identified, and in the course of that
work it was observed that, relative to a MCNP [6] reference calcuation, WIMS-AECL overpredicted
neutron capture by 238U in groups 39, 41 and 45, which include the peak energies of the three large
low-lying resonances of 238U (see Figure 1).

Some questions remained after those initial investigations:

1. Do discrepancies of this sort arise when calculations are made for lattices other than TRX-1?
In particular, are WIMS-AECL calculations made for CANDU lattices affected in the same
way?

2. In the standard 89-group structure, energy in the resonance range is partitioned according to
lethargy steps of size one-quarter and one-half, that is ln(Eg-\/Eg) = 0.25 and 0.5. The group
boundaries were not chosen to bear any relationship to features of a(E) for 238U(n,7). Some
group boundaries in the standard 89-group structure are very near resonance-peak energies.
Are errors reduced when boundaries for groups containing the three problematic resonances
are set so that Eg = {Eg + Eg-\)/2 correspond to peak energies (that is, when the three
resonances are centered in groups)?

These two questions were recently addressed by the authors. The focus was placed on four two-
dimensional lattice cells assumed to be infinite in extent. The first two lattice cells involve the
pin-cell resonance treatment of WIMS-AECL, and the last two lattice cells exercise the cluster
resonance treatment [1, 2] (see Table 1 and Figure 2):

1. Simplified TRX-1 lattice: a hexagonal lattice of uranium-metal fuel and light-water coolant.

2. Simplified MIT-4 lattice: a hexagonal lattice of uranium-metal fuel and heavy-water coolant.

3. Simplified 37-element CANDU lattice with coolant: a square lattice of 37-element UO2 fuel
with heavy-water coolant and moderator. The cluster resonance treatment of WIMS-AECL
calculates two separate sets of shielded cross sections: one for the outer ring and another for
the inner three rings.

4. Simplified 37-element CANDU lattice with no coolant: the same as lattice 3, but with coolant
removed from within the pressure tube.

The TRX-1 and MIT-4 problems were considered because of their very simple geometries, which
allow one to focus on the self-shielding methods and resonance treatments of WIMS-AECL and
NJOY [7] (used to generate libraries of multigroup cross sections), and less on the WIMS-AECL
transport solution for regionally varying flux.

New libraries of cross-section data, each with a different group structure, were constructed
to match available MCNP data sets as closely as possible. Section 2 indicates how the new li-
braries were constructed. Also stored in WIMS-AECL cross-section libraries are Goldstein-Cohen



intermediate-resonance correction factors, \j>9. The equivalence-theory-based resonance modules of
WIMS-AECL involve Xjt9 to correct, in part, for simplifying assumptions used in deriving tables of
resonance integrals involving only two interpolating variables: dilution parameter GQ and material
temperature T. A method very similar to that of Williams et al. [8, 9] was used to calculate new
values of Xj>g [10].

Section 3 presents the results of WIMS-AECL calculations of capture rate by 238U in the four
lattice cells, and the corresponding reference values obtained from MCNP. Section 4 summarizes the
observations. A new group structure is recommended for WIMS-AECL ENDF/B-based libraries.
Also outlined in Section 4 are the changes in infinite-lattice multiplication constant &oo, capture
rate by 238U and CANDU void reactivity one can expect if this new structure is adopted.

2 SOME DETAILS OF THE INPUT FOR WIMS-AECL AND MCNP, AND THE
GENERATION OF NEW CROSS-SECTION LIBRARIES FOR WIMS-AECL

All calculations were made using WIMS-AECL version 2-4y-5, MCNP4 and NJOY version
91.118. NJOY is used to generate multigroup cross sections for WIMS-AECL, and MCNP4 was
used to generate reference solutions against which the output results of WIMS-AECL were com-
pared.

MCNP is a Monte Carlo code free of many of the modeling assumptions implicit in the WIMS-
AECL deterministic lattice code. This rigor comes at some expense: MCNP solutions are in the
form of uncertain statistical estimates, and to achieve acceptably low estimates of uncertainty, hours
or days of processing time were required. To reduce uncertainty in estimates of koo or reaction rates,
more and more neutron histories have to be simulated. In this work, 400 kcode cycles of nominally
10000 particles each were processed for the TRX-1 and MIT-4 lattices, and 550 kcode cycles were
processed for both of the CANDU problems. Of ultimate interest are the MCNP estimates of
uncertainty, and they will be seen to be negligibly small in most cases.

Reference [11] lists the ENDF/B files used to prepare MCNP cross-section data for the various
nuclides. In deriving new libraries for WIMS-AECL, in almost every case the same basic data
were used as were used to derive libraries for MCNP. In only one instance (2H) were the authors
unable to ascertain exactly which ENDF/B-V tape was used in preparing the MCNP data. The
most up-to-date ENDF/B-V tape available, tape 551, was used in generating WIMS-AECL cross
sections for 2H. Since cross sections for 2H in the resonance range are smooth and well-known, this
was not considered a serious flaw in this study. It is our belief that very similar or identical data
were used at Los Alamos to generate the MCNP cross-section set that was used.

Material temperature T = 300 K was used in all NJOY processing for WIMS-AECL, to match
the temperature used at Los Alamos to generate all of the MCNP data used in this study. New
libraries of WIMS-AECL data were generated in a standard way using NJOY version 91.118 and the
NJOYPREP and WILMAPREP utilities as described in Reference [12], with one exception: group
structures other than the standard 89-group structure were selected.t To keep the comparisons
simple and NJOY processing time reasonably low, structural components such as fuel clad, pressure
tube and calandria tube were assumed to consist solely of aluminum. Only six nuclides were
represented in each of the new libraries: XH, 2H, 16O, 27A1, 235U and 238U.

Table 2 lists the group boundaries in the energy range of interest for the original 89-group

^For the sake of consistency, a sbc-nuclide library in the original. 89-group structure was also generated from
scratch. The older ENDF/B-V-based WIMS-AECL library was not used in this work.



structure and new group structures. The new structures all have groups centered on the three
large, low-lying resonances of 238U. Ten new libraries of this sort were constructed corresponding
to group-width parameters i7 = 1,2,... ,10. A larger group-width index corresponds to wider
resonance-centered groups.

The ranges of incident-neutron energy over which tallies of MCNP-calculated 238U capture rate
were made were set on input to match the same bounds specified in Table 2. Separate WIMS-
AECL calculations were required for each energy group structure, but all energy group structures
were analysed in a single MCNP calculation for each lattice cell. The one old and ten new sets of
energy bins were specified in the input files for each of the four problems considered in this study.

3 CALCULATIONAL RESULTS AND OBSERVATIONS

A. Description of Graphical Output

The results of the calculations are represented in figures of three different types. Figure 3 is
an example of a type-1 figure, wherein histograms display the rate of 238U(n,7) capture in each
energy group as calculated by WIMS-AECL and MCNP. The normalizations of WIMS-AECL
and MCNP statistics are both 238U(n,7) reactions per fission neutron emitted, rg. The displayed
data are rgEg/AEg.^ MCNP-based statistics are shown as diamonds, and error bars attached to
the diamonds represent MCNP one-standard-deviation estimates of tally uncertainties. In most
cases the error bars are invisible on the plots, since the uncertainty estimates are small. Results are
displayed only for calculations made using the original 89-group structure and the new structure
with group-width index i1 = 3. Type-1 plots are intended to reveal pictorially the intensity of
238U(n,7) reactions in the various groups, and where discrepancies in 238TJ capture rate lie. Type-
1 plots of CANDU-lattice results are displayed for all of the fuel lumped together and, in some
instances, for fuel rings examined individually.

Figure 4 is an example of a type-2 figure. Whereas prominent discrepancies in the vicinities of
20.86 eV and 36.67 eV are restricted to the groups containing these resonance-peak energies (groups
39 and 41), discrepancy is spread over several groups around the 6.67-eV resonance. The supergroup
consisting of groups 45, 46 and 47 is named "Low" (see Table 2). It spans the energy range 4 eV
to 8.3153 eV and so captures the discrepancy in this range around the 6.67-eV resonance. Groups
39 and 41 are named "High" and "Medium." The low, medium and high groups are also referred
to below as groups L, M and H, respectively. Discrepancies in 238IJ capture rate calculated in each
of these three named groups are displayed for the original group structure and by group-width
index for each of the new group structures. The sums of the group L, M, and H discrepancies are
also displayed. Error bars represent estimates of MCNP uncertainty in each case.§ Owing to the
normalization used in type-2 figures (1000 x {rfljwiMS-AECL ~~ ^MCNF}) ; the independent variable
is on the order of milli-k worth of excess 238TJ capture in each group, as calculated by WIMS-AECL
relative to MCNP. Lower values of the summed statistic correspond to higher values of koo.

JThere is no physical significance to multiplying rg by Eg/AEg. Dividing by AEg renders a smoother plot, and
multiplying by Eg enhances the display of data at higher energies.

5 To derive an uncertainty estimate for a sum of MCNP tallies, it was assumed that the individual tallies were
uncorrelated.



B. TRX-1 Results

Figures 3 and 4 display results for TRX-1. When the original group structure is used, large
discrepancies exist in both groups 45 and 46. The errors are of opposite sign and so partially cancel
when summed to form the group L statistic. Smaller errors are apparent in the same range of energy
for iy — 3, and the discrepancy is concentrated in just group 46. Figure 4 shows an overall reduction
in the group L discrepancy of approximately 0.5 238U captures per thousand fission neutrons. Some
reduction of discrepancy also occurs for group H, but the group M discrepancy is fairly insensitive
to change of group structure. This may be due to the fact that, by chance, the 20.86-eV resonance
of 238U was fairly well centered in group 41 of the original 89-group structure.

When the original structure is used, the summed discrepancy is approximately 4.0 238U captures
per thousand fission neutrons, and by choosing a new group structure—t7 = 3 for group 46 and
27 = 4 for group 39 appears to be optimal—this would be reduced to approximately 3.0 238U
captures per thousand fission neutrons. Thus, the reduction in total discrepancy is not substantial
in this case.

C. MIT-4 Results

Figure 5 shows a type-2 plot of the MIT-4 results. Similar observations can be made for MIT-4
as for TRX-1, although the individual group L and group H discrepancies obtained when new
structures are used are reduced very little in comparison with the discrepancies that are obtained
when the original group structure is used.

D. Cooled-CANDU Results

Figures 6 and 7 display results for CANDU with heavy-water coolant. Extremely good group-by-
group agreement of WIMS-AECL and MCNP predictions of fuel-average 238U capture is obtained
when the library with i7 = 3 is used, and z7 « 2 appears optimal. With the original group structure,
WIMS-AECL underpredicts group L and group M 238U capture and overpredicts 238U capture in
group H. With some of the new structures, WIMS-AECL more accurately predicts 238U capture in
ring 4 in groups L, M and H, but overpredicts 238U capture in the central pin and in rings 2 and 3
(figures omitted). The original group structure yields excess 238U capture in group H and too little
238U capture in groups L and M, especially in rings 3 and 4; however, the sum of the discrepancies
is only approximately 0.5 238U captures per 1000 fission neutrons. The main advantage one would
gain from selecting a new library structure (i7 = 2 or 3) would be to improve the accuracy of the
calculation of microscopic (group-by-group) 238U capture rate. The increased prediction of 238U
capture also lowers WIMS-AECL k^ by 1.0 mk for i7 = 2 and 1.2 mk for z7 = 3.

E. Voided-CANDU Results

Figures 8 through 11 display results for a CANDU lattice with no coolant present. WIMS-
AECL more severely overpredicts 238U capture in the central pin and rings 2 and 3 for the voided
case and the new library (i7 = 3) than it does for the case with coolant, although it is only slightly
in error for groups L and M in ring 4. The original structure yields superior agreement in the
inner rings, although it results in significant underprediction of 238U capture in ring 4. The general
increase in 238U capture when the new structures are used results in lower values of kw



F.- Effect of Library Structure on CANDU Void Reactivity

When the MCNP estimates of k^ for the cooled and voided CANDU lattices are combined, one
obtains Ap = A(l/fc0O) = 18.1 ± 0.14 mk for CANDU infinite-lattice void reactivity. The WIMS-
AECL prediction of Ap depends on what cross-section library is used. Void reactivity calculated by
WIMS-AECL is approximately 1 mk lower when the standard ENDF/B-V-based library is used,
rather than the new library (with the same energy-group structure) used in this study. Figure 12
displays (Ap)wiMS-AECL — (AP)MCNP for the original group structure and the new group structures
27 — 1,... , 10. The original group structure yields void reactivity 0.9 mk in excess of the MCNP
estimate. With group index increasing from i7 = 1 to 4, the WIMS-AECL estimate decreases
and becomes zero at about i1 = 4.5. When the original group structure is used, WIMS-AECL
underpredicts to a greater extent the sum of 238U capture in groups L, M and H when no coolant is
present than when coolant is present, whereas when the library with i7 = 3 is used, WIMS-AECL
overpredicts the sum of 238U capture in groups L, M and H to a greater extent when there is no
coolant (see Figures 7 and 11). In particular, when the library with z7 = 3 is used, WIMS-AECL
significantly overpredicts 238U capture in groups L and M in the central pin and rings 2 and 3 when
no coolant is present (see Figure 9). This is likely the major source of the decreasing estimate of
Ap when the new library structures are used.

4 CONCLUSION

This study was prompted by earlier observations of significant discrepancies between capture
rates in certain groups containing large resonances of 238U as calculated by MCNP and WIMS-
AECL for the TRX-1 lattice. The calculations reported here reveal that the MIT-4 lattice is
similarly affected, but CANDU lattices, both cooled and voided, are not. A pin-cell resonance-cross-
section module of WIMS-AECL is used for lattices like TRX-1 and MIT-4, and a different, cluster-
treatment module is used for CANDU lattices. Uranium-metal fuel was used in the TRX-1 and
MIT-4 experiments, not natural-enrichment UO2, which was modeled in the CANDU cases. The
added moderation due to oxygen in the interior of the fuel, and the different resonance treatment
used for CANDU lattices, influence the size of the discrepancy.

For those new library group structures examined in this study, the reduction of 238U-capture
discrepancy summed over groups L, M and H is small for the TRX-1 and MIT-4 lattices, although
microscopic (group-by-group) agreement of capture discrepancy is reduced for the library groups
contained in group L in some instances. No one choice of a set of i7 minimizes discrepancy in all
of the lattices studied here; however, i1 = 2 for groups L and M and i7 = 4 for group H appears to
be a reasonable compromise.

The variation of 238U capture with i7 is a measure of the limitation of the calculational method-
ology inherent in the NJOY/WIMS-AECL system. A physical interpretation of why i7 = 2 for
groups L and M and i1 = 4 for group H tend to generate better agreement of MCNP and WIMS-
AECL estimates of 238U resonance capture is not known by the authors at this time.

WIMS-AECL tends to underpredict 238U capture in the inner rings of CANDU 37-element fuel
when the new structure i7 = 3 is used. This would likely be the case for a new library built using
the recommended group-width indexes i7 = 2 for groups L and M and i7 = 4 for group H. Whether
the source of this trend is in how the cluster resonance treatment calculates self-shielded cross
sections for the interior of the fuel bundle, or whether it is in limitations of the integral-transport
theory as coded in WIMS-AECL, is unclear at this time and warrants analysis.



A new library based on the recommended group-width indexes would result in reduced k^ for
37-element CANDU lattices and infinite-lattice void reactivity as calculated by WIMS-AECL by
amounts on the order of 1 mk. The reduction in void reactivity would be due to the fact that
WIMS-AECL tends to overpredict to a greater extent, when no coolant is present, the total 238U
capture in the central pin and rings 2 and 3. If the source of this discrepancy is identified and
eliminated, a larger calculated void effect is to be expected once again.
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Table 1: Lattice dimensions and fuel number densities specified in the input to MCNP and WIMS-
AECL.

j
Fuel-pin radius
Clad outer radius
Pin centerline separation
Bundle centerline separation
Pressure-tube inner radius
Pressure-tube outer radius
Calandria-tube inner radius
Calandria-tube outer radius

| Lattice geometry-

Fuel 235U number density6

Fuel 238U number density
Fuel 16O number density

TRX-1

0.4915 cm
0.5753
1.8060

MIT-4

0.4915 cm
0.5703
3.8100

hexagonal | hexagonal

6.2530 xlO- 4

4.7205 xl0~ 2
4.5864xl0~4

4.7367xl0~2

CANDUa |

0.6075 cm
0.6540

28.5750
5.1689
5.6032
6.4478
6.5875

square ||

1.6986x10-*
2.3454xl0"2

4.7263 x l0~ 2

"Bruce 37-element bundle geometry.
6 All number densities are in units of (barn-cm)"1.

Table 2: Original and trial WIMS-AECL group structures in the range of energy under investiga-
tion.

Group
number

38
39
40
41
42
43
44
45
46
47
48

Upper energy
bound (eV)

Original
47.8510
37.2670
29.0230
22.6030
17.6030
13.7100
10.6770
8.3153
6.4760
5.0435
4.0000

Trial
47.8510
36.6700 + (1.2 + *7 x 0.5)"
36.6700 - (1.2 + i7 x 0.5)
20.8600 + ( 1 . 2 + i7 x0.5)
20.8600-(1.2+ »7 x0.5)
13.7100
10.6770
8.3153
6.6720 + (0.5 + z7 xO.l)
6.6720 - (0.5 + iy x 0.1)
4.0000

Statistics
group name

High

Medium

Low6

Low
Low

"Variable i7 is the so-called group-width index. New libraries were created using i7 = 1,2,..., 10.
'Whereas the other statistics groups correspond to single library groups 39 and 41, statistics for "Low"

are derived by summing over library groups 45, 46 and 47 (E = 4 eV to 8.3153 eV).
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1. The 238U(n,7) cross section is shown Doppler-broadened to T — 300 K.

2. Arrows just above the cross-section curve mark the original energy-group boundaries used for
WIMS-AECL ENDF/B-based libraries, and arrows above these mark the new structure in
the range 4 eV to 47.851 eV for group-width index 3 (see Table 2).

Figure 1: Capture cross section of 238U as a function of neutron laboratory-system energy. Also
shown are the original WIMS-AECL group boundaries and the new group boundaries corresponding
to group-width index i7 = 3.



TRX-1

U-metal fuel
light-water coolant
Al structural material
T=300 K
pin-cell resonance treatment

,«'
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MIT-4

U-metal fuel
heavy-water coolant
Al structural material
T=300 K
pin-cell resonance treatment

37-element CANDU

UO fuel

heavy-water coolant and moderator
Al structural material
T=300 K
cluster resonance treatment

a) coolant present
b) no coolant present

Figure 2: Lattices modeled in the 2SS\J resonance-capture study.
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Notes:

1. The solid lines display WIMS-AECL statistics; the dashed lines and diamonds display corre-
sponding MCNP results.

2. All MCNP estimates of tally uncertainty are less than 0.4%. Error bars are plotted, but are
nearly invisible.

Figure 3: Total 238U(n,7) captures in each energy group per fission neutron calculated by WIMS-
AECL and MCNP and multiplied by Eg/AEg (TRX-1 case).
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1. The solid lines display WIMS-AECL statistics; the dashed lines and diamonds display corre-
sponding MCNP results.

2. All MCNP estimates of tally uncertainty are less than 0.5%. Error bars are plotted, but are
nearly invisible.

Figure 6: Total 238U(n,7) captures in each energy group per fission neutron calculated by WIMS-
AECL and MCNP and multiplied by Eg/AEg for a simplified 37-element CANDU lattice with
coolant present (fuel-region total).
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sponding MCNP results.

2. All MCNP estimates of tally uncertainty are less than 0.5%. Error bars are plotted, but are
nearly invisible.

Figure 8: Total 238U(n,7) capture rate per fission neutron in each energy group calculated by
WIMS-AECL and MCNP and multiplied by Eg/AEg for a simplified 37-element CANDU lattice
with no coolant present (fuel-region total).
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Notes:

1. The solid lines display WIMS-AECL statistics; the dashed lines and diamonds display corre-
sponding MCNP results.

2. All MCNP estimates of tally uncertainty are less than 0.8%. Error bars are plotted, but are
nearly invisible.

Figure 9: Total 238U(n,7) captures in each energy group per fission neutron calculated by WIMS-
AECL and MCNP and multiplied by Eg/AEg for a simplified 37-element CANDU lattice with no
coolant present (ring 3 only, data multiplied by 37/12).
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Notes:

1. The solid lines display WIMS-AECL statistics; the dashed lines and diamonds display corre-
sponding MCNP results.

2. All MCNP estimates of tally uncertainty are less than 0.6%. Error bars are plotted, but are
nearly invisible.

Figure 10: Total 238U(n,7) captures in each energy group per fission neutron calculated by WIMS-
AECL and MCNP and multiplied by Eg/AEg for a simplified 37-element CANDU lattice with no
coolant present (ring 4 only, data multiplied by 37/18).
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Notes:

1. See Table 2 for the definitions of the "Low", "Medium", and "High" energy bins.

2. Error bars represent MCNP estimates of tally uncertainty.

3. Nominal, absolute captures in each group are 17.3 (low), 8.7 (medium) and 6.4 (high) per
1000 fission neutrons.

Figure 11: Variation of the 238U resonance-absorption discrepancy (WIMS—MCNP) with library
group-structure index i7 (simplified 37-element CANDU lattice with no coolant).
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Notes:

1. MCNP estimated Ap = 18.1 ± 0.14 mk.

Figure 12: Variation of discrepancy between WIMS-AECL-predicted infinite-lattice void reacivity
Ap = A(l/fc0o) and void reactivity predicted by MCNP (simplified 37-element CANDU lattice).


