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ABSTRACT 

The effect that interference between resolved resonances has on 
averaging multigroup cross sections is examined for thermal reactor-type 
problems. A simple and efficient numerical scheme is presented tb correct 
a preprocessed multigroup library for interference effects. The procedure 
is implemented in a "design oriented" lattice physics computer code and 
compared with rigorous numerical calculations. The approximate method 
for computing resonance interference correction factors is applied to 
obtaining fine-group cross sections for a homogeneous uranium-plutonium 
mixture and a uranium oxide lattice. It was found that some fine group 
cross sections are changed by more than 40% due to resonance interference. 
The change in resonance interference correction factors due to burnup of 
a PWR fuel pin is examined and found to be small. The effect of resolved 
resonance interference on collapsed broad-group cross sections for thermal 
reactor calculations is discussed. It is found that the 2 3 8U and 2 3 5U 
epithermal cross sections are fairly insensitive to interference effects, 
but the 2 3 9Pu value increases about 3.5% and the 2 4 0Pu value decreases 
by more than 7% for a PWR pin. 

v 
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I . INTRODUCTION 

During the last decade the general availability of improved nuclear 
data files such as ENDF/B has resulted in higher quality cross sections 
for reactor analysis. It has been suggested that uncertainties intro-
duced into reactor calculations by the design methods used for producing 
multigroup cross sections could be equal to or greater than those due to 
current uncertainties in the basic nuclear data.1'2 In the same time 
period that improvements were being made in cross section data, advances 
1n computer technology have lowered the penalty for employing more 
sophisticated procedures in averaging the data into appropriate 
multigroup form for reactor calculations. Therefore, approximations made 
in design oriented group-processing methods which were acceptable in 
earlier years may be questionable now that more accurate basic data and 
averaging techniques are available. 

One approximation commonly made in multigroup averaging methods 1s to 
neglect the mixture dependence of the cross section weighting function, 
arising from the presence of multiple resonance nuclides. This approxi-
mation assumes that the flux spectrum is determined entirely by the par-
ticular nuclide whose cross section is being averaged, and neglects 
perturbations caused by absorptions in other materials. The motivation 
for the approximation of course is that it allows preprocessing of a 
generic, "problem-independent" multigroup library that can be effectively 
parameterized to account for Doppler broadening and resonance 
self-shielding. In reality, the multigroup cross sections of a resonance 
absorber should reflect not only its own self-shielding of the flux, but 
also mutual resonance shielding and perturbations in the off-resonance 
group flux due to other resonance nuclides. These cross-correlating 
effects between various resonance materials in a mixture will be called 
"resonance Interference" effects. 

While sophisticated integral transport methods can address the reso-
nance interference phenomenon on an ad hoc basis, the penalty of for-
feiting a preprocessed multigroup library is quite severe. In realistic 
reactor anlysis it is necessary to obtain mixture dependent cross sec-
tions for many burnup conditions and fuel compositions so that detailed 
problem-dependent fluxes cannot be obtained economically. A more prac-
tical approach is to determine approximate "resonance interference 
factors" that can be used to correct a preprocessed multigroup library as 
used by most reactor "design methods." 

The purpose of this work is to examine resonance interference 
effects in the resolved resonance range for the types of compositions 
encountered in light water reactor (LWR) analysis. A simple and effi-
cient numerical method is suggested for correcting a preprocessed 
multigroup library for these effects. The method is implemented into a 
typical design oriented lattice physics computer code and compared to 
results from rigorous numerical solutions. Example applications are 
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given for computing fine-group cross sections of a homogenous uranium 
Plutonium mixture, a uranium oxide lattice, and a PWR fuel pin burnup 
calculation. The effect of resonance interference on collapsed broad 
group cross sections and on nuclide transmutation 1s also discussed. 
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II. RESONANCE INTERFERENCE EFFECTS AND THE SHIELDING FACTOR METHOD 

The multigroup cross sections used in most reactor analysis are 
obtained by flux-weighting the energy-dependent cross section data 
("point data") over specified energy intervals: 

(Eg+i»Eg) is the energy interval of the g t h group, 
is the multigroup value of cross section "x" 
for group g, 

ox(E) is the point data for cross section x, 
41(E) is the energy-dependent flux used for the 

weight function, 

The flux, 4>(E) in Eq. (1) is generally not known and must be approximated 
in some manner 1n order to "preprocess" the multigroup cross sections. 
One popular method of approximating the flux 1s by parameterizing it as a 
function of two variables: background cross section (a0) a n d temperature (T). The advantage in this approach is that 1t allows the generation of 
a "problem-independent" cross section library to be done only one time. 
The resulting multigroup cross sections depend only on the two parameters 
o 0 and T, so that a simple interpolational procedure can be used to 
obtain cross sections at the appropriate background cross section and 
temperature for the particular reactor lattice of interest. Instead of 
tabulating the parameterized multigroup cross sections directly, the 
usual procedure is to include two arrays in the cross section library. 
One array 1s the infintely dilute cross sections at some reference tem-
perature ( h c t * ( T r ) ) and the other array contains "shielding factors" (also 
called "f-factors") defined as 

where 

<gx(E)<fr(E)>g 
<*(E)>g 

Eg+i<E<Eg (1) 

and 
<>q indicates integration over group g. 

'5(o0.T> • 
<qx(E»T)<fr(g0>T)> 
<*(o0.T)> 

(2) 
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and so 

(2.a) 

These problem-independent libraries are often generated at national 
laboratories and then made available to other installations which may not 
have cross section averaging capability of their own.3*1* 

The above method, which will be called the shielding factor method 
(SFM), has been used extensively for fast reactor cross sections. In 
particular, when the flux is obtained from the narrow resonance approxi-
mation and has the form 

the SFM is often called the Bondarenko method5 which is widely used in 
fast reactor calculations. The shielding factor method can also be used 
for thermal reactor calculations;6'7 however, the resolved resonance 
range of most fertile and fissile nuclides is much more important in 
thermal reactors than in fast reactors. Therefore, approximations made 
in the shielding factor method which may be valid for fast reactor calcu-
lations require examination and possible improvements for thermal reac-
tor calculations. One example of this is the narrow resonance 
approximation made in the Bondarenko method, which is generally not 
appropriate for thermal reactor physics.8 Another example is the assump-
tion that multi-group cross sections for each resonance nuclide can be 
processed independently, without considering the effect on the flux 
weighting spectrum of resonance reactions in other materials in the 
problem. This approximation will be called the "independent resonance 
weighting" (IRW) approximation, and is the focus of the present study. 
Before examining conditions for the validity of the IRW approximation and 
considering possible methods for improving it, we will first review why 
the approximation 1s made in the shielding factor method. 

Starting with the two-region (fuel and moderator) collision probabi-
lity representation of a heterogeneous lattice cell,^ it is possible to 
obtain the desired two parameter (o0»T) representation of the flux by making three approximations. The first of these is based on the 
"equivalence theory" approximation for reactor lattices, which states 
that the flux spectrum in the fuel pin of a heterogeneous lattice is the 
same as in a homogeneous mixture containing a psuedo-moderator material 
with a cross section E e which depends on the geometrical properties of the lattice. The conditions for the validity of this approximation are 
(a) the external moderator is a narrow resonance scatter, (b) the slowing 
down source is spatially flat within the fuel and moderator, and (c) the 
fuel escape probability can be expressed by a Wigner-type rational 

(3) 
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approximation. The parameter z e, called the escape cross section, 1s usually expressed as a function of the mean chord length 1n the fuel pin 
and the lattice Dancoff factor.9 This approximation reduces the weight 
function's dependence on the geometrical configuration of the lattice to 
a single parameter, r e. 

The flux for the "equivalent" homogenous system obeys the equation 
[ S Ni(aai(E)+<jpi + asi(E) + EeJ <f>(E) = 

E/«i 
J q s i + q P ^ ( F ' ) r i F ' + _ £ e ( 4 ) 

1 E E ' ( l - a - j ) E 

where 
Nj = atom density of i t h nuclide in fuel, 

= absorption cross section of nuclide, 
aSi s nonpotential (resonance and interference terms) 

scattering cross section of ith nuclide, 
opi = potential cross section of ith nuclide, and 
a\ , where A-j is the atomic mass of nuclide i. 

W 1 / 

The resonance cross sections in Eq. (4) are temperature dependent 
because of Doppler broadening, which introduces the temperature as a 
parameter in the final multigroup library. The temperature parameter 
will not be explicitly carried along in the following development, but 
should be recognized as being implicitly treated. Although Eq. (4) now 
exhibits a simple dependence on lattice geometry, it is still dependent 
on the specific mixture of nuclides in the fuel. Me wish to express this 
dependence in terms of a single parameter that can be used in tabulating 
the weighted multigroup cross sections. Two additional approximations 
will accomplish this goal. 

We will first apply the IRW approximation to Eq. (4). This means 
that the flux weighting function used for averaging the cross sections 
of some nuclide k is not affected by resonance reactions in the other 
nuclides in the mixture, i.e., 

a S i = o a - j = 0 , i * k 
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For nuclide k, Eq. (4) will then reduce to 
M*ak+osk+apk) + 2 Epi +ze]<frk = 
L i*k J 

E/«k E/ai 
N k J S a ^ f L . Z v f ^ + ^ (., 

E E t 
where 

Epi = N i°pi 

and 
<|>k(E) = flux weighting function to be used to average cross sections 

of nuclide k. 
Note that at this point we have introduced different functions to be used 
in weighting cross sections of the different nuclides (instead of the 
"true" flux seen simultaneously by all materials in the mixture), a 
subtle but necessary inconsistency that must be tolerated to obtain a 
"problem independent" library. 

The IRW approximation is sometimes said to be equivalent to 
neglecting resonance overlap, or assuming that the resonances of the 
various nuclides are "isolated." In reality, the condition of having 
isolated resonances is not sufficient (although necessary) to justify the 
IRW approximation. This approximation will be discussed more fully later 
on, but for now we will proceed in developing parameterized weighting 
functions for generating the multigroup cross section library. 

The scattering source on the right hand side of Eq. (5) must now be 
expressed in a manner that will give a flux weighting function which 
depends only on a single parameter (and temperature). There are several 
approximations which will produce this result. The simplest method is to 
make the narrow resonance (NR) approximation for all nuclides. In this 
case, Eq. (5) can be solved analytically to give 

+ k = i ^ o k . 1 , (6) 
°tk+°ok E 

w h e r e 

<*tk = °ak + °sk + °pk 

and ° o k = — 
Nk 

S Epi + i*k 
(7) 
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The expression in Eg. (6) is proportional to the familiar Bondarenko 
weight function (Eq. (3)) which is parameterized by the "background cross 
section" c 0. A less restrictive formulation which also results in a 
parameterized weight function can be obtained by making the "intermediate 
resonance (IR) approximation for all nuclides except for the particular 
resonance nuclide under consideration. Equation (5) will then reduce to 

E/«k 
(otk+°ok)*k • / _^sk!Zfik ^dE' + £ o k ( 8 ) 

Jc E ' ( l -ak) E 

where the background cross section is now defined 

a0k = i - Z XiZp1+Ee (9) 
Nk i=k 

with Xi = IR constant for nuclide i.10 Equation (8) can be solved 
numerically to give a weight function which depends on the parameter 
o 0 . 6 

Equations (4), (5), and (8) represent, respectively, the result of 
making successive approximations to obtain a "problem-independent" flux 
weight function from the original homogeneous mixture described by Eq. 
(4). [The adequacy of the equivalence theory approximation used in 
obtaining the homogeneous-equivalent description of the heterogeneous 
lattice has been well studied and will not be considered here.] If we 
label the solutions to Eqs. (4), (5), and (8) as • 4>b> and <I>C» 
respectively, and the multigroup cross sections generated with these 
weight functions as o/\, cb» and then w e have 

oa = 2A aA ar . (10) 
« o B < J C

 L 

However, a a is J u s t the mixture weighted cross section, which will be 
designated omix» a nd ̂ C the cross section obtained with the standard 
shielding factor method, designated asp. Using this terminology Eq. (10) 
can be written 

amix = ^ osf (ID 

The two ratios which multiply the shielding factor cross section are 
"bias factors" which are normally assumed to be unity in the SFM. 
However, if reasonable estimates of the factors can be computed and 
applied to the standard SFM cross section as found from Eq. (2a), then 
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the resulting data should be more accurate. The second factor (aR/^c) l s 
related to how accurate the intermediate resonance approximation (or the 
NR approximation, depending on the assumption) is for the particular 
problem of interest. Early work on IR theory has shown that the method 
gives reasonably accurate results if the IR parameters are chosen 
judiciously. Therefore, the second factor is probably close to unity for 
most practical problems, and it will not be considered further in the 
present work. The first factor accounts for the effect that resonances 
of one material have on the weighting function used in averaging the 
cross sections of another resonance nuclide. This factor will be called 
the "resonance interference factor" (RIF). The farther that the RIF 
value is from unity, the less valid will be the IRW approximation. The 
remainder of the paper will be devoted to examination of this factor. 

To try to understand the types of physical effects the RIF's will 
account for, let us first consider a simple mixture of a moderator 
material and two resonance absorbers with well separated resonances, as 
shown in Fig. 1. To further simplify the problem it will be ssumed that 
the absorbers have negligible slowing down power, and that the off-
resonance absorption cross section is negligibly small The higher 
energy resonance will be associated with a material called "nuclide 1" 
and the low energy with "nuclide 2." 

ORNL-DWG 8 2 - 1 0 4 7 0 

NUCLIDE / L — N I 

A 
NUCLIDE 1 

ENERGY 

Fig. 1. Macroscopic Cross Section for Case 1. 
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We will first.consider the effect of the IRW approximation on 
obtaining the group cross section for nuclide 1. Note that the flux 
within the high energy resonance is unaffected by the presence of the 
lower energy resonance. , Therefore, the value of the nuclide 1 resonance 
integral given by Eq. (12) is not changed by neglecting the presence of 
nuclide 2: 

ij = <cj1(E)«j>(E)> . (12) 

However, the value of the flux integral given by 
*g=<<fr(E)> (13) 

will increase if the absorptions in nuclide 2 are neglected. The multigroup cross section of nuclide 1 is 
1 

Since the numerator of this expression is unchanged and the denomina-
tor is increased, it can be seen that the IRW approximation will tend to 
underestimate the flux-weighted cross section for this problem, even 
though the resonances are isolated. Thus, the RIF for this example would 
be a number somewhat greater than 1. 

The effect of the nuclide 1 absorptions on the multigroup cross sec-
tion of nuclide 2 is more complicated due to the perturbation introduced 
in the slowing down density by the high,energy resonance, which acts like 
a neutron sink. If the resonances are spaced far enough apart, the flux 
recovers its asymptotic 1/E behavior (i.e., its original behavior above 
the high energy resonance) except reduced by a factor equal to the reso-
nance escape probability of nuclide 1. The resonance integral of nuclide 
2 appearing in the mixture will be reduced by this same factor, compared 
to its value when nuclide 1 is not present. Therefore, the IRW approxi-
mation will overestimate the resonance integral of nuclide 2 for this 
problem. However, as previously, the IRW approximation for nuclide 2 
will also overestimate the flux integral. The net effect of the IRW 
approximation on the nuclide 2 multigroup cross section will depend on 
the relative amount of increase in the numerator and denominator, which 
in general will not change by the same amount. 

A second example of an interference effect between mixed absorbers is 
illustrated by the two cross sections shown in Fig. 2. In this case, one 
absorber has a resonance contained in the group while the other exhibits 
a slowly increasing cross section behavior as might occur in the wings of 
resonance. If the IRW approximation is made for nuclide 1 with the 
smoothly varying cross section, the weight function used in averaging the 
point data would be a smooth function, such as (1/E)P, where P is a 
number slightly less than 1. The true flux, however, should show a pro-
nounced depression toward the high energy side of the group which would 
tend to weight more heavily the higher cross section of nuclide 1. 
Therefore, the RIF for this example would again be greater than 1. 
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ORNL-DWG 82-10471 

ENERGY 

Fig. 2. Macroscopic Cross Section for Case 2. 

A third example of a resonance interference effect is the resonance 
overlap phenomenon in which the separation of the two resonances is small 
enough that mutual resonance shielding occurs, as shown in Fig. 3. In 
this case the cross section for both nuclides in the mixture is lower 
than for each of them individually. The magnitude of the mutual 
shielding depends on the relative concentrations, resonance spacing, and 
the resonance height and width. It is possible to estimate the change in 
the resonance integrals from the basic resonance parameter data,11 but 
for our purposes a simple heuristic example will suffice. Suppose that 
nuclides 1 and 2 both have exactly the same shape resonances, located at 
exactly the same energy. In this case the effect on the flux of mixing 
the two materials is the same as increasing the concentration of one of 
the individual nuclides by an amount equal to the concentration of the 
other nuclide. It is well known from elementary resonance theory that an 
increase in the concentration of a resonance material will decrease the 
effective cross section of that material, due to the increased resonance 
shielding. Therefore, the RIF's for nuclides with strongly overlapping 
resonances 1s expected to be less than unity. 

In summary of the preceding discussion, we have seen why it 1s custo-
mary to make the independent resonance weighting (IRW) approximation in 
developing the shielding factor method (SFM) since 1t leads to multigroup 
cross sections that can be parameterized with only two variables 
(temperature and a0)< W e h a v e defined a quantity called the resonance 
interference factor (RIF), by which the standard SFM mult1 group cross 
section can be multiplied to account for variations in the flux weighting 
function that occur whenever multiple absorbers appear in a single mixture. 



11 

ORNL-DWG 8 2 - 1 0 4 7 2 

ENERGY 

Fig. 3. Macroscopic Cross Section for Case 3. 

Finally, we were able to predict the qualitative behavior of the RIF's 
for several binary mixtures, and it was found that the factors could be 
either greater or less than unity, depending on the relative spacing of 
the resonances within a given group. In the next section we will con-
sider ways to obtain a quantitative estimate for the RIF's. 



a 
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III. CALCULATION OF RESONANCE INTERFERENCE FACTORS 

In earlier studies of resonance Interference effects 1n the resolved 
resonance range, the focus has been mainly 1n computing resonance 
integrals using Monte Carlo or point-energy Integral transport 
theory.1**13 As shown 1n the previous section the resonance Integral 
may behave differently than the multigroup cross section, which is of 
greater interest for reactor analysis. It is also desirable to have an 
estimate of resonance interference effects for the type of fine-group 
energy structure used in cell-averaging of the cross sections; this 1s not 
easily obtainable by Monte Carlo methods as employed in early works. The 
Integral transport method with point cross sections provides an attrac-
tive benchmarking tool for computing RIF's, but 1t 1s too costly to apply 
on a routine basis for core-follow and design calculations. Huang has 
presented an excellent discussion on the importance of resonance inter-
ference effects in computing Doppler coefficients for fast reactors, and 
has developed a method to correct for these effects.11 However, Huang's 
method cannot be easily applied to preprocessed multigroup libraries com-
monly used in power reactor analysis. A method is needed which can be 
applied in conjunction with the cost efficient SFM without Incurring a 
significant calculational penalty. 

Most SFM codes which attempt to account for resonance Interference 
effects in mixtures of resonance nuclides use some variation of a method 
found in the WIMS code,11* which iterates on the background cross section 
(o0) used in resonance shielding of the group cross sections. In a 
generalization of this approach the value of oq̂  used in interpolating 
the self-shielded group cross section of nuclide "k" is modified from the 
expression in Eq. (9) to 

(<*ok)m1x 55 (<*ok)lRW + — £ N1 (°ai ,g+M°s1 ,g) U 5 ) 
N|< 1*|< 

where 
(®ok)mix " background cross section of nuclide "k" appearing in a 

mixture of absorbers, 
Cffok)IRW = I R W v a 1" e defined by Eq. (9), 

and 
O a i , g 0 s i , g = "effective" absorption and nonpotential scatter cross 

sections, respectively, for nuclide i, in group g. 
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The "effective" cross sections o ai > g and a si > g are usually chosen to be the self-shielded group cross sections for eacn nuclide "1". Since 
these values depend on (o0-j)mix» ^ i s necessary to iterate on the self-
shielded cross sections of each nuclide in the mixture until a self-
consistent set is obtained. The parameter "x-j" in Eq. (15) is the IR 
parameter discussed earlier, but to the author's knowledge the general 
expression in Eq. (15) is not used in any present day methods for 
shielding multigroup cross sections. Instead, some computer codes such 
as WIMS1? and EPRI-CELL15 assume x equal zero (wide-resonance 
approximation9), while others such as SPHINX16 and BONAMI17 assume 
X equal one (NR approximation9). 

Regardless of the details, however, the basic premise of these 
methods is clear: by iterating on the background cross section each 
absorber within a given mixture has an influence on the average cross 
section of all other resonance nuclides in the mixture; and the larger 
the macroscopic cross section of a nuclide, the greater will be its 
effect on other materials. While intuition tells us that this is a 
desirable feature, it has never been proven that the iterative procedure 
converges to the "correct" set of effective background cross sections. 
In fact, it can be proven rather easily that there are cases in which use 
of a background o 0 defined by an expression such as Eq. (15) will not give the proper mixture dependent, shielded cross sections. Note that 
(°o)mix i s always greater than (o0)lRW» which means that the shielded cross sections obtained with (0O)mix a r e greater than (or equal to) those 
obtained with the IRW approximation, since a higher a 0 implies less reso-nance shielding. However, we have already examined a case for strong 
resonance overlap which results in mixture-weighted cross sections which 
are lower than those obtained with the IRW approximation. Therefore, Eq. 
(15) gives incorrect results for the resonance interference in this case. 

It is inevitable that a simple modification of the background cross 
section, as in Eq. (15), would break down in treating resonance inter-
ference effects for mixed absorbers. Any RIF correction made at the 
multigroup level contains no information on resonance separation, width, 
etc. The same set of effective group-dependent background cross sections 
could be obtained for a mixture of resonance nuclides even if the rela-
tive locations of resonances of the various nuclides were moved around 
within the energy group. Clearly, this is not physically correct 
behavior. To obtain a more accurate treatment for resonance interference 
effects one must somehow utilize the point cross section data. 

One straightforward approach is to try to obtain approximate, analy-
tic solutions to Eq. (4) and (5), which could then be used to compute the 
RIF's numerically from 

fjjIF = qmix ~ <gX»mix><<t>IRW> 
aIRW <aX<HRW><*mix> 

(16) 
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where 
fRIF = r e s o n a n c e interference factor (RIF) for cross section x, 

<t»mix s approximate solution to Eq. 
dependent flux, 

<f>IRW = approximate solution to Eq. 
approximation. 

The mixture weighted cross section 
interference) is 

_X _ fX -X °mix ~ TRIF ' IRW 

(4), corresponding to the mixture 

(5), corresponding to the IRW 

(i.e., corrected for resonance 

(17) 

When the IRW cross section is obtained from the SFM, Eq. (2a) can be 
substituted into Eq. (17) to give 

°mix " fXRIF ' f?RW • ( 1 8) 

where fj^y is the usual "f-factor" that has been interpolated from the 
SFM library based on a 0 as defined by Eq. (9). We can now define an 
"effective shielding factor," which takes into account both self-
shielding effects for the particular nuclide of interest as well as reso-
nance interference effects of other resonance nuclides in the mixture: 

f^FF -= M a - fj I F . f}RM (19) 
o* 

For this method to be a practical modification to the standard SFM, 
one must be able to compute the RIF defined in Eq. (16) economically. 
Fortunately, there are several factors which make numerical evaluation of 
this expression feasible. These are the following: 

(a) it is possible to obtain simple analytic representations of 
and which require relatively few numerical operations 

to evaluate the integrands in Eq. (16), 

(b) since the RIF's are merely correction factors, errors introduced 
in numerical Integrations can be tolerated to a greater extent 
than in generating the multigroup library, for example; 
therefore, the efficient trapezoidal integrating scheme can be 
used in evaluating Eq. (16), 
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(c) resonance Interference effects are being considered only between 
resolved resonances (which cause the largest effect for thermal 
reactors); thus, the RIF1s need to be computed only over a 
limited energy range, and 

(d) for most practical analysis, only a small number of nuclides 
need correcting for resonance interference effects. 

We will now show how the above characteristics can be utilized to obtain 
an efficient and accurate method to compute resonance interference 
factors. 

First, we need to determine approximate expressions for the flux 
weighting functions appearing in Eq. (16). If we assume that all reso-
nance absorbers appearing in Eqs. (4) and (5) can be approximated as wide 
resonance (WR) scatterers, then the following analytic solutions are 
obtained: 

= WR solution to Eq. (4) = „..E"! . i (20) 
Sa+Em E 

4>IRW k = W R s o l u ti° n to Eq. (5) = Z m . X (21) 
*ak+Em E 

where 
Eak = Nk°ak 

NA 
" X N1°ai 

i =1 
NM 

Em = X N1°pi + se 
1=1 

with NA,NM = number of absorbers and nonabsorbing moderators, 
respectively, in the mixture. 

The WR approximation should be reasonable for thermal reactor analysis, in the energy range of interest. 
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Substituting Eq. (20) and (21) into Eq. (16) gives the RIF for cross section "x" of nuclide k 

< _ 2 > < i > fx = Ea+Em aak+0mk 'RIF -
0x ! (22) <—2 >< ±—> °ak+0mk 

where 
ffmk = ^ 

in 
Nk 

The 1/E factor in each integral has been eliminated by transforming from 
energy to lethargy domain. 

The integrals in Eq. (22) can be evaluated very rapidly on today's 
computers, especially 1f it is assumed that the functions vary linearly 
between energy points. The point cross section data are pre-tabulated on 
a consistent energy grid for a few temperatures typical for reactor 
analysis, and the data for the temperature nearest the one of interest is 
used in computing the RIF's. 

For light water reactors the major resonance absorbers are 2 3 5U, 2 3 8U, 2 3 9Pu and 2 H 0Pu, and the major resonance interference effects are 
caused by 2 3 8U absorption, which perturbs the weighted cross sections of 
the other nuclides. Most of the resonance interference occurs between 
1-300 ev in which 2 3 8U has its largest resonances and which encompasses 
the entire resolved range of 2 3 5U and 239pu anCj the most important por-tion of the 2 U 0Pu resolved resonance region (in ENDF/B-V). The remainder 
of the paper will present results for the RIF's of these four major 
nuclides in the important energy range for resonance absorption in LWR's. 
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I V . RESULTS 

A routine to evaluate the expression in Eq. (22) has been added to 
the computer code EPRI-CELL,15 which is widely used to produce cell-
averaged cross sections for LWR calculations, and which is typical of 
many other lattice physics codes. EPRI-CELL uses the SFM for its epi-
thermal calculation and integral transport theory in the thermal range. 
The SFM multi-group library contains 62-group shielding factors and 
infinitely dilute cross sections based on ENDF/B-V data. More details 
concerning the EPRI-CELL methodology can be found in Ref. 18. In this 
group structure there are 20 groups between 1.86 eV and 275.0 eV (see 
Table 1) for which the RIF's were computed. Point cross sections for 
t,!:is energy range were generated from ENDF/B-V data with the NJOY 
code19 on a 17000 point energy grid for the following reactions: 2 3 5U 
absorption and fission, 2 3 8U absorption, 239Pu absorption and fission, 
and 2^oPu absorption. These data, along with the corresponding values of 
lethargy differences for the energy grid, were stored on an auxiliary 
data set that could be accessed by EPRI-CELL during its calculation for 
each burnup step. 

It was found that the procedure implemented in EPRI-CELL to compute 
the RIF's is quite efficient, taking approximately 0.5 seconds (CPU IBM 
360/3033) to calculate the factors for all six cross sections in the 
twenty groups of interest. This compares with an overall running time of 
about 10 seconds per time step for typical EPRI-CELL problems. Therefore 
the proposed treatment only adds about 5% to the required computation 
time, which should be an acceptable price from a calculational viewpoint. 

The accuracy of Eq. (22) for computing the RIF's was benchmarked 
against accurate numerical solutions of the slowing down equation 
obtained by the R0LAIDS code,20 which uses point cross section data in 
its calculation. R0LAIDS was used to obtain solutions to Eqs. (4) and 
(5) for a homogeneous U-Pu mixture described in Table 2. The R0LAI0S 
fluxes were then used to compute mixture-weighted multigroup cross 
sections. Values for the R0LAIDS "effective shielding factors" (see Eq. 
19) were obtained by dividing the mixture dependent cross sections by the 
infinitely dilute values. The EPRI-CELL values for f^ff were obtained by 
multiplying the RIF's (Eq. 22) by the standard shielding factor, f u w A 
comparison of R0LAIDS and EPRI-CELL results for groups differing by more 
than 2% is shown in Tables 3-5. 

It can be seen that the addition of the RIF treatment improves the 
agreement between EPRI-CELL and R0LAIDS for nearly every group in which 
resonance interference is an important factor. An exception is group 46 
of the 2 U 0Pu absorption reaction, for which the RIF treatment gives a 
value of fEff which is about 6% higher than the R0LAIDS value. This 
group contains a large 2 3 8U scatter resonance near the lower group bound-
ary and is sensitive to the WR approximation made in obtaining the 
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Table 1. Energy Boundaries for EPRI-CELL Group Structure 

EPRI-CELL Group Upper Energy (eV) 

43 275.0 
44 215.0 
45 167.0 
46 130.0 
47 101.0 
48 78.9 
49 61.4 
50 47.9 
51 37.3 
52 29.0 
53 22.6 
54 17.6 
55 13.7 
56 10.68 
57 8.32 
58 6.48 
59 5.04 
60 3.93 
61 2.38 
62 1.86 



2 1 

Table 2. Composition of Pu-U Homogeneous Mixture Used 
to Benchmark RIF Calculation 

Nuclide Atom Density 

238U 2.073 x 10-2 
235U 1.504 x 10-^ 
239 pu 3.974 x 10-*» 
240 Pu 3.344 x 10-5 
Moderator^3) 1.0 

(a)Effective NR scatterer with Z m = 1.0275 cm~i 

Table 3. Effective Shielding Factor^ for 235IJ Absorption 
in U-Pu Mixture 

GR0UP(b) ROLAIDS EPRI-CELL, No RIF(c) EPRI-CELL , RIF(c) 

0mix/°« fIRW fIRW-fRIF 

50 1.009 0.990 (-1.9) 1 . 0 0 0 (0.9) 
51 1.042 0.972 (-6.7) 1.047 (0.5) 
53 0.908 0.944 (4.0) 0.919 (1.2) 
55 0.998 0.958 (-4.0) 1.004 (0.6) 
57 0.953 0.988 (3.7) 0.961 (0.8) 
58 0.731 0.964 (31.9) 0.729 (-0.3) 

(a)f£FF =£mix = f R I F . f l R W 

On 

(b)omitted groups agree within 2%. 
(c)percent difference from ROLAIDS value is given in parenthesis. 
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Table 4. Effective Shielding Factor for 2 3 9Pu Absorption 
in Pu-U Mixture 

GROUP(a) ROLAIDS EPRI-CELL, No RIF EPRI-CELL, RIF 

umix/°« f IRW f I R W fRIF 

43 0.988 0.964 (-2.4) 0.971 (-1.7) 
44 1.004 0.967 (-3.7) 1.007 (0.3) 
45 0.956 0.938 (-1.9) 0.945 (-1.1) 
46 0.946 0.923 (-2.4) 0.936 (-1.1) 
48 0.703 0.834 (18.6) 0.674 (-4.1) 
50 0.884 0.827 (-6.4) 0.844 (-4.5) 
51 1.054 0.989 (-6.2) 1.032 (-2.1) 
53 1.025 0.801 (-21.9) 0.989 (-3.5) 

(a)omitted groups agree within 2%. 

approximate RIF expression. In the other group-reactions the agreement 
between ROLAIDS and EPRI-CELL with RIF's is guite good, usually within a 
few percent. In some cases the effective shielding factors without the 
RIF's show discrepancies of up to 40%. Although only absorption reac-
tions are shown in Tables 3-5, similar trends were shown for fission 
reactions. 

The EPRI-CELL RIF treatment has also been tested for a heterogeneous 
critical lattice consisting of 1.33% enriched UO2 pins (0.9728 cm 
diameter) placed on a hexagonal pitch of 1.5578 cm. in a light water 
moderator. In this example the benchmark tool used was the point-energy 
discrete ordinates (S6-P1) code OZMA,21 which can compute very accurate 
mixture-averaged cross sections. In this example the multigroup cross 
sections themselves were compared with those produced by EPRI-CELL. The 
results for the fine-group 2 3 5U absorption cross section is shown in 
Table 6. 

The agreement shown between EPRI-CELL with RIF treatment and the 
benchmark values is very good for this problem. Once again the RIF 
treatment in EPRI-CELL consistently improves agreement with the more 
rigorous method for groups which exhibit resonance interference effects. 
For this example the major interference between 2 3 8U and 2 3 5U absorption 
occurs in groups 51, 53, 57, and 58 where the EPRI-CELL value for 2 3 5U 
a^ changes by 8.1%, -5.9%, -7.7%, and -24.2%, respectively, due to the 
RIF treatment. 
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Table 5. Effective Shielding Factor for 2tv0Pu Absorption 
in Pu-U Mixture 

GROUP(a) ROLAIDS EPRI -CELL, No RIF EPRI-CELL, RIF 

0mix/°«, fIRW fIRW fRIF 

44 1.161 0.978 (-15.8) 1.030 (-11.3) 
46 0.956 0.956 (0) 1.017 (6.4) 
47 0.882 0.993 (12.6) 0.920 (4.3) 
48 0.737 0.892 (21.0) 0.778 (5.6) 
50 0.856 0.886 (3.5) 0.833 (-2-7) 
51 0.675 1 . 0 0 0 (48.1) 0.660 (-2.2) 
53 0.727 0.960 (32.0) 0.637 (-12.4) 
57 0.927 1 . 0 0 0 (7.9) 0.929 (0.2) 
58 1.025 1.000 (-2.4) 1.025 (0) 

(a) omitted groups agree within 2%. 

The preceding two examples indicate that the approximate method for 
computing the RIF's in EPRI-CELL gives acceptably accurate results in a 
reasonable amount of computer time. Having established these facts, the 
RIF treatment can now be applied to an LWR fuel pin burnup calculation as 
routinely performed in power reactor analysis to examine the types of 
resonance interference effects that occur in realistic applications. The 
problem considered was for a typical 3% enriched PWR fuel pin which was 
burned up to 26000 MWD/T. The EPRI-CELL calculation for this problem 
used 10 time steps with the RIF treatment applied at each step. One use-
ful by-product of the RIF method as implemented in EPRI-CELL is that it 
allows one to examine the resonance interference effects independent of 
the resonance self-shielding effects, which can not be done with integral 
transport theory methods. By examining the resonance interference 
effects individually, it is possible to obtain insight into the physics 
of the interactions between resonance reactions. 
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Table 6. 2 3 5U Absorption Cross Sections for Uranium Lattice 

Group EPRI-CELL(barns) EPRI-CELL WITH RIF(barns) 0ZMA S6-P1(barns) 

47 38.33 3°!.88 38.59 
48 33.29 34.28 34.19 
49 79.85 79.88 80.28 
50 51.98 52.89 53.50 
51 87.67 94.75 96.46 
52 66.02 65.85 66.32 
53 102.36 96.34 97.06 
54 51.24 51.29 51.56 
55 110.87 111.04 111.89 
56 133.26 133.53 134.37 
57 30.91 28.53 28.97 
58 67.26 50.98 52.68 
59 24.81 24.74 24.57 
60 47.50 47.51 47.56 
61 17.28 17.28 17.26 
62 27.76 27.77 27.80 

Table 7 gives resonance interference factors at zero burnup for tht 
major absorbers in the PWR fuel pin. This table reveals many interesting 
features about resonance interference. The first thing which is immedia-
tely obvious is that the RIF's can be either greater than or less than one, 
a fact predicted earlier by, physical reasoning. It can be seen that for a 
given nuclide, the RIF's for absorption and fission may be different — 
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Table 7. RIF's for Fresh PWR Fuel Pin 

Group 2 3 8 U A ( a ) 2 3 5 U f U ) 2 3 5 U A 2 3 9 p U F 2 3 9 p u a 2 t 0 p u A 

43 1.013 1.001 1 . 0 0 1 0.991 1.007 1.025 
44 1.013 1.007 1.006 1.052 1.042 1.054 
45 1.012 1 . 0 0 0 1 . 0 0 0 1.016 1.006 1.021 
46 1.015 1.010 1.008 1.004 1.017 1.074 
47 1.015 1.013 1.015 1.019 1.021 1.022 
48 1.018 1.044 1.031 0.835 0.778 0.837 
49 1.005 1 . 0 0 0 1 . 0 0 0 1.013 1.016 1.004 
50 1.017 1.017 1.020 1.026 1.023 0.974 
51 1.034 1.067 1.088 1.084 1.029 0.642 
52 0.991 0.999 0.998 1.014 1.016 0.991 
53 1.031 1.005 0.939 1.267 1.276 0.605 
54 1.003 1.002 1 . 0 0 1 1.006 1.008 1.002 
55 1.010 1.002 1.002 1.044 1.040 1 . 0 0 1 

56 1.003 1.030 1.003 1.051 1.044 0.993 
57 1.004 0.970 0.919 1.394 1.406 0.921 
58 0.961 0.864 0.776 0.997 0.992 1.030 
59 0.998 0.999 0.998 1.000 1 . 0 0 0 1.004 
60 1 . 0 0 0 1 . 0 0 0 1.000 1.000 1 . 0 0 0 0.999 
61 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 1 

62 1 . 0 0 0 1 . 0 0 0 1.000 1 . 0 0 0 1 . 0 0 0 0.999 

(a)"A" indicates absorption Cross Sections and "F" fission cross sections. 
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for example, in group 53 the 2 3 5U absorption RIF is 1.005 while the 
fission RIF 1s 0.939. The difference reflects the fact that the capture 
and fission resonances are spaced differently and hence experience dif-
ferent Interference phenomena from other nuclides. Because Table 7 
corresponds to a fresh fuel pin composition, there is no plutonium 
present, and thus the Pu cross sections would usually be considered to be 
the infinitely dilute values. However, 1f these data are weighted with a 
mixture dependent spectrum the multigroup cross sections are effectively 
shielded by the flux depressions from the 2 3 0U (and to a lesser extent, 
235u) reactions. This phenomenon is graphically illustrated in groups 51 
and 53 of the 240pu cross section where the RIF (and hence the effective shielding factor) 1s approximately 0.6 even though 2**°Pu is infinitely 
dilute. As expected the smaller and larger RIF's tend to occur in groups 
containing large 2 3 8U resonances; e.g., groups 48, 51, 53, and 57 con-
taining the 66.01 eV, 36.67 eV, 20.86 eV, and 6.67 eV resonances, 
respectively. However the 2 3 5U reactions also have a small effect on the 
flux, which results in non-unity values for the 2 3 8 U R I F ' S . Overall one 
is struck by the diverse values for the RIF's, indicating the complex 
interaction effects occurring in resonances for a typical LWR 
composition. As an example, notice the RIF's of the various reactions in 
group 53: the 2 3 8 U value is about 1.03; the 2 3 5 U fission and absorption 
values are 1.00 and 0.94, respectively; the 2 3 9 p u R I F ' S are 1.27, and the 21+0Pu value 1s about 0.6. 

Table 8 gives the RIF's for the fuel pin absorbers after 26 GWD/T 
burnup. Since the change in the 2 3 8U atom density due to burnup is 
small, the differences in the RIF's in Tables 8 and 9 are due mainly to 
the depletion of 2 3SU and the buildup of 2 3 9Pu and 2<»0Pu. In most cases 
the RIF's change by less than 2% due to burnup, indicating that it may be 
adequate to compute the factors at the first burnup step and use the same 
values in all subsequent calculations. 

Table 9 shows the effect of resonance interference on the broad-group 
ep1-thermal (1.86 eV - 5.53 KeV) cross sections for the fuel pin at 26 
GWD/T. There is only about a 1/2% effect on the 2 3 5U cross sections, and 
the 2 3 8 U cross section Increases by less than a percent. However the 
plutonium isotopes show a greater sensitivity: the 2 3 9Pu cross sections 
increase by more than 3%, while the 21f0pu value decreases by about 7%. 

Resonance interference will indirectly affect the transmutation 
(I.e., burnup and buildup) of nuclides in the fuel pin, since the pin 
reaction rates are changed. Table 10 shows the change in the uranium and 
plutonium concentrations after 26 GWD/T burnup, with and without the RIF 
treatment applied in EPRI-CELL. In all cases the atom densities increase 
by less than 1 percent, with 240pu showing the largest difference of 
0.86%. Thus the computed plutonium production and 2 3 SU depletion do not 
appear to be sensitive to resonance interference effects. 
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Table 8. RIF"s for PWR Fuel Pin at 26GWD/T Burnup 

G r o u p 2 3 8 U A U ) 2 3 5 U F ( a ) 2 3 5 U A 2 3 9 p u p 239pu A 2 * o p u A 

43 1.007 1 . 0 0 1 1 . 0 0 1 0.992 1.007 1.024 
44 1.008 1.007 1.006 1.051 1.043 1.055 
45 1.007 1 . 0 0 0 1 . 0 0 0 1.017 1.007 1.025 
46 1.010 1 . 0 1 1 1.008 1.004 1.016 1.072 
47 1.012 1 . 0 1 1 1.013 1.020 1.019 0.992 
48 1.003 1.042 1.029 0.846 0.790 0.851 
49 1.002 1.004 1.004 1.005 1.006 1.002 
50 1.009 1.012 1.015 1.016 1.016 0.967 
51 1.013 1.060 1.080 1.086 1.038 0.646 
52 0.997 1 . 0 0 0 0.998 1.007 1.008 0.995 
53 1.022 1.021 0.955 1.241 1.249 0.622 
54 1.004 1.006 1.005 1.004 1.005 1.002 
55 1.005 1.020 1.019 1.019 1.018 0;999 
56 1.002 1.004 1.004 1.021 1.018 0.998 
57 1.023 0.980 0.930 1.395 1.408 0.923 
58 0.985 0.843 0.744 0.997 0.992 1.028 
59 0.999 0.998 0.997 1.000 1 . 0 0 0 1.002 
60 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1.000 1 . 0 0 0 1 . 0 0 0 

61 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 

62 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 

(a)"A" indicates absorption Cross Sections and "F" fission Cross Sections. 
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Table 9. Effect of RIF on Broad-Group Epi-Thermal Cross Section^ 
of PWR Pin at 26 GSD/T 

Data o, No RIF(barns) a. RlF(barns) % Difference 

235U fission 22.07 22.18 0.50 
235u absorption 35.22 35.05 -0.48 
238u absorption 2.43 2.45 0.82 
239pu fission 22.98 23.76 3.39 
239pu absorption 40.29 41.69 3.47 
2^0pu absorption 17.75 16.46 -7.27 

(a)Group 3 of 5 broad groups, covering 1.86 eV - 5.53 keV 

Table 10. Effect of RIF on Nuclide Transmutation in 
PWR Fuel Pin After 26 GWD/T 

Nuclide N(atoms/b-cm), No RIF N(atoms/b-cm), RIF % Difference 

238 (J 2.084 x 10-2 2.084 x 10-2 0 
235U 2.335 x 10-4 2.344 x lO-* 0.39 
239 Pu 1.104 x 10-t 1.111 x 10-* 0.63 
2*+0 pu 3.716 x 10-s 3.748 x 10-5 0.86 
241 pu 2.173 x 10-5 2.182 x 10-5 0.41 

An important parameter which may be sensitive to resonance inter-
ference is the Doppler coefficient. This parameter was not calculated in 
the present study, but in the future the accuracy of the approximate RIF 
expression for computing Doppler coefficients should be examined as a 
possible improvement to the current calculational techniques. 
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V. CONCLUSIONS 

The simple expression that was presented for computing resonance 
interference factors (RIF) improves agreement between the shielding fac-
tor method and integral transport theory calculations for mixture-
dependent cross sections. The approximate method of computing RIF's is 
able to predict both increases and decreases in the effective shielding 
factors, and in most cases agrees within 5% of values produced by 
sophisticated numerical calculations. An important characteristic of the 
RIF calculation is that it is easily implemented into existing shielding 
factor computer codes and does not significantly impact calculational 
time required to obtain cell-averaged broad-group cross sections. The 
running time of a typical lattice physics code was increased only 5% when 
the RIF calculation was implemented. 

It was found that interference between resolved resonances of mixed 
absorbers can significantly affect some fine-group cross sections. The 
largest effects observed were a reduction of about 40% in one group of the 
average 2l|0Pu absorption cross section for a PWR fuel pin and an increase 
of about 40% in one group of the 2 3 9Pu cross sections. The greatest 
effect on the 2 3 5U cross section was about a 25% reduction in one group 
of the absorption cross section, while the 2 3 8U group values change less 
than 5%. 

Fuel burnup (i.e., 2 3 5U depletion and Pu production) does not appear 
to have a great effect on the resonance interference factors, indicating 
that a single calculation of the RIF's at the first time step may be suf-
ficient for LWR analysis. 

Although several fine-group cross sections were found to be very sen-
sitive to resonance interference, the collapsed broad-group cross section 
is much less sensitive. The RIF treatment in EPRI-CELL changes the 
collapsed epi-thermal cross sections of 2 3 8U and 235u by less than a 
percent. However, the 2 3 9Pu cross sections were increased by about 3.5%, 
and the 2i*0Pu value decreased by more than 7%. These types of differences 
could possibly influence the computed Doppler coefficient in LWR's for 
high burnup conditions. 

The resonance interference treatment does not significantly affect 
the computed actinide inventories in a PWR burnup calculation. The largest 
effect observed was an increase of 0.86% in the 2<f0Pu concentration after 
26 GWD/T when the RIF treatment was applied. 

Because the approximate RIF calculation is easily implemented, does 
not significantly impact calculational time, and improves agreement with 
sophisticated calculations, it is felt that SFM codes could benefit from 
the method discussed in this work. 
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