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1.  INTRODUCTION 
 
 
1.1  BACKGROUND 
 
Since the release of Version IV of the Evaluated Nuclear Data File (ENDF), standards and formats have 
been in place to permit the communication of estimated uncertainties in the evaluated cross-section data.  
By including the uncertainty or covariance information, the analyst can propagate cross-section data 
uncertainties through sensitivity studies to the final calculated quantities of interest in nuclear 
applications.  The covariance data files provide the estimated uncertainties for the individual data as well 
as any correlations that may exist.  The following list provides a description of the ENDF covariance 
information and the corresponding file number location within the ENDF system: 
 

File Covariance information 

31 Average number of neutrons per fission 

32 Resonance parameters 

33 Neutron cross sections 

34 Angular distributions of secondary particles 

35 Energy distributions of secondary particles 

40 Production of radioactive nuclei 
 
Prior to using the covariance information in applications, a processing code must be used to convert the 
energy-dependent covariance information in the ENDF library to a multigroup form.  At the Oak Ridge 
National Laboratory (ORNL), PUFF has been used to process ENDF uncertainty information and to 
generate the desired multigroup correlation matrix for the evaluation of interest.  The initial version of 
PUFF  [1] was limited to processing ENDF/B-IV formats; however, only a limited number of ENDF/B-IV 
evaluations have covariance information. 
 
With the release of ENDF/B-V, many new formats and procedures were introduced for representing 
covariance data.  The ENDF/B-V uncertainty formats permit the representation of explicit covariance 
relationships between different reactions as well as different materials.  In addition, the capability exists 
for the representation of uncertainties that are based on derived mathematical relationships.  For example, 
the total cross section is a redundant reaction that can be obtained by summing the respective partial cross 
sections.  Consequently, the evaluator may specify that the linear relationship (i.e., equation defining 
summation of partial reactions) must be used to determine the components of the covariance matrix over a 
specified energy range.  Although the linear relationship defines an explicit covariance matrix, the 
relationship also defines other implicit covariance matrices.  The processing code must be able to 
determine the appropriate covariance matrix based on the linear relationship.  PUFF-II was developed to 
process the ENDF/B-V formats as well as the older ENDF/B-IV data [2]. 
 
Subsequent to the release of ENDF/B-V, several new formats were developed and implemented in 
ENDF/B-VI [3].  Within the ENDF/B-VI file system, formats exist for the representation of covariances 
for fission neutron multiplicity, resonance parameters, neutron cross sections, as well as energy and 
angular distributions of secondary particles.  PUFF-III [4] had the capability to process the covariance 
information for fission neutron multiplicity and neutron cross-section data.  In addition, PUFF-III had the 
capability to process some of the resonance parameter uncertainty formats. 
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It is expected that future releases of the ENDF library (i.e., ENDF/B-VII and later) will make use of more 
of the resonance parameters covariance structures.  Therefore, PUFF-IV was developed to allow 
processing of the new ENDF covariance formats.  The resonance parameter uncertainty formats that can 
be treated by PUFF-IV are discussed in Sect. 2.3.2.  Currently, PUFF-IV cannot process the covariance 
information for the energy and angular distributions of secondary particles.  The processing capabilities 
and limitations of PUFF-IV are provided in Sect. 1.2. 
 
 
1.2  PURPOSE AND SCOPE 
 
PUFF-II could only process ENDF formats through version V.  PUFF-III was able to process the latest 
ENDF covariance data formats through ENDF/B-VI but had only limited capabilities to process the 
resonance parameter covariance data in ENDF File 32.  PUFF-IV was rewritten in Fortran 90, based on 
the original Fortran 77 coding in PUFF-III, to address this deficiency.  All of the PUFF-III user 
input/output options (I/O) and existing formats are maintained in PUFF-IV. 
 
The objective of this work is twofold: 
 
1. Rewrite PUFF-III in Fortran 90 to allow for a more modular design, thus facilitating future upgrades. 
2. Add support for the resonance parameter covariance formats that are described in the ENDF standard  [3]. 
 
With regard to unresolved-resonance data, the ENDF formats also have provisions for unresolved-
resonance parameter uncertainty information. 
 
Regarding the additional ENDF/B-VI uncertainty-data formats, PUFF-IV does not process the covariance 
information in Files 34 and 35 (i.e., uncertainty data for the angular and energy distributions of secondary 
particles, respectively).  Furthermore, PUFF-IV does not process the covariance information in File 40 
(i.e., uncertainty data for the production of radioactive nuclei).  At the time of development, no ENDF/B-
VI evaluation provided covariances for the angular distribution of secondary particles.  With regard to 
File 35 and File 40 data, 252Cf is the only evaluation with covariance information for the energy 
distribution of secondary particles, and 93Nb is the only evaluation with covariance information for the 
production of radioactive nuclei. These new formats will be addressed in a future version of PUFF. 
 
 
1.3  NEW FEATURES 
 
PUFF-IV is able to handle uncertainty data that extends beyond the user group structure.  The previous 
version of PUFF would report the problem and exit, the new version will emit a warning and calculate the 
covariance information within the user supplied limits. 
 
PUFF-III could not process ENDF data files that did not contain File 33 information. PUFF-IV will 
automatically detect which files are present (File 31, 32 and/or 33) and process the available information, 
depending on the user supplied input.  If the user requests processing of a non-existent file, PUFF-IV 
emits a warning that the file is not present and proceeds with the calculation. 
 
PUFF-IV now handles almost all resonance parameter covariance information in the resolved region, with 
the exception of the long range covariance sub-subsections.  Processing in the resolved resonance region 
is done analytically.  Partial derivatives with respect to the resonance parameters are calculated using the 
samrml library developed by N. M. Larson [8].  Multigroup covariance matrices are then generated using 
the above partial derivatives.  Processing in the unresolved resonance region is also done analytically 
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using the formulas given in the ENDF standard [3] and using the quadrature formulae given in [10] to 
calculate the statistical averages. 
 
 
1.4  CORRECTIONS FOR HISTORICAL PROBLEMS 
 
In 1983, investigations revealed that PUFF-II does not correctly calculate the implicitly defined cross-
reaction- covariance matrices for ENDF/B-V aluminum [6].  For example, the PUFF-II calculation for the 
cross correlation between elastic scattering (MT = 2) and inelastic scattering (MT = 4) revealed no 
positive correlation over the entire energy range.  Based on the ENDF/B-V covariance data for aluminum 
and hand calculations, positive correlations for some off-diagonal elements do exist.  The problem was 
subsequently traced to subroutine CROSS in PUFF-II.  In particular, PUFF-II does not determine the 
correct linear relationship for calculating off-diagonal elements in the implicitly defined covariance 
matrices.  To correct the problem, subroutine CROSS in PUFF-III was rewritten to determine the 
appropriate linear relationship for the covariance calculation based on the evaluator-defined energy grid. 
 
The following deficiencies have been corrected with PUFF-IV (see Sect. 2.3.1 for details on LTY and LB 
values): 
 

• If an explicit covariance for a cross correlation is given and such a correlation is also implicitly 
defined by an LTY = 0 section, PUFF-III will generate the covariance matrix twice.  The first 
matrix only contains the explicit contribution, the second matrix contains both contributions.  To 
avoid confusion, PUFF-IV exports only the second matrix. 

• If an explicit matrix is described by an LTY = 1 sub-sections and subsequent “NI” sections 
containing a LB = 8 contribution, PUFF-III did not add the LB = 8 contribution to the generated 
covariance matrix. PUFF-IV includes this contribution. 

• If File 31 and File 33 data are processed and if one of the covariances matrices in File 31 is a 
derived matrix, PUFF-III failed under some circumstances to correctly calculate the implied cross 
correlation matrices. PUFF-IV will correctly add all contributions to the implied cross correlation 
matrix. 

• If a covariance matrix is described in part by a LB = 5 “NI” section and if the energy table for the 
section starts at a higher energy than the user requested limits, PUFF-III would calculate the 
resulting covariance matrix incorrectly. 

• If an ENDF file contains more than one “NC” section with LTY = 3 sections for the same explicit 
covariance matrix, PUFF-III would correctly calculate the first explicit matrix and assume that all 
remaining matrices are null matrices.  In addition, the derived cross covariance matrices were 
calculated with the wrong energy bounds.  These deficiencies have been corrected in PUFF-IV. 

• If File 32 sensitivity analysis is requested on a group structure with more than 200 groups, PUFF-
III would fail since the array bound was hard-wired to 200 instead of to the desired group 
structure. 

 
As a result, the historical problems with PUFF-II and PUFF-III have been corrected, and PUFF-IV is a 
powerful tool that has the capability to generate correlation matrices for nuclear applications. 
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2.  THEORY 
 
 
2.1  STATISTICAL UNIVERSITY 
 
Prior to describing the details of processing the ENDF covariance information, the variables of interest 
must be discussed.  Cross-section values are determined from experimental measurements that have a 
certain amount of uncertainty.  In the ENDF file system, the value provided for each cross section 
represents an estimate or expectation value x  of the true cross-section value x .  Moreover, there is a 

probability that the true value of x lies in the range Δx  about x .  If ( )f x  is defined as the density 
function that is an average over all other independent variables of the multivariate density function for the 
cross-section data, the probability that x  lies in the range Δx  about x  can be approximated as 
( )f x Δx .  The estimate of the probability improves as Δx  becomes smaller about x .  In the limit as 

Δx  approaches the differential dx , the probability can be defined as ( )f x dx .  Therefore, the expected 

value x  is an average over the probability distribution and is defined by the following equation: 
 

( )x = x f x dx∫  , (2.1)

where 

( ) 1f x dx =∫  . (2.2)

 
The density function ( )f x  is a property of the experiments and reflects the variation or scatter 
associated with the measured experimental data.  The variation or amount of error associated with the 
experimental measurements can be classified as either systematic or stochastic in nature.  The evaluated 
uncertainty data are composed of both types of errors.  Typically, the stochastic errors are due to 
statistical counting uncertainties in the measurements.  The systematic errors (e.g., operator errors) are 
usually harder to estimate and may dominate the uncertainty in the measurement process.  The difference 
between the true value of x  and the estimate is the deviation, and the following equation can be used to 
define the deviation of the expected value from the true value: 
 

δx = x x−  . (2.3)

 
Prior to establishing the definition of the second moment of the density function, the estimated value of 
an additional cross-section quantity y  must be defined.  If y is the true cross-section value and y  is the 

expected value of y , the expectation value can be defined using Eq. (2.2): 
 

( )y = y f y dy∫  , (2.4)

where 
( ) 1f y dy =∫  . (2.5)
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Using a similar definition as for ( )f x , ( )f y is defined as the density function that is an average over 
all other independent variables of the multivariate density function for the cross-section data.  Likewise, 
the difference between the true value of y  and the expected value is provided by the following equation: 
 

δy = y y−  . (2.6)
 
Equations (2.1) and (2.2) represent the first moment of the density function and give the cross-section 
quantity that is tabulated in the ENDF files.  Prior to the release of ENDF/B-IV, only the first moments or 
expectation values were provided in the data files.  Following the release of ENDF/B-IV and extending 
through the release of ENDF/B-VI, the second moments are tabulated for some of the evaluated cross-
section data.  The second moments, or covariance data, provide information about the individual data 
uncertainty, as well as the correlations among other evaluated quantities. 
 
Considering both x  and y , the quantity ( )f x, y  can be defined as the density function averaged over 

all independent variables except x  and y .  The second moment of the density function ( )f x, y  is 

defined as the covariance of x  with y .  The covariance can be defined as follows: 
 

( ) ( )( ) ( )COV x, y = δxδy = x x y y f x, y dxdy− −∫ ∫  . (2.7)
 
The covariance of x  with itself is known as the variance.  Moreover, the variance is the average of the 
squared deviations over the probability distribution and is given by the following equation: 
 

( ) ( ) ( )22VAR x = δx = x x f x−∫  . (2.8)

 
The standard deviation, or uncertainty, in x  is obtained by taking the square root of the variance: 
 

( ) ( ) 2s x = VAR x = δx  . (2.9)

 
Using the definition for the covariance and standard deviation, the correlation between x  and y  is 
defined with the following equation: 
 

( ) ( )
( ) ( )

COV x, y
ρ x, y =

s x s y
 . (2.10)

 
The value of the correlation coefficient will always be greater than or equal to −1 and less than or equal to 
+1.  If the correlation coefficient equals +1, there is a direct correlation between x  and y .  Conversely, if 

( )ρ x, y  equals −1, x  and y  have a direct inverse correlation.  A correlation coefficient of zero indicates 

that there is no correlation between x  and y . 
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The preceding equations define absolute quantities; however, the uncertainty information can be defined 
relative to the estimated quantities of interest.  In particular, the relative covariance is obtained by 
dividing the absolute covariance by the product of x  and y  
 

( ) ( )COV x, y
RCOV x, y =

x y
 . (2.11)

 
Following the same procedure, the relative variance is obtained by dividing the variance by the square of 
the expected value: 
 

( ) ( )
2

VAR x
RVAR x =

x
 . (2.12)

 
Likewise, the relative standard deviation is obtained by taking the square root of the relative variance:  
 

( ) ( ) ( )
2

VAR x s x
rs x = =

xx
 . (2.13)

 
Equations (2.1) through (2.13) are the basis for the uncertainty information provided in the ENDF file 
system.  These equations will be used in the subsequent sections to describe the processing of ENDF/B-
VI covariance data. 
 
 
2.2  GROUP-AVERAGED COVARIANCES 
 
The ENDF data give the cross section data in point-wise fashion.  Before the data can be used in a 
multigroup application, the covariances must be converted to multigroup form.  Equation (2.7) expresses 
the covariance between the continuous-energy cross sections x  and y .  The cross-section ( )x E  can be 

averaged over an energy group I  using the following equation: 
 

( ) ( )

( )
I

I

I

Φ E x E dE
x =

Φ E dE

∫

∫
 , (2.14)

 
where 
 Ix  = group-averaged cross section for energy group I 

 ( )x E  = cross-section x at energy E 

 ( )Φ E  = flux at energy E 
 
We use the boundary I on an integral to indicate integration between the energy boundaries [ ]1;I IE E + . 

Using Eq. (2.14) and letting 0x = x  and 0y = y , Eq. (2.7) can be defined in a multigroup format: 
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( ) ( )( ) ( )0, 0,I J I I I I J J I J I JCOV x , y = δx δy = x x y y f x , y dx dy− −∫ ∫  . (2.15)

 
Before Eq. (2.15) can be expressed in terms of point covariances, the expression for dx  must be 
determined by taking the derivative of Ix  with respect to x .  Using Eq. (2.14) and taking the partial 
derivative with respect to x  leads to the following expressions: 
 

( ) ( )

( ) ( )
( ) ( )1I I

I
I I

Φ E x E dE
x = = Φ E x E dE
x x xΦ E dE Φ E dE

⎡ ⎤
⎡ ⎤⎢ ⎥∂ ∂ ∂
⎢ ⎥⎢ ⎥∂ ∂ ∂ ⎣ ⎦⎢ ⎥

⎣ ⎦

∫
∫∫ ∫

 . (2.16)

 
Both integrals in Eq. (2.16) are definite, and the limits of integration range from IE  to 1IE + .  Taking the 
partial of the integral with respect to x yields the following result: 
 

( ) ( ) ( ) ( ) ( ) ( ) ( )
1 1

1
1 1

I I
I+ I

I+ I+ I I
I I

E E xE x E dE =Φ E x E Φ E x E + Φ E dE
x x x x

+ +⎡ ⎤ ∂ ∂∂ ∂
Φ −⎢ ⎥∂ ∂ ∂ ∂⎣ ⎦
∫ ∫  . (2.17)

 
In Eq. (2.17), the partial of 1I+E  and IE  with respect to x  is zero.  Therefore, the partial of Ix  with 
respect to x  becomes 
 

( )

( )
1I I

I

Φ E dE
x = =
x Φ E dE

∂
∂

∫

∫
 . (2.18)

 
Note that the partial of Iy  with respect to y  also equals 1.  Using the result from Eq. (2.18) and the 
multigroup cross-section definition, Eq. (2.15) can be expressed in the following form: 
 

( )
( ) ( )

( )

( ) ( )

( )

( ) ( )

( )

( ) ( )

( )
( )

0

0' '
.

' '

I I
I J

I I

J J

J J

Φ E x E dE Φ E x E dE
COV x , y =

Φ E dE Φ E dE

Φ E' y E' dE Φ E' y E' dE
f x, y dxdy

Φ E' dE Φ E' dE

⎡ ⎤
⎢ ⎥

− ×⎢ ⎥
⎢ ⎥
⎣ ⎦
⎡ ⎤
⎢ ⎥

−⎢ ⎥
⎢ ⎥
⎣ ⎦

∫ ∫
∫ ∫ ∫ ∫

∫ ∫

∫ ∫

 

(2.19)

 
Equation (2.19) expresses the multigroup covariances in terms of the continuous-energy parameters; 
however, the expression can be simplified to obtain the following expression: 
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( ) ( ) ( ) ( )( )

( ) ( ) ( )( ) ( )

0

0

1

,

I J
I J I

J

COV x , y = Φ E x E x E dE
Φ Φ

Φ E' y E' y E' dE' f x, y dxdy

⎡ ⎤
− ×⎢ ⎥

⎣ ⎦
⎡ ⎤

−⎢ ⎥
⎣ ⎦

∫ ∫ ∫

∫

 
(2.20)

 
where 
 

( )I
I

Φ = Φ E dE∫  , (2.21)

 
and 
 

( )J
J

Φ = Φ E' dE'∫  . (2.22)

 
By rearranging the integrals in Eq. (2.20), the multigroup covariance equation can be expressed in the 
following form: 
 

( ) ( ) ( ) [ ][ ] ( )0 0
1

I J
I J I J

COV x , y = Φ E Φ E' x x y y f x, y dxdy dEdE'
Φ Φ

⎡ ⎤− −⎣ ⎦∫ ∫ ∫ ∫  . (2.23)

 
Based on the definition of the covariance of x(E) with y(E), Eq. (2.23) can be expressed in terms of the 
point covariances: 
 

( ) ( ) ( ) ( )1
I J

I J I J

COV x , y = Φ E Φ E' COV x, y dEdE'
Φ Φ ∫ ∫  . (2.24)

 
Equation (2.24) can be used to derive the multigroup equations for various ENDF file definitions. 
 
 
2.3  ENDF- UNCERTAINTY FORMATS 
 
ENDF Files 31 and 33 provide the covariance information for the average number of neutrons per fission 
[i.e., ( )ν E ] and the energy-dependent cross sections, respectively.  ENDF file 32 provides resonance 
parameter covariance information in the resonance region.  The formats of Files 31 and 33 are equivalent.  
In Sect. 2.3.1 an overview of the ENDF formats is provided for both File 31 and 33 based on the 
descriptions provided in Ref. 3, Sect. 2.3.2 provides an overview of the ENDF formats used in File 32.  
The overview does not describe the intimate details of the ENDF format; rather, the discussion highlights 
the information that is essential for understanding the processing methods in PUFF-IV.  The specific 
formatting rules are described in greater detail in Ref. 3 
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2.3.1  ENDF/B-VI Uncertainty Formats for File 31 and File 33 
 
The cross-section covariances in File 33 are intended to characterize the variances of the cross sections 
within a specified energy range, as well as the correlations between cross sections of several adjacent 
energy ranges.  In addition, the covariance data are intended to represent the long-range correlations 
between cross sections over many energy ranges.  In the resolved-resonance region, the covariance data 
of the partial cross sections are characterized by long-range and short-range components.  Moreover, the 
File 33 covariance data represent the correlations between cross sections that are attributed to the 
interaction of resonances over many energy ranges (i.e., long-range components).  A component of the 
covariance data for the partial cross sections may be attributed to the interaction of resonances in the 
neighborhood of an individual resonance (i.e., short-range components).  As a result, there may be a rapid 
variation of the covariance information over an individual resonance.  The short-range components of the 
covariance data due to the resonances are provided in File 32.  To obtain the complete covariance 
information in the resonance region, the covariance data due to the long-range components in File 33 
must be combined with the short-range components from File 32.  The processing of File 32 data and the 
combination with File 33 covariance data are discussed further in Sect. 2.3.2. 
 
In File 33, the evaluator specifies components of the covariance matrix for certain energy intervals using 
a set of grid points.  The magnitudes of these components are constant between points on the evaluator-
specified energy grid.  As a result, the data have a histogram appearance, but the data are not considered 
to be multigroup covariances that would imply a covariance of one multigroup-averaged quantity with 
another group-averaged quantity.  In reality, the data represent the covariance between a cross section at 
an energy within one interval to another energy point in another interval.  In particular, the evaluator 
specifies a set of data and corresponding equations that are used to calculate the covariance between cross 
section ix  at energy iE  and cross section jy  at energy jE .  Due to the ENDF covariance file structure, 
the covariance data are processed to a user-defined energy group structure.  Because the ENDF data 
represent covariances between point energy data, PUFF-IV processes the point covariance data into 
multigroup covariances. 
 
Unless noted otherwise, the following discussion applies to both Files 31 and 33.  If File 33 is specified in 
the text, the discussion also applies to the data formats in File 31.  For a specific material evaluation, 
File 33 is divided into sections according to the MT number or reaction identifier.  Each section for the 
MAT and MT describes the uncertainty information for the specific reaction.  Moreover, each section 
may be divided into several subsections, and each individual subsection is used to describe a single 
covariance matrix.  Within each subsection, there may be several sub-subsections, and each sub-
subsection is used to define a component of the covariance matrix identified in the subsection.  The 
complete covariance matrix for a subsection is obtained by summing the components from each sub-
subsection. 
 
The sub-subsections are categorized as either an “NC-type” or “NI-type.”  The NI sub-subsections 
explicitly define the components of the covariance matrix provided in the subsection.  In contrast, the NC 
sub-subsections indicate that the contribution to the covariance matrix for a specified energy range may 
be obtained through a linear combination of other covariance matrices from different sections with the 
same MAT number in File 33.  In addition, the NC sub-subsections may indicate that the contribution to 
the covariance matrix in a specified energy range is based on the covariance data of a standard cross 
section that has a different MAT number from the material of interest.  Essentially, the NC sub-subsection 
points the analyst to a different section in File 33 or to a File 33 of a different material to obtain the 
covariance information.  Note that each NC sub-subsection points to a specific energy range of a specific 
section that must be provided in terms of NI sub-subsections.  In other words, the NC sub-subsection 
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cannot point to another NC sub-subsection.  Although the NC sub-subsection introduces additional 
complexities for the covariance processing code, these sub-subsections reduce the amount of redundant 
covariance data that would otherwise be present in the ENDF evaluation.  Initially, the details of the NI 
sub-subsections are presented with a subsequent description of the different NC sub-subsections. 
 
2.3.1.1  NI Sub-subsections 
 
Within each NI sub-subsection for a given reaction pair, an LB flag is used to identify the type of 

components (i.e., either absolute or relative) for the contribution to the covariance matrix.  Associated 
with each LB flag is an equation and corresponding data table(s) that must be used to construct the 
contribution to the covariance matrix.  Each data table defines a function that has a histogram 
appearance over the energy range of interest.  One or at most two data tables may be provided for a NI 
sub-subsection, and each table is composed of NP pairs of energy and functional values ([e.g., 
{ } 1,k kE ,F ;k = NP ]).  As noted previously, the data table defines a histogram function ( )f E  that 

has a value kF  between energies kE  and 1k+E  for 1k+ kE > E : 
 

( ) 1k k k k+f E = F ;E E < E≤  . (2.25)
 
For LB = 0, the contribution to the covariance matrix is based on absolute components that are correlated 
within each interval defined by the single data table { }k kE ,F .  The expression for the LB = 0 covariance 
contribution is provided in Table 2.1.  In Eqs. (2.28) through (2.35) that are presented in Table 2.1, the 
dimensionless operator P  is defined as the product of the dimensionless operator S  as follows: 
 

...
... ... ...i,k,l, k l m n

j;m,n, i i j jP = S S S S , (2.26)
 
where 
 

11k
i k i k+S = ;if E E < E≤  ,  

 
and 
 

[ ]10k
i i k k+S = ;if E E ,E∉  .  

 
For LB values 1 through 6, contributions to the covariance matrix are based on relative components.  
Table 2.1 also provides the corresponding covariance equations for LB values between 1 and 6.  The 
contribution based on LB = 1 describes the relative components that are correlated within each kE  
interval.  For LB = 2, the contribution to the covariance matrix is based on relative components that are 
correlated over all kE  intervals, as noted by the double summation in Eq. (2.30).  The NI sub-subsections 

as defined by LB = 3 and 4 have two data tables, { }k kE ,F  and { }l lE ,F , that define two different 
histogram functions.  The contribution based on LB = 3 describes the relative components that are 
correlated over the kE  and lE  intervals.  For LB = 4, the equation is slightly more complex relative to  
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LB = 3.  In particular, LB = 4 describes the contribution based on the relative components that are 
correlated over all lE  intervals within each kE  interval, as noted by the triple summation in Eq. (2.32). 
 
The LB = 3 sub-subsections can be used to define a sub-subsection; however, the LB = 3 sub-subsection 
only permits the construction of each sub-subsection one row or column at a time.  Consequently, one 
sub-subsection must be used for each row or column, and the same energy mesh is repeated in the 
corresponding data table of each sub-subsection.  To alleviate possible inefficiencies in the data files, the 
LB = 5 and 6 representations are available.  For LB = 5, a single energy grid { }kE  is provided with the 

associated square matrix of fractional components { }kk'F  that can be used to construct the sub-
subsection.  The square matrix has the following functional representation: 
 

( ) 1 1i j k,k' k i k+ k' j k'+f E ,E = F ;E E < E E E < E≤ ∧ ≤  .                                  (2.27) 
The covariance contribution from the LB = 5 sub-subsection is provided by Eq. (2.33) in 
Table 2.1.  The LB = 5 sub-subsection defines the row and column components simultaneously.  
Note that the covariance matrix between two reactions or materials may have different energy 
grids for the rows and columns.  If two different grids are required to describe the covariance 
matrix, the LB = 5 sub-subsection is not suitable for defining the contribution.  Therefore, the LB 
= 6 format is available for defining a rectangular matrix.  The LB = 6 representation is similar to 
the LB = 5 format; however, two energy grids (i.e., { }kE  and { }lE ) are provided with a 

corresponding rectangular matrix of fractional components { }klF .  The covariance contribution 
from the LB = 6 sub-subsection is provided in Eq. (2.34) in Table 2.1. 
 

Table 2.1.  Summary of covariance equations for NI sub-subsections (point covariance) 

LB Equation 

0a ( ) i;k
i j j;k xy;k

k
COV x , y = P F∑  (2.28)

1a ( ) i;k
i j j;k xy;k i j

k
COV x , y = P F x y∑∑  (2.29)

2 ( )
, '

i;k'
i j j;k xy;k xy;k' i j

k k
COV x , y = P F F x y∑  (2.30)

3 ( )
,

i;k
i j j;l x;k y;l i j

k l
COV x , y = P F F x y∑  (2.31)

4 ( )
, , '

i;k,l
i j j;k,l' k xy;l xy;l' i j

k l l
COV x , y = P F F F x y∑  (2.32)

5b ( )
, '

i;k
i j j;k' xy;k,k' i j

k k
COV x , y = P F x y∑∑  (2.33)

6b ( )
,

i;k
i j j;l xy;k,l i j

k l
COV x , y = P F x y∑  (2.34)
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8c,d ( ) ( ) 1 1
k

l l l k k I I+ k+
I

ΔECOV x , y =VAR x = F ;E E < E E
ΔE

≤ ≤  (2.35)

aThese equations define a block diagonal matrix. 
bSee Ref. 3] for more detail on these formats. 
cΔEk = Ek+1 − Ek and ΔEI  = EI+1 − EI . 
dThese equations define a diagonal matrix. 

 
The final NI sub-subsection is denoted with LB = 8.1  The LB = 8 representation, which is vastly different 
from the other NI sub-subsections, provides an absolute variance component in the group-averaged cross 
sections, as opposed to the variance in point-wise cross sections.  The evaluator may use the LB = 8 
format to account for statistical fluctuations induced in the group-averaged cross sections by the 
underlying resonances.  Moreover, no off-diagonal contributions are made from the LB = 8 sub-
subsection.  The equation for the LB = 8 sub-subsection is provided in Eq. (2.35).  The short-range 
variance representation has a single table of energies and constants { }k kE ,F .  For the group-averaged 

cross sections for energy group I  with width IΔE , the values of kF  define an absolute contribution to 
the variance averaged over the energy interval IΔE  that includes a portion of the interval defined by the 

kE  grid. 
 
2.3.1.2  NC Sub-subsections 
 
As noted previously, the NC sub-subsections describe the contribution to the covariance matrix based on 
information provided in another subsection on the ENDF file.  Four types of NC sub-subsections are 
identified with an LTY = 0, 1, 2 or 3 flag.  The LTY = 0 flag is typically used for sub-subsection 
components for derived redundant cross sections (e.g., MT = 1, 3, 4, etc.).  For an evaluator-specified 
energy range, the LTY = 0 flag indicates that the cross-section quantities were obtained as a linear 
combination of other measured cross sections with the same material identifier but a different reaction 
identifier.  The LTY = 0 sub-subsection defines the energy range where the cross sections were derived in 
terms of the other evaluated cross sections.  In addition, the NC sub-subsection also defines the linear 
relationship that is used to construct the derived redundant cross section in the specified energy range.  
For an energy range between kE  and 1k+E , the linear relationship for the derived redundant cross section 
has the following form: 
 

( ) ( )
NCI

i i
i

x E = C y E∑  , (2.36)

 
where 
 

NCI   =  total number of evaluated cross sections, 

iC   =  coefficient for combining evaluated cross sections, 

                                                 
1 Note: The ENDF/B-VI formats do not provide an LB = 7 representation. 
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( )
( )i

x E

y E
  =  evaluated cross section. 

 
By specifying an LTY = 0 flag, the evaluator specifies that the covariance matrix for the derived 
redundant cross section is obtained by combining the covariance matrix components using the same linear 
relationship.  As a result, the LTY = 0 sub-subsection defines a linear relationship to be used to construct 
a single covariance matrix from NI sub-subsections of a different subsection within the same material 
evaluation. 
 
As a consequence of the LTY = 0 format, the linear relationship also implies that additional covariance 
matrices may exist and are not defined explicitly in the subsections of the material of interest.  The 
possibility of implicitly defined covariance matrices contributes to the complexity of processing the NC 
sub-subsections, and the processing code must determine the implied contribution to other covariance 
matrices from the LTY = 0 sub-subsection.  An example of this concept is provided in the sample 
problems of Appendix B. 
 
The remaining NC sub-subsections are used to define the covariance matrices of cross sections that are 
derived from ratio measurements to standard cross sections in the energy range ( )1k k+E ,E .  In other 

words, a derived cross section is related to a standard cross section by a ratio ( )R E  that is determined 
experimentally.  The derived cross section can be defined as the product of the ratio and the standard 
cross section: 
 

( ) ( ) ( ) 1i std k k+σ E = R E σ E ;E E < E≤  , (2.37)
 
where 
 

( )R E   =  ratio of derived cross section to the standard, 

stdσ   =  standard cross section. 

 
For example, the 241Pu fission cross section has been obtained in the past through ratio measurements to 
the 235U fission cross section.  Consequently, the covariance data for the evaluated cross section are 
dependent on the covariance information for the standard cross section.  Since the determination of 
( )R E  and ( )stdσ E  is almost always performed independently, the uncertainty in ( )R E  is not 

correlated with the uncertainty in the standard cross-section measurement.  Based on the ratio 
measurement and Eq. (2.37), the following relative covariance relationships can be defined3: 
 

( ) ( ) ( ) 1i std k k+RVAR σ E = RVAR R E + RVAR σ E ;E E E⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ≤ ≤⎣ ⎦ ⎣ ⎦ ⎣ ⎦  (2.38)

( ) ( ) ( ) ( ) ( ) ( )
1 1

i i std std

k k+ k k+

RCOV σ E ,σ E' = RCOV R E ,R E' + RCOV σ E ,σ E' ;

E E < E ;E E' < E

⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦ ⎣ ⎦
≤ ≤

 (2.39)

( ) ( ) ( ) ( ) 1i std std std k k+RCOV σ E ,σ E' = RCOV σ E ,σ E' ;E E < E⎡ ⎤ ⎡ ⎤ ≤⎣ ⎦ ⎣ ⎦  (2.40)
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If cross-section MTi for material MAT is derived over the interval (Ek,Ek+1) based on ratio measurements 
to a standard cross-section MATS with reaction MTstd, there will be three corresponding NC sub-
subsections in the ENDF covariance files.  For the material of interest, LTY = 1 is used to define the self 
covariance for MTi (i.e., <MAT,MTi;MAT,MTi>.  The LTY = 1 sub-subsection in MAT indicates that the 
contribution to the covariance matrix over (Ek,Ek+1) is obtained from the NI sub-subsection in MATS for 
the same energy interval.  In addition to the LTY = 1 sub-subsection, an LTY = 2 sub-subsection must 
also be given in the MAT subsection.  The LTY  = 2 sub-subsection defines the covariance between the 
derived cross section and the standard cross section (i.e., <MAT,MTi;MATS,MTstd>).  With regard to the 
standard cross-section File 33, an LTY = 3 sub-subsection must be specified in the MTstd subsection to 
indicate the correlation between the standard cross section and the derived cross section (i.e., 
<MATS,MTstd;MAT,MTi>). 
 
2.3.2  ENDF/B-VI Uncertainty Formats for File 32 
 
ENDF File 32 provides the variances and covariances of the resonance parameters of File 2.  The 
resonance-parameter uncertainty data provide a representation of the cross-section covariance variation 
due to the rapid variation associated with the individual resonances.  Moreover, the File 32 information is 
used to represent the short-range components that affect the cross-section covariances in the 
neighborhood of each individual resonance.  Ultimately, the final cross-section covariance data should 
include the effects of the resonance parameter uncertainty information from File 32 as well as the point 
cross-section uncertainty data from File 33.  The following discussion provides an overview of the ENDF 
File 32 formats; however, the discussion is not intended to be an exhaustive presentation of the ENDF 
formats.  As with the energy-dependent uncertainty data, the overview highlights the information that is 
needed to understand the processing methods in PUFF-IV.  The specific formatting rules for the 
resonance parameter uncertainty data are provided in Ref.3 
 
The ENDF/B-VI resolved resonance parameter uncertainty formats have been greatly enhanced relative to 
the earlier ENDF/B-V formats.  The newer formats permit the representation of cross resonance 
covariances between parameters of different resonances.  For the General Resolved Resonance formats 
covariance data can be provided for the Reich-Moore and Adler-Adler formats in addition to the single 
and multi-level Breit Wigner formats (SLBW and MLBW, respectively).  Outside the resolved-resonance 
region, the ENDF/B-VI formats also permit the representation of the unresolved-resonance covariance 
data. 
 
The File 32 formats are written to as far as possible mirror the formats in File 2.  Formats are 
characterized by three parameters.  A parameter value of LRU = 1 indicates resolved resonance data; a 
parameter value of LRU = 2 indicates unresolved resonance data.  The parameters LCOMP, and LRF are 
defined as follows in the case of LRU = 1: 
 

1 Single-level Breit-Wigner (SLBW) resonance parameters 
2 Multi-level Breit-Wigner (MLBW) resonance parameters 
3 Reich-Moore resonance parameters; no competitive reactions allowed 
4∗ Adler-Adler resonance parameters 

LRF  =  

7 Reich-Moore resonance parameters. It contains all the generality of LRF = 3 plus 
unlimited numbers and types of channels 

0 Covariances are given in a compatible format  LCOMP  =  
1 The entire covariance matrix is given 

                                                 
∗PUFF-IV does not handle Adler-Adler resonance parameter covariance data. 
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2 Covariances are given in a compact format that allows a compromise between 
amount of data given and accuracy of the covariance data. 

 
Not all formats can be handled by PUFF-IV at this point.  If a format is not handled by PUFF-IV, a 
warning message is emitted, and processing proceeds as if the information provided in that section of the 
ENDF file was not present.  Below a short description is given for each format currently handled by 
PUFF-IV.  The LCOMP = 1 format can give short-range as well as long-range correlation between the 
parameters.  The long-range covariances are not considered by PUFF-IV at this time. 
 
File 32 contains a single section (MT = 151) containing subsections for each energy range of each isotope 
in the material.  If more than one isotope is given, the abundance for each isotope is also given.  
Correlations of resonance parameters between energy ranges and isotopes are assumed to be 0.  
Therefore, multigroup covariance matrices can be calculated independently for each energy range and 
isotope and then be added together since we assume no cross terms.  The LRU, LRF, and LCOMP 
parameters are associated with the energy range, i.e. the energy range either lists resolved resonance 
parameters or unresolved resonance parameters in one of the accepted formats.  The formatting details for 
energy ranges are given below. 
 
In the resolved resonance region, the fission width data in File 2 can have negative values.  The sign is 
understood to be not the sign of the fission width itself, but the sign of the corresponding amplitude.  The 
covariances in File 32 are assumed to be given in terms of the signed fission width not of the unsigned 
fission width. 
 
2.3.2.1  Compatible Format (LCOMP = 0; LRU = 1) 
 
The File 32 Compatible Resolved Resonance uncertainty format is similar to the ENDF/B-V format; 
however, in ENDF/B-VI, the resonance spin covariances are zero.  The Compatible Resolved Resonance 
formats are only applicable for the SLBW and MLBW representations in the resolved-resonance region.  
The format of the File 32 resonance-parameter uncertainty section parallels the format of the File 2 
resonance parameter data.  In particular, an ENDF LIST record is used to describe the covariance 
information for NRS resonances corresponding to a specific l-value (i.e., angular momentum).  Within the 
LIST record, 18 parameters are provided to describe the covariance information for each resonance.  
Consequently, a total of 18*NRS parameters are provided for the resonances corresponding to a specific 
l-value (i.e., l = 0, 1, 2, ... etc.).  Note that covariance data may not be provided for every resonance in 
File 2.  Covariance information is only provided for the appropriate resonances as determined by the 
evaluator.  A similar LIST record is provided for each additional l-value that is defined by the evaluator.  
As noted above, 18 parameters are provided to describe the covariance information for each resonance; 
however, the 18th resonance parameter is always zero.  As a result, the following 17 parameters are 
defined for each available resonance: 
 

ER   =  the resonance energy, [eV]; 

J   =  the resonance spin; 

tΓ   =  the total resonance width; 

nΓ   =  the resonance neutron width; 

γΓ   =  the resonance gamma width; 

fΓ   =  the resonance fission width; 
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2DE   =  the variance of the resonance energy, [eV] 2; 
2DN   =  the variance of the neutron width, nΓ , [eV] 2 

DN DG×    =  the covariance between the neutron width, nΓ , 
and the gamma width, γΓ , [eV] 2; 

2DG   =  the variance of the gamma width, γΓ , [eV] 2; 

DN DF×   =  the covariance of the neutron width, nΓ ,  
and the fission width, fΓ , [eV] 2; 

DG DF×   =  the covariance of the gamma width, γΓ ,  

and the fission width, fΓ , [eV] 2; 
2DF   =  the variance of the fission width, fΓ , [eV] 2; 

DJ DN×   =  the null covariance between the resonance spin, J,  
and the neutron width, nΓ ; 

DJ DG×   =  the null covariance between the resonance spin, J ,  
and the gamma width, γΓ ; 

DJ DF×   =  the null covariance between the resonance spin, J ,  
and the fission width, fΓ ; 

2DJ   =  the null variance of the resonance spin, J . 
 
 
2.3.2.2  General Resolved Resonance Format (LCOMP = 1; LRU = 1) 
 
The format allows two types of sub-subsections: “NSRS” sub-sub-sections giving covariances among 
specified parameters of enumerated sets of resonances and “NLRS” sub-sub-sections each giving long 
range covariance contributions for stated energy regions for a particular type of resonance parameters. 
PUFF-IV does not yet handle NLRS subsections; therefore the format will not be discussed.  If PUFF-IV 
encounters NLRS sub-sections a warning will be emitted.  The calculation will proceed, and any 
contributions from the NLRS sub-sections to the parameter covariance matrix are ignored.  An energy 
range may contain several NSRS and/or NLRS sub-subsections.  The general resolved resonance format 
may be used for LRF = 1, 2, 3, 4, and 7. 
 
For LRF = 1, 2, and 3, each NSRS sub-subsection consists of one ENDF LIST record.  The LIST record 
first lists the resonance parameters as given in File 2 for the corresponding LRF value, which consists of 
six values for each resonance.  The list of resonance parameters is followed by the full parameter 
covariance matrix in upper triangular form for the listed parameters.  Not all resonances listed in File 2 
need to be listed in a File 32 record. A given resonance can appear in more than one NSRS record for the 
same energy range.  If the covariance between two parameters is specified in different NSRS record for 
the same energy range, PUFF-IV adds the covariance values to calculate the total covariances between the 
parameters. 
 
For LRF = 7 only NSRS sub-subsections are allowed.  Since LRF = 7 permits different numbers of 
channels for different spin-parity groups a different format needs to be used.  Each NSRS sub-subsection 
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starts with a control record listing the number of spin-parity groups to follow.  The resonance parameters 
for each spin-parity group are given in a list record.  Finally a list record lists the covariance matrix in 
upper triangular form.  As for the other LRF values, not all resonances listed in File 2 need to be listed in 
a file 32 record.  A given resonance can appear in more than one NSRS record for the same energy range.  
Note: As of this writing LRF = 7, LCOMP = 1 is not yet an approved ENDF format. 
 
2.3.2.3  Compact Matrix Format (LCOMP = 2, LRU = 1) 
 
The format consists of two parts.  The first part repeats the resonance parameters and their standard 
deviations, and the second part lists the correlation matrix using ENDF INTG records.  The format differs 
depending on whether LRF = 1, 2, and 3, or LRF = 7 is used. 
 
For LRF = 1, 2, and 3, the resonance parameters for an energy range are listed in one list record.  For each 
resonance 12 parameters are used.  The first six parameters repeat the resonance parameter as listed in 
File 2, the second six parameters list the standard deviations for the parameters. 
 
For LRF = 7, the particle pair definitions and channel descriptions are listed exactly as in File 2.  This is 
followed by one or more list records listing the resonance parameters followed by the standard deviation 
for each resonance parameter. 
 
For all values of LRF the list record(s) describing the resonance parameters and their standard deviations 
are followed by a header record listing the number of ENDF INTG records to follow.  The INTG records 
give the correlation value between two specified resonance parameters.  Only correlation values larger 
than an evaluator specified cut-off are given.  Using the variance listed in the first part of an LCOMP = 2 
section, the covariance matrix can be reconstructed. 
 
2.3.2.4  Unresolved Resonance Region (LRU = 2) 
 
The covariance data given in File 32 for a range with LRU = 2 are energy independent, that is all 
resonance parameters are assumed to be constant over the full energy range described by the range.  This 
is the case even if the resonance parameters given in File 2 are energy dependent.  This means that the 
derivative data need to be calculated with the resonance parameter values given in File 32 not with the 
resonance parameter values given in File 2.  However, some resonance parameter information like the 
number of degrees of freedom still needs to be retrieved from File 2 because it is not repeated in File 32. 
 
The unresolved resonance region covariance data are given for energy-independent parameter values even 
though the parameter values given in File 2 may be energy dependent. 
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The following data can be retrieved from the ENDF file: 
 

AWRI  the mass ratio from File 2 or 32 
SPI  the target nucleus spin from File 2 or 32 
AP  scattering radius from File 2 or 32 
l  the l value for a given resonance from File 2 or 32 
J  the total spin value for a given resonance from File 2 or 32 

l,JD  the average level density for a given resonance from File 32 

GNOl,J  the reduced average neutron width for a given resonance from File 32 
l,J
γΓ  the average γ width for a given resonance  from File 32 
l,J
fΓ  the average fission width for a given resonance  from File 32 
l,J
xΓ  the average competitive width for a given resonance from File 32 
l,J
nμ  the number of degrees of freedom for neutron widtha from File 2 
l,J
γμ  the number of degrees of freedom for γ widtha from File 2 
l,J
fμ  the number of degrees of freedom for fission widtha from File 2 
l,J
xμ  the number of degrees of freedom for competitive widtha from File 2 

NLS number of l values to consider for the cross section data from File 32 
NJSl  number of J values to consider for a given l value from File 32 

aENDF standard gives certain limits on the degrees of freedom. If the number of degrees of freedom is large, the χ2 function is 
approximated by a δ function. In the ENDF format this is indicated by a value of 0 for the number of degrees of freedom. 

 
We then define the following parameters: 
 

( )

( )

3

1/3

2J 1
2 2 SPI 1

AWRI2.196771 10
AWRI 1

0.123 AWRI 0.8

AP

J

l n

c

+g
+

k E
+

ρ k m +

ρ k

−

=
∗

= ×

⎡ ⎤= ⎣ ⎦
=

 (2.41)
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And the derived parameter: 
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l,J l
l,J n

l

l,J l
n

l l

c

l c c

c
c

c

l,J
n l,J l,J

l,J l,J l,J l,J l,J
n γ f x

μ l
ρν μ l

+ ρ

ρμ l
+ ρ + ρ

ρ l
Φ ρ ρ l

ρρ l
ρ

Γ Eν

Γ Γ + Γ + Γ + Γ

−

−

⎧
⎪ =⎪
⎪⎪= =⎨
⎪
⎪
⎪ =
⎪⎩
⎧
⎪

=⎪
⎪= − =⎨
⎪ ⎛ ⎞⎪ − =⎜ ⎟⎪ −⎝ ⎠⎩

=

=

 (2.42)

 
The elastic scattering cross section is defined as [3]: 
 

( ) ( )
2

2 2
2 2

0 total

4 22 1 sin 2 sin
lNJS l,J l,JNLS

l,JJ n n
e l n ll,J

l J l,J

g Γ Γπσ E = l + Φ + Γ Φ
k k D Γ
π

=

⎡ ⎤⎛ ⎞
−⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

∑ ∑  . (2.43)

 
The radiative capture cross section is defined as: 
 

( )
2

2
0 total

2 l l,J l,JNJSNLS
n γJ

c l,J
l J l,J

Γ Γgπσ E =
k D Γ=

∑ ∑  . (2.44)

 
And the fission cross section is defined as: 
 

( )
2

2
0 total

2 l l,J l,JNJSNLS
n fJ

f l,J
l J l,J

Γ Γgπσ E =
k D Γ=

∑ ∑  . (2.45)

 
The method used to calculate the average integral in Eqs. (2.43), (2.44) and (2.45) is outlined in Ref. 10.  
The average integral of a function of one average width, for example neutron width, is defined as: 
 

( ) ( ) ( )
0

l,J l,J
n l,J nμn

f Γ = P x f xΓ dx
∞

∫  , (2.46)
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where l,Jμn
P is the χ2-function for l,J

nμ degrees of freedom, defined by: 

 

( )
11 2 exp

2 2 2
2

μ

μ
μ μx μxP x =

μΓ

−
⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟⎛ ⎞ ⎝ ⎠ ⎝ ⎠

⎜ ⎟
⎝ ⎠

 (2.47)

 
And ( )Γ x  is the gamma function. 
 
The cross section and the partial derivatives are needed only at T = 0, and thus no Doppler broadening or 
line shape functions need to be considered. 
 
The integral is calculated using the quadrature integration lined out in Ref. 9, with the weights and 
abscissa given in Ref. 10, and repeated here for convenience in Table 2.2. 
 

Table 2.2.  Weights and abscissas for the quadrature of the statistical integral 
 

One degree of freedom 
                      nmax = 10            

Two degrees of freedom 
                        nmax = 10          

Weight Abscissa Weight Abscissa 
1.1120413 × 10-1 3.0013465 × 10-3 3.3773418 × 10-2 1.3219203 × 10-2 

2.3546798 × 10-1 7.8592886 × 10-2 7.9932171 × 10-2 7.2349624 × 10-2 

2.8440987 × 10-1 4.3282415 × 10-1 1.2835937 × 10-1 1.9089473 × 10-1 

2.2419127 × 10-1 1.3345267 × 10+0 1.7652616 × 10-1 3.9528842 × 10-1 

1.0967668 × 10-1 3.0481846 × 10+0 2.1347043 × 10-1 7/4083443 × 10-1 

3.0493789 × 10-2 5.8263198 × 10+0 2.1154965 × 10-1 1.3498293 × 10+0 

4.2930874 × 10-3 9.9452656 × 10+0 1.3365186 × 10-1 2.5297983 × 10+0 

2.5827047 × 10-4 1.5782128 × 10+1 2.2630659 × 10-2 5.2384894 × 10+0 

4.9031965 × 10-6 2.3996824 × 10+1 1.6313638 × 10-5 1.3821772 × 10+1 

1.4079206 × 10-8 3.6216208 × 10+1 0.0 7.5647525 × 10+1 

Three degrees of freedom 
          nmax = 10          

Four degrees of freedom 
           nmax = 10        

Weight Abscissa Weight Abscissa 
3.3376214 × 10-4 1.0004488 × 10-3 1.7623788 × 10-3 1.3219203* × 0-2 

1.8506108 × 10-2 2.6197629 × 10-2 2.1517749 × 10-2 7.2349624 × 10-2 

1.2309946 × 10-1 1.4427472 × 10-1 8.0979849 × 10-2 1.9089473 × 10-1 

2.9918923 × 10-1 4.4484223 × 10-1 1.8797998 × 10-1 3.9528842 × 10-1 

3.3431475 × 10-1 1.0160615 × 10+0 3.0156335 × 10-1 7.4083443 × 10-1 

1.7766657 × 10-1 1.9421066 × 10+0 2.9616091 × 10-1 1.3498293 × 10+0 

4.2695894 × 10-2 3.3150885 × 10+0 1.0775649 × 10-1 2.5297983 × 10+0 

4.0760575 × 10-3 5.2607092 × 10+0 2.5171914 × 10-3 5.2384894 × 10+0 

1.1766115 × 10-4 7.9989414 × 10+0 8.9630388 × 10-10 1.3821772 × 10+1 

5.0989546 × 10-7 1.2072069 × 10+1 0.0 7.5647525 × 10+1 

Infinite degrees of freedom 
            nmax = 1             

  

Weight Abscissa   
1 1   
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The integral in Eq. (2.41) is replaced by the sum  
 

( ) ( ) ( )
max

10

l,Jμn
n

l,J l,J l,J
n l,J n l,J l,J nμ μ μn n nn

n nf Γ = P x f xΓ dx = W f X Γ
∞

=

⎛ ⎞
⎜ ⎟
⎝ ⎠∑∫  , (2.48)

 
where n

μW is the weight for the specified degree of freedom and n
μA the abscissa. 

Because 0μ= in the ENDF files symbolizes an infinite number of degrees of freedom and because the 
χ2-function approaches a δ-function in this case, we can set: 
 

( ) ( )0 1P x = δ x−  . (2.49)
 
 
The statistical integral for elastic scattering becomes: 
 

( ) ( ) ( ) ( ) ( )
total

2

0 0 0 0

2

l,J l,J
n n

l,J

l,J
n

l,J l,J l,J l,J l,J l,J l,J l,Jμ μ μ μn g xf n γ f x

l,J
n l,Jμn

l,J l,J l,J l,Jμ μ μ μ l,J l,J l,J l,n γ f f
l,J n l,J γ l,J f l,J xμ μ μ μn γ xf

Γ Γ =
Γ

xΓ
P x P y P z P w dxdydzdw=

xΓ + yΓ + zΓ + wΓ

nΓ X
pn m kW W W W pn m kX Γ + X Γ + X Γ + X Γ

∞ ∞ ∞ ∞

⎛ ⎞
⎜ ⎟
⎝ ⎠

∫ ∫ ∫ ∫

max maxmaxmax

1 1 1 1
.

l,J l,Jl,Jl,J μ μμμ γ f fn
n nnn

Jn m k p= = = =
∑ ∑ ∑ ∑

 

(2.50)

 
The other integrals are calculated similarly. 
To calculate the covariances matrices for the group-averaged cross section data, the derivatives with 
respect to the resonance parameters are needed. The only difficult part is the derivative of the statistical 
integral. As an example the deduction is shown for the case of elastic scattering and a partial derivative 
with respect to l,J

nΓ : 
 

( ) ( ) ( ) ( ) ( )
total

2

0 0 0 0

,

l,J l,J
n n

l,J l,J
n

l,J
n

l,J l,J l,J l,J l,J l,J l,J l,J l,Jμ μ μ μn g xf n n γ f x

Γ Γ =
Γ Γ

xΓ
P x P y P z P w dxdydzdw

Γ xΓ + yΓ + zΓ + wΓ

∞ ∞ ∞ ∞

∂
∂

⎛ ⎞∂ ⎜ ⎟
⎜ ⎟∂
⎝ ⎠

∫ ∫ ∫ ∫

 

(2.51)
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and 
 

( )

( )
( )

2

232

2

2 .

l,J
n

l,J l,J l,J l,J l,J
n n γ f x

l,Jl,J
nn

l,J l,J l,J l,J l,J l,J l,J l,J
n γ f x n γ f x

xΓ
=

Γ xΓ + yΓ + zΓ + wΓ

x Γx Γ
xΓ + yΓ + zΓ + wΓ xΓ + yΓ + zΓ + wΓ

⎛ ⎞∂ ⎜ ⎟
⎜ ⎟∂
⎝ ⎠

−

 

(2.52)

 
The deduction for the remaining integrals and partial derivatives is similar. 
 
The covariance data for all resonance parameters in the unresolved resonance region are listed in File 32 
after the resonance parameters are given.  It is given as an ENDF list record containing the upper triangle 
values of the relative parameter covariance matrix. 
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3.  PROCESSING INTO MULTIGROUP DATA 
 
 

3.1  ENERGY GRID STRUCTURE 
 
Because covariance matrices are computed by combining submatrix components that are defined in the 
various File 31, 32, and 33 sub-subsections, the multigroup matrix operations dictate that the different 
sub-matrices have the same group structure.  However, the grid structure for the uncertainty data may not 
coincide with the grid structure of the multigroup cross-section data.  In addition, the grid structure that is 
specified by the user may not coincide with the uncertainty data or the multigroup cross-section data.  
Based on the various grid structures, the covariance analysis must process the covariance data with a 
union energy mesh that includes the energy points from the different grid structures.  Ultimately, the 
multigroup covariance matrices are calculated using a suitable union group structure and collapsed to the 
user-specified group structure. 
 
PUFF-IV considers five possible energy grid structures while processing the ENDF covariance 
information. A brief description of each energy grid is provided in Table 3.1. 
 

Table 3.1.  Different energy grid structures considered in PUFF-IV 

Grid Grid title Description 

1 Cross section Multigroup cross-section energy grid provided as user input or from an 
AMPX master library 

2 User Final multigroup structure provided as user input for the calculated 
covariance matrices 

3 Uncertainty 
ranges 

Energy grid values provided by evaluator in the ENDF as energy 
boundaries in the uncertainty file(s). These include NC section boundaries 
from File 31 and File 33 and energy range boundaries from File 2 and 
File 32 

4 Uncertainty grid Union of all the energy grids provided by NI sub-sections in File 31 and 
File 33 

5 Derivative grid Grid(s) used to calculate derivative information for File 32 calculations 

6 Super-grid Union of the user grid 2 and the uncertainty energy grid 3 

7 Super-user Union of the Super grid 6 and uncertainty grid 4 
 
In most cases covariance calculations are performed using a multigroup structure that is defined by the 
super-grid 6.  The exception is if a File 31 or File 33 containing NC sections with LTY = 1 or LTY = 3 is 
processed, in which case the covariance calculations are performed using a multigroup structure that is 
defined by the super-user grid 7.  The calculation covariance matrices described by a NI sub-section are 
done on grid 7 and then collapsed to the currently used multigroup structure.  This allows one to calculate 
the NI-section data on the evaluator-defined grid while doing the matrix operations on the super grid. 
 
Use of the different grid structures necessitates collapse or expansion of cross section data, flux data (if 
user supplied), and covariance matrices to different energy structures.  The weighting function (i.e., flux) 
is read as input from the user or constructed as 1/E or 1/(EΣt).  The weighting function may also be 
constructed as 1/E times a user-specified function, G(E) [i.e., 1/E G(E)].  The flux is constructed on grid 1 
and then expanded or collapsed as needed to the grid on which the calculation is done.  The exception of 
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this rule is the calculation of File 32 covariance data and a flux choice of 1/E.  In this case the flux is 
calculated on the fine grid 5 used to evaluate the derivative information. 
 
Assume the following parameters: 
 

I   =  group index for the group on which the quantity is to be calculated 

NG   =  number of groups in the desired group structure 

[ ]1I I+E ,E   =  energy boundaries for energy group I 

u
1

u
g g+E ,E⎡ ⎤⎣ ⎦   =  energy boundaries for groups structure from which to collapse or expand 

IΦ   =  flux on the new grid 

gΦ   =  flux on the original grid 

Iσ   =  cross section data on the new grid 

gσ   =  cross section on the original grid 
 
The flux is expanded or collapsed via the following formula: 
 

1

1

1

1 1

1

1 1

1 1

1
1 1

1

1
1

1
1

0

g

g+

g g+

g+ g

g

g+ g+

g+ g

u u
g I g I+
u u

g g I g I+

u uI+ I
g g I g I+u u

gNG

uI I u ug
g I I+u u

u
I+ u u

g I I+u u

E E E E
Φ E E E E

E EΦ E E E E
E E

E E
Φ E E E E

E E

E E
Φ E E E E

E E

+

+

+
+

=

⎧ ≤ ∨ ≥
⎪ ≥ ∧ ≤⎪
⎪ −

≤ ∧ ≥⎪
−⎪⎪= ⎨ −

⎪ ≥ ∧ ≤
⎪ −
⎪
⎪ −

≥ ∧ ≤⎪
−⎪⎩

∑Φ  (3.1)

 
The cross section data are expanded or collapsed using the following formula: 
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1

1

1

1

1

1

1

1 1

1

1

1

1
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g g+
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g g I I+u u
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g g I I+u u

E E E E

σ Φ E E E E

E Eσ Φ E E E E
E E

E EΦ
σ Φ E E E E

E E

E E
σ Φ E E E E

E E

σ
=

⎧ ≤ ∨ ≥
⎪

≥ ∧ ≤⎪
⎪

−⎪ ≤ ∧ ≥⎪ −⎪= ⎨ −⎪ ≥ ∧ ≤⎪ −
⎪
⎪ −
⎪ ≥ ∧ ≤
⎪ −⎩

∑  (3.2)

 
Once the cross sections and flux are converted to the super-grid structure, the covariance calculations are 
performed using the super-grid parameters, and the multigroup covariance matrices are generated using 
the super-user group structure by determining the contribution to each super-user group from the finer 
super-group structure.  As the calculation proceeds, the covariance matrices are stored in the super-user 
group structure.  Since the super-user grid structure has the energy boundaries from all the NC sub-
subsections as well as energy boundaries from File 2 and File 32, the linear summing operations for the 
sub-matrices can be performed as needed.  The final covariance matrices are obtained by collapsing the 
super-user group matrices to the user group structure using a formula similar to (3.2). 
 
 
3.2  PROCESSING FILE 31 AND 33 COVARIANCE 
 
3.2.1  NI Sub-subsections 
 
Before the point covariance equations in Table 2.1 can be used in a multigroup application, the equations 
must be converted to multigroup form using Eq. (2.24).  The derivation of the multigroup expression for 
LB = 1 is presented in the subsequent discussion.  The same procedure can be used to derive the 
multigroup equations for the remaining NI sub-subsections. 
 
Substituting Eq. (2.29) into Eq. (2.24) yields: 
 

( ) ( ) ( )

( ) ( )

( )
,

,

1

1

1

1

i;kI J
j;k xy;k i j

kI J I J

xy;k i j
kI J k I k J

xy;k i J,k J,k
kI J k I J

xy;k I,k I,k J,k J,k
k I JI J

=COV x , y Φ E Φ E' P F x y dEdE'
Φ Φ

= F Φ E x Φ E' y dEdE'
Φ Φ

= F Φ E xΦ y dE
Φ Φ

= F Φ x Φ y
Φ Φ

∈ ∈

∈

∈

∑∫ ∫

∑ ∫ ∫

∑ ∫

∑
 

(3.3)
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where 
 

( )

( )

I,k

k I

J,k

k J

Φ = Φ E dE

Φ = Φ E dE
∈

∈

∫

∫

 

(3.4)

 
and 
 

( ) ( )

( ) ( )

I,k

k I

J,k

k J

x = x E Φ E dE

y = y E Φ E dE
∈

∈

∫

∫

 

(3.5)

 
The cross sections and flux data in Eq. (3.4) and Eq. (3.5) are calculated on the super-user grid as 
described in Sect. 3.1.  Calculation of Eq. (3.3) is done on the super-user grid for each individual NI 
section and then collapsed to the super-grid.  Addition of the covariance matrices from different NI 
sections is done in the super-grid. 
 
The multigroup equations for the remaining NI sub-subsections can be derived following the same 
procedure. 
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The multigroup equations for LB = 0 through 8 are presented in Table 3.2. 
 
 

Table 3.2.  Summary of covariance equations for NI sub-subsections (point covariance) 

LB Equation 

0a ( )
,

1
i j xy;k I,k J,k

k I JI J

COV x , y = F Φ Φ
Φ Φ ∈

∑  (3.6) 

1a ( )
,

1
i j xy;k I,k I,k J,k J,k

k I JI J

COV x , y = F Φ x Φ y
Φ Φ ∈

∑  (3.7) 

2 ( )
'

1
i j xy;k I,k I,k xy;k' J,k' J,k'

k I k JI J

COV x , y = F Φ x F Φ y
Φ Φ ∈ ∈

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦
∑ ∑  (3.8) 

3 ( ) 1
i j x;k I,k I,k y;l J,l J,l

k I l JI J

COV x , y = F Φ x F Φ y
Φ Φ ∈ ∈

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦
∑ ∑  (3.9) 

4 ( )
, '

1
i j k xy;l I,l I,l xy;l' J,l' J,l'

k I J l I l JI J

COV x , y = F F Φ x F Φ y
Φ Φ ∈ ∈ ∈

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦

∑ ∑ ∑  (3.10)

5b ( )
'

1
i j xy;k,k' I,k I,k J,k' J,k'

k I k JI J

COV x , y = F Φ x Φ y
Φ Φ ∈ ∈

∑∑  (3.11)

6b ( ) 1
i j xy;k,l I,k I,k J,l J,l

k I l JI J

COV x , y = F Φ x Φ y
Φ Φ ∈ ∈

∑∑  (3.12 

8c,d ( ) ( ) 1 k
l l l I,k I,k k

k II I I

ΔECOV x , y =VAR x = Φ Φ F
Φ Φ ΔE∈

∑  (3.13) 

aThese equations define a block diagonal matrix. 
cSee Ref. 3 for more detail on these formats. 
bΔEk = Ek+1 − Ek and ΔEI  = EI+1 − EI . 
dThese equations define a diagonal matrix. 

 
3.2.2  NC Sub-subsections 
 
The NC sub-subsections are used to define the components of the covariance matrix for derived 
redundant cross sections (LTY = 0).  In addition, the NC sub-subsections are used to define covariance 
matrices of cross sections that are derived from ratio measurements (1 ≤ LTY ≤ 3).  The multigroup NI 
sub-subsection equations from Sect. 3.2.1 are used to construct the covariance matrix components defined 
by the NC sub-subsections. Therefore PUFF-IV calculates all covariance data defined by NI sections first 
before calculating the derived covariance matrices. 
 
3.2.2.1  Derived redundant cross section data (LTY = 0) 
 
The covariance data described in a LTY = 0 section give rise to various cross contributions.  The derived 
cross section itself is given by Eq. (2.36).  A given covariance matrix might be described by one or more 
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NC sub-sections, which extend over different energy ranges.  In addition there may be contributions from 
one or more explicitly defined NI sub-subsections.  The covariance matrices in PUFF-IV are calculated 
on the super-grid, thus energy group boundaries will always coincide with the energy ranges given by any 
NC section or NI section.  Assume that the kth NC region for cross section x is defined for energies in 

{ }k
NC,xE , further assume that { }NI ,xE represents all energy values for which the covariance matrix is 

described by a NI section for cross section x.  We define the following two factors: 
 

( )
{ }
{ }

( ) { }
{ }

NI
NI

NI

1

0

1

0

k
NC,xk

NC,x k
NC,x

,x
,x

,x

E E
P E

E E

E E
P E

E E

⎧ ∈⎪= ⎨
∉⎪⎩

⎧ ∈⎪= ⎨
∉⎪⎩

 (3.14)

 
If ( )explx E is the explicitly defined part of the cross section, the deviation of the point-wise cross section 
is given by: 
 

( ) ( ) ( ) ( ) ( )NI expl
k k k

NC,x i i ,x
k i

δx E = P E C δy E + P E δx E∑ ∑  , (3.15)

 
where the first sum extends over the number of NC sub-subsections, and the second sum over the 
relationships defined in the kth NC sub-subsection.  From Eq. (3.15) the point-wise covariance matrix can 
be derived as 
 

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

NI NI

NI

NI .

k k l l k l
NC,x i NC,z j i j

k i l j

,x ,z

k k k
,z NC,x i i

k i

l l l
,x NC,z j j

l j

=x E ; z E' P E C P E' C y E ;w E' +

P E P E' x E ; z E' +

P E' P E C y E ; z E' +

P E P E' C x E ;w E'

∑ ∑ ∑ ∑

∑∑

∑∑

 

(3.16)

 
Inserting Eq. (3.16) into Eq. (2.29), yields four contributions to the group averaged covariance matrix 
corresponding to each of the four terms in the above equation.  As an example the derivation of the first 
term is shown: 
 

( ) ( ) ( ) ( ) ( ) ( )
, . .

1 'k l k l k l
NC,x NC,z i j i j

k i l jI J I J

Φ E Φ E' P E P E' C C y E w E' dEdE =
Φ Φ ∑ ∑∫ ∫

( ) ( ) ( ) ( ) ( ) ( )
, , ,

1 'k l k l k l
i j NC,x NC,z i j

k i l jI J I J

C C Φ E Φ E' P E P E' y E w E' dEdE =
Φ Φ ∑ ∫ ∫

{ } { }
{ } { }, , ,

,
0

k l k,i l, j k l
i j I J NC,x NC,z

k l
k i l j NC,x NC,z

C C y ;w I E J E

I E J E

⎧ ⎫∈ ∧ ∈⎪ ⎪
⎨ ⎬

∉ ∨ ∉⎪ ⎪⎩ ⎭
∑

(3.17)
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where the derivation is possible because the energy boundaries defined for k
NC,xP coincide with the group 

boundaries.  The covariance matrices i j
I Jy w are calculated using the formulas derived in Sect. 3.2.1. 

Derivation of the remaining contributions is similar and yields the following four contributions: 
 

 
{ } { }
{ } { }, , ,

.
0

k l k,i l, j k l
i j I J NC,x NC,z
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∑
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{ } { }

{ } { }

NI NC

NI
NC

.
0

l l, j l
j I J ,x ,z

j

,x ll
,z

C x ;w I E J E

I E J E

⎧ ⎫∈ ∧ ∈
⎪ ⎪
⎨ ⎬
⎪ ⎪∉ ∨ ∉⎩ ⎭

∑
∑  (4) 

(3.18)

 
For each matrix element only one of the contributions (1–4) can contribute, because the energy ranges for 
different NC sections and NI sections for a given covariance matrix cannot overlap. 
 
3.2.2.2  Derived Ratio Cross-Section Data (LTY = 1) 
 
In addition to the covariances for derived redundant cross sections, PUFF-IV must process covariances of 
cross sections that are derived from ratio measurements to standard cross sections.  Section 2.3.1.2 
describes the continuous-energy format of the cross-section covariances that are derived from ratio 
measurements.  Assume that Eq. (2.37) defines the derived cross section in terms of the standard cross 
section over the energy range { } [ ]NC 1k k+E = E ,E .  The group structure used to calculate the derived 
covariance matrix has to be the super-user grid (grid 7 in Table 3.1).  To see that, we assume that the NI 
section of the standard covariance matrix is an LB = 1 section.  The point-wise covariance matrix is then 
defined as: 
 

( ) ( ) ( ) ( ) ( ) ( ) ( )

,

1

1

1

,

i;kI J
j;k xy;k

kI J I J

I J xy;k I,k I,k J,k J,k
k I JI J

I,k
I J J,k xy;k I,k I,k J,k J,k

I J

I J I J

=COV x ,x Φ E Φ E' P F R E y E R E' y E' dEdE'
Φ Φ

= R R F Φ y Φ y
Φ Φ

= R R P F Φ y Φ y
Φ Φ

= R R y y

∈

∑∫ ∫

∑

 

(3.19)

 
where the derivation is similar to Eq. (3.3).  The last step is possible because the calculation is done on 
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the super-user grid.  In addition it is assumed that the ratio factors do not have any cross correlation 
between themself, in other words 0I JR R = and 0I JR y = . The factor J,k

I,kP is defined similar to Eq. 
(2.26).  The derivation for the other LB values is similar.  Therefore, we get the following relationship if 
the group structure coincides with the super-user grid: 
 

{ } { }NC NC .I J I J I Jx x = y y R R ; I E J E∈ ∧ ∈  (3.20)
 
The matrix can also be expressed as relative covariance matrix: 
 

( ) ( )( )
( )

{ } { }NC NC

I J I J I J
I J

I J I I J J I J

I J

=x x x x y y
RCOV x ,x = =

x x R y R y y y
= RCOV y , y

I E J E∈ ∧ ∈

 (3.21)

 
because the derived cross-section x is a function of the standard cross-section y, Eq. (2.37) also implies 
that a correlation between x and y exists.  The deduction of the formulas is similar to the equation above: 
 

( ) ( )
( )

{ } { }NC NI

,

I J I J I
I J

I I J I I J

I J

y

=x y y y R
RCOV x , y =

R y y R y y
= RCOV y , y

I E J E∈ ∧ ∈

 (3.22)

 
The covariance matrix defined in Eq. (3.22) is also given as an explicit matrix in File 33 and is marked as 
a derived matrix with LTY = 2.  PUFF-IV calculates the cross matrix defined in Eq. (3.22) at the time the 
LTY = 1 record is processed.  Any LTY = 2 sub-subsections are ignored by the code. 
 
As pointed out the group average of the derived cross section in Eq. (3.22) needs to be done on the super-
user grid (grid 7 in Table 3.1).  Therefore, if the ENDF file contains an LTY = 1 or LTY = 3 section, the 
calculation of all matrices is done on the super-user grid (grid 7 in Table 3.1) instead of the super-grid 
(grid 6 in Table 3.1). 
 
3.2.2.3  Derived Ratio Cross Section Data (LTY = 3) 
 
An LTY = 3 section is found in the standard material as an indication that the covariance matrix in this 
section is used as a standard for the indicated material.  In an analog fashion to the LTY = 1 section in the 
derived matrix, a LTY = 3 section implies the existence of a cross matrix as defined in Eq. (3.22).  If more 
than one LTY = 3 sub-section refers to the same explicit standard covariance matrix, this implies cross 
covariance matrices between the derived materials.  Assume two LTY = 3 sections specifying the 
relationship: 
 

{ }
{ }

NC

NC

,

,

x
I I I

z
I I I

x = R y I E

z = G y I E

∈

∈

 
(3.23)
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Then the relative covariance matrix: 
 

( ) ( )( ) ( )( ) ( )

{ } { }NC NC

I J J J
I J I J I J

I I J J I I J J

x z

x z y Z
RCOV x ,z = = R G = RCOV y , y

R y G y R y G y

I E J E∈ ∧ ∈

 (3.24)

 
is also defined and needs to be processed by PUFF-IV. 
 
As in the case of an LTY = 1 section, the above equations are only valid if they are done on the super-user 
grid (grid 7 in Table 3.1). 
 
 
3.3  PROCESSING FILE 32 COVARIANCE INTO MULTIGROUP FORMATS 
 
As noted in Sect. 2.3.2, File 32 provides the covariance information for the available resonance 
parameters.  Because the uncertainty information is expressed in terms of the resonance parameters, the 
covariance information cannot be combined directly with the cross-section covariance data from File 33.  
Therefore, the processing code must calculate the contribution to the cross-section covariance matrix and 
combine the contribution with the cross-section covariances from File 33.  Two approaches are 
implemented in PUFF-IV.  The first approach is to calculate cross-section sensitivities and fold the 
sensitivities with the resonance parameter covariances to obtain the cross-section covariance contribution 
from the resonance parameter uncertainty data.  Sect. 3.3.1 discusses the sensitivity analysis. PUFF-IV 
implements this treatment for LRU = 1, LCOMP = 0, and SLBM and MLBW resonance description.  The 
second approach is full processing of resonance parameter covariance data and is described in Sect. 3.3.2. 
 
3.3.1  File 32 Processing via Sensitivity Analysis 
 
To process the resonance parameter uncertainties in the sensitivity analysis, various assumptions are used 
in the analysis scheme.  The different assumptions can be summarized as follows: 
 

1. Uncertainties due to resonance self-shielding are not considered. 
2. The resonances are widely spaced, as dictated by the Breit-Wigner representation. 
3. Each resonance is assumed to be completely within an energy group I. 
 

These assumptions provide the basis for the cross-section covariance calculation due to the resonance 
parameter uncertainties. 
 
Consider a partial cross section due to only one resonance, iσ , where i denotes either fission or capture.  
Using the single-level Breit-Wigner representation, the partial cross section can be expressed in the 
following format: 
 

( )
22

2

4

N i
i

t
r

Γ Γπgσ =
Γk E E +−

 , 
(3.25)
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where 
 

g   =  statistical spin factor; 

k   =  the neutron wave number; 

nΓ   =  the neutron width; 

iΓ   =  the capture or fission width (i.e., i = γ or f, respectively); 

tΓ   =  the total width; 

E   =  energy; 

rE   =  resonance energy. 

 
The total resonance width is defined as the sum of the neutron width, the fission width, and the gamma 
width: 
 

t n f γΓ = Γ + Γ + Γ  . (3.26)
 
The statistical spin, g, is defined in terms of the resonance spin and the spin of the target nucleus: 
 

( )
2 1

2 2 1
J +g =
I +

 , (3.27)

 
where 
 

J   =  resonance spin, 

I   =  spin of the target nucleus. 
 
In addition, the neutron wave number is defined in the center-of-mass system as follows: 
 

3 AWRI2.196771 10
AWRI 1 rk = E

+
−×  , (3.28)

 
where 
 

AWRI  =  the ratio of the isotope mass to the mass of the neutron. 
 
The average cross section in the energy group [ ]1I I+E ,E  can be obtained by integrating over a flat flux 
distribution: 

( )
1

1

I

I

E

i
I E
i

I I

E dE

E E

σ
σ

+

+

=
−

∫
 . 

(3.29)
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Per assumption (3) the resonance is fully contained in a given energy group, therefore the above integral 
can be extended from -∞ to ∞ to represent the total area under the resonance. The resonance area is given 
as: 
 

( )
2

2

2 n i
i i

t

Γ ΓgπA = σ E dE =
k Γ

+∞

−∞
∫  , (3.30)

 
where a flat weighting spectrum was used to obtain the cross-section area as defined by Eq. (3.30). The 
deviation of the group averaged cross section is: 
 

1

1I
I i i
i l l

Il I+ I l

σ Aδσ = δP = δP
P E E P

∂ ∂
∂ − ∂∑ ∑  , (3.31)

 
where the sum extends over the resonance parameters , i.e. n γ fE,Γ ,Γ ,Γ and J. The group averaged 
covariance is thus: 
 

I'I
jI I' i

i j l n
l n

σσσ ;σ = δP ;δP
P P

∂∂
∂ ∂∑  . (3.32)

The sensitivities 
I
i

l

σ
P

∂
∂

are obtained by taking the partial of the cross-section area with respect to each 

resonance parameter.  As an example, the sensitivity of the capture cross section with respect to the 
capture width is obtained by taking the partial of Eq. (3.30) (i.e., i = γ) with respect to Γγ: 
 

2

2
1

2

2
1

2

2 2
1

2

2
1

1 2

21

21

21 1 .

I
n γγ

I+ I γ tγ

γn

I+ I γ t

t γn

I+ I t

γn

I+ I t

= Γ Γgπσ
E E k Γ ΓΓ

= Γgπ Γ
E E k Γ Γ

= Γ Γgπ Γ
E E k Γ

= Γgπ Γ
E E k Γ

⎡ ⎤∂∂
⎢ ⎥− ∂∂ ⎣ ⎦

⎡ ⎤∂
⎢ ⎥− ∂ ⎣ ⎦
−⎡ ⎤

⎢ ⎥− ⎣ ⎦
⎡ ⎤
−⎢ ⎥− ⎣ ⎦  

(3.33)
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The remaining sensitivities, which are calculated in a similar fashion, are provided in Table 3.3. 
 

Table 3.3.  Flat weighted cross-section sensitivities with respect to resonance parameters 
Capture cross-section sensitivities Fission cross-section sensitivites 

2

2

1 2 1
I
γ γn

γ f t t

σ ΓΓgπ=
Γ a k Γ Γ
∂ ⎡ ⎤

−⎢ ⎥∂ ⎣ ⎦
 (3.34) 

2

2 2

1 2I
f n f

γ f t

σ Γ Γgπ=
Γ a k Γ

∂ −
∂

 (3.35) 

2

2

1 2 1
I
γ γ n

n f t t

σ Γ Γgπ=
Γ a k Γ Γ
∂ ⎡ ⎤

−⎢ ⎥∂ ⎣ ⎦
 (3.36) 

2

2

1 2 1
I
f f n

n f t t

σ Γ Γgπ=
Γ a k Γ Γ
∂ ⎡ ⎤

−⎢ ⎥∂ ⎣ ⎦
 (3.37) 

2

2 2

1 2I
γ n γ

f f t

σ Γ Γgπ=
Γ a k Γ
∂ −
∂

 (3.38) 
2

2

1 2 1
I
f fn

f f t t

σ ΓΓgπ=
Γ a k Γ Γ
∂ ⎡ ⎤

−⎢ ⎥∂ ⎣ ⎦
 (3.39) 

( )2

1 2
2I 1

I
γ n γ

f t

σ Γ Γπ=
J a k + Γ

∂

∂
 (3.40) 

( )2

1 2
2I 1

I
f n f

f t

σ Γ Γπ=
J a k + Γ

∂

∂
 (3.41) 

2
2 2

1 12
I
γ n γ

r f t r

σ Γ Γ
= gπ

E a Γ β E
∂ ⎡ ⎤

⎢ ⎥∂ ⎣ ⎦
 (3.42) 2

2 2

1 12
I
f n f

r f t r

σ Γ Γ
= gπ

E a Γ β E
∂ ⎡ ⎤

⎢ ⎥∂ ⎣ ⎦
 (3.43) 

( )3
1

AWRI2.196771 10
AWRI 1 f I+ Iβ= ;a = E E

+
−× −  

 
The sensitivities calculated in Table 3.3 were obtained by integrating the SLBW representation of the 
cross-section value against a constant or flat weighting function.  An additional cross-section weighting 
option is available for the resonance parameter uncertainties and is documented in Ref. 2.  In the 1/E 
weighting approach, the average cross section is expressed in the following form: 
 

( )
1

1

1 or
I

I

I

I

E
I
i iE

E

E

dEσ = σ E ; i = γ f
EdE

E

+

+ ∫
∫

 . 
(3.44)

In Eq. (3.44), the “true” cross-section, iσ , is approximated by the quantity 
2

i

i

A
Γ

.  By using this 

approximation, the resonance has a width of 2 iΓ .  With the approximation, the integral in Eq. (3.44) can 
be evaluated, and the average cross section for group k can be approximated as follows: 
 

1

ln
or

2
ln

r i

r iI i
i

i k+

k

E + Γ
E ΓAσ ; i = γ f

Γ E
E

⎡ ⎤
⎢ ⎥−⎣ ⎦≈
⎡ ⎤
⎢ ⎥
⎣ ⎦

 . (3.45)
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Using the same procedure as in the flat-weighting case, the sensitivities are obtained by taking the partial 
of the cross-section area with respect to each resonance parameter.  The sensitivities for the 1/E weighting 
case are provided in Tables 3.4 and 3.5. 
 

Table 3.4.  1/E weighted capture cross-section sensitivities with respect to resonance parameters 

( )( )
2

2 2 2
1/

221 1
2a

I
γ t γ γ r γn

γ γ
γ E γ t γ γ r γ r γ

σ Γ Γ A E Agπ Γ= γ γ +
Γ Γ k Γ Γ Γ E Γ E + Γ

⎧ ⎫∂ −⎪ ⎪−⎨ ⎬∂ −⎪ ⎪⎩ ⎭
 (3.46)

2

2
1/

1
I
γ n

γ
n E t t

σ Γgπ= γ
Γ a k Γ Γ
∂ ⎡ ⎤

−⎢ ⎥∂ ⎣ ⎦
 (3.47)

2

2 2
1/

I
γ n

γ
f E t

σ gπ Γ= γ
Γ a k Γ
∂ −
∂

 (3.48)

( )
2

2
1/ 2 1

I
γ n

γ
E t

σ π Γ= γ
J a k I + Γ

∂

∂
 (3.49)

( )( )
2

2 2
1/ 1/

1I
γ γn

γ
r E t r E r γ r γ

σ Agπ Γ= γ
E a Γ β E a E + Γ E Γ
∂ ⎛ ⎞−

−⎜ ⎟∂ −⎝ ⎠
 (3.50)

3 1
1/

AWRI2.196771 10 ln ln
AWRI 1

r γ I+
γ E

r γ I

E + Γ Eβ= ;γ = ;a =
+ E Γ E

−
⎡ ⎤ ⎛ ⎞

× ⎢ ⎥ ⎜ ⎟−⎢ ⎥ ⎝ ⎠⎣ ⎦
 

 
Table 3.5.  1/E weighted fission cross-section sensitivities with respect to resonance parameters 

2

2 2

I
f n

f
γ f t

σ gπ Γ= γ
Γ a k Γ

∂ −
∂

 (3.51)

2

2
1/

1
I
f n

f
n E t t

σ Γgπ= γ
Γ a k Γ Γ
∂ ⎡ ⎤

−⎢ ⎥∂ ⎣ ⎦
 (3.52)

( )( )
2

2 2

221 1 1
2a

I
f f f r fn

f f
f f f t t f f r f r f

σ Γ A E Agπ Γ= γ γ +
Γ Γ k Γ Γ Γ Γ E + Γ E Γ

⎧ ⎫∂ ⎛ ⎞⎪ ⎪− −⎨ ⎬⎜ ⎟∂ −⎝ ⎠⎪ ⎪⎩ ⎭
 (3.53)

( )
2

2
1/ 2 1

I
f n

f
E t

σ π Γ= γ
J a k I + Γ

∂

∂
 (3.54)

( )( )
2

2 2
1/ 1/

1I
f fn

f
r E t r E r γ r γ

σ Agπ Γ= γ
E a Γ β E a E + Γ E Γ

∂ ⎛ ⎞−
−⎜ ⎟∂ −⎝ ⎠

 (3.55)

3 1
1/

AWRI2.196771 10 ln ln
AWRI 1

r f I+
f E

r f I

E + Γ Eβ= ;γ = ;a =
+ E Γ E

−
⎡ ⎤ ⎛ ⎞

× ⎢ ⎥ ⎜ ⎟−⎢ ⎥ ⎝ ⎠⎣ ⎦
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The LCOMP = 0 format for the covariance data in ENDF File 32 only gives covariances between 
parameters of the same resonance and per assumption (3) each resonance is completely contained in one 
energy group.  It therefore follows that Eq. (3.32) is not null only if I = I′, i.e. the multigroup matrix is 
diagonal with respect to the energy groups.  Define the parameter covariance matrix for a given 
resonance: 
 

0

0

0

0

0 0 0 0

n n n γ n f n

n γ γ γ n f γ

n f n f f f f

n γ f

r r

δΓ δΓ δΓ δΓ δΓ δΓ δJδΓ

δΓ δΓ δΓ δΓ δΓ δΓ δJδΓ

D δΓ δΓ δΓ δΓ δΓ δΓ δJδΓ

δJδΓ δJδΓ δJδΓ δJδJ

δE δE

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥=
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 (3.56)

 
Further define the sensitivity matrix: 
 

I I I I I
γ γ γ γ γ

n γ f r

I I I I I
f f f f f

n γ f r

σ σ σ σ σ
Γ Γ Γ J E

H
σ σ σ σ σ
Γ Γ Γ J E

⎡ ⎤∂ ∂ ∂ ∂ ∂
⎢ ⎥
∂ ∂ ∂ ∂ ∂⎢ ⎥

= ⎢ ⎥
∂ ∂ ∂ ∂ ∂⎢ ⎥
⎢ ⎥∂ ∂ ∂ ∂ ∂⎣ ⎦

 (3.57)

Therefore the full covariance matrix for each resonance with a resonance energy in energy group I can be 
formed by folding the sensitivity matrix, H, with the parameter covariance matrix, D: 
 

( )
I I I I
γ γ γ f

T

I I I I
f γ f f

δσ δσ δσ δσ
H DH

δσ δσ δσ δσ

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

 (3.58)

 
To obtain the complete contribution to a given energy group, the matrix defined in Eq. (3.58) must be 
summed over each resonance whose resonance energy is contained in the energy group.  If more than one 
isotope is present, the atom abundance is used to weight the contribution from each isotope. 
 
Because the cross-section covariance matrices due to the resonance parameter uncertainty must be 
combined with the cross-section covariance matrices from File 33, the cross-covariance matrices from 
File 32 are produced on the super-grid.  The subsequent covariance matrices are combined with the 
covariance matrices from File 33, and the final matrices are collapsed to the desired user grid structure. 
 
3.3.2  File 32 Full Processing 
 
In ENDF File 32 the covariance data for the resonance parameters are given, which need to be translated 
into the group-averaged cross-section covariance matrix with respect to the energy.  If the resonance 
parameters are{ }iP the point wise cross section for reaction m at energy E is given as: 
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( ) ( )m m iσ E = σ E,P  . (3.59)
 
The expectation value for a given parameter is iP . Further define j j jδP = P P− , then the covariance 

matrix between resonance parameters is 
 

( )i j i jCov P ,P = δP;δP  . (3.60)
 
The point-wise deviation for the cross section in terms of resonance parameters is 
 

( ) ( )m
m k

k

σ E
δσ E = δP

P
∂
∂∑  , (3.61)

 
where the sum extends over all resonance parameters.  The covariance matrix for point-wise cross section 
data between reaction m and l is 
 

( ) ( ) ( ) ( )

( ) ( ) .

m l m l
k n

k nk n

m l
k n

kn k n

=δσ E δσ E' σ E σ E'
δP δP

P P

= σ E σ E'
δP δP

P P

∂ ∂
∂ ∂

∂ ∂
∂ ∂

∑ ∑

∑
  (3.62)

 
To get the group-averaged cross-section covariance matrix, we insert Eq. (3.62) into Eq. (2.24) and get: 
 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

1 '

1 '

1 ' .

m l
I J

m l
I J I J

m l
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knI J k nI J

m l
k n

knI J k nI J

=COV x ,x Φ E Φ E' δσ E δσ E' dEdE
Φ Φ

= σ E σ E'
Φ E Φ E' δP δP dEdE

Φ Φ P P
= σ E σ E

δP δP Φ E dE Φ E' dE
Φ Φ P P

∂ ∂
∂ ∂

⎛ ⎞⎛ ⎞∂ ∂
⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠⎝ ⎠

∫ ∫

∑∫ ∫

∑ ∫ ∫

 

(3.63)

 
If we define 
 

( ) ( )1 mm
Ik

I kI

σ E
D = Φ E dE

Φ P
∂
∂∫  , (3.64)

 
Equation (3.63) can be rewritten as 
 

( )m l m l
I J Ik k n JnCOV x ,x = D δP δP D∑  . (3.65)
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In the resolved resonance region, for example LRU = 1, the derivatives are calculated using the data 
provided in File 2.  In the unresolved resonance region, the derivatives are calculated using the data 
provided in File 32 as outlined in Sect. 2.3.2.4. 
 
Processing of the resolved resonance region is done analytically.  Partial derivatives with respect to the 
resonance parameters are calculated using the samrml library developed by N. M. Larson, the author of 
the R-Matrix fitting program SAMMY [8], as an aid to developers of processing codes for generating 
cross-sections and derivatives with the new ENDF formats.  The library calculates the derivatives for 
Reich-Moore parameters.  Even if the resonance data are given in terms of Single- or Multi-Level Breit-
Wigner formalism, the Reich-Moore formulae are used to calculate the derivatives.  Although this is an 
approximation, nevertheless it should be quite good.  For situations in which the Breit-Wigner 
approximations are adequate, they give almost the same cross-sections and derivatives as does the Reich-
Moore approximation. 
 
File 2 and File 32 can contain several energy ranges on which different parameterizations of the 
resonance region are used.  If this is the case, no cross covariance data are provided in the ENDF file 
between different energy ranges.  PUFF-IV therefore assumes these cross covariance matrices to be null.  
The covariance data from the different energy ranges can thus be simply added together.  The same is 
assumed if more than one isotope is present.  The super-grid on which the matrices are calculated is 
chosen in such a way that the energy group boundaries coincide with the group boundaries in File 2 and 
File 32.  The matrices defined in Eq. (3.65) can therefore be calculated separately for each defined energy 
range and then be added up.  If several isotopes are present, the atom abundance is used to weight the 
contribution from each isotope. 
 
The samrml library provides the derivatives for elastic scattering (ENDF reaction value 2), absorption 
[radiative capture (ENDF reaction value 102) plus all remaining reaction] and for the remaining reactions, 
if applicable.  These are fission (ENDF reaction value 18) if LRF = 1, 2, 3, and material is fissionable, or 
the reaction number specified by the particle pair information if LRF = 7.  PUFF-IV also calculates the 
derivative for the total cross section based on the derivatives provided by the samrml library. 
 
The integrals for DIk

m
defined in Eq. (3.64) are calculated using a fourth-order Runge Kutta algorithm 

with adaptive step-size [7]. 
 
If the flux as a function of energy is known Eq. (3.64) can easily be calculated. If the flux is only known 
as a group constant, as is the case for some of the flux input options for PUFF-IV, the best we can assume 
is that the flux as a function of energy is constant over the group, and assume 
 

( ) ( )1
1

therefore I
I g I+ I g g

I+ II

ΦΦ = φ dE = E E φ φ =
E E

−
−∫  . (3.66)
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Thus Eq. (3.64) becomes 
 

( ) ( )

( )
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1

1

1

1

1 .
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I I+ I kI

m
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Φ E E P
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∂
∂

∂
− ∂

∂
− ∂

∫

∫

∫

 

(3.67)

 
and therefore becomes independent of the choice of flux. 
 
 
3.4  INTEGRAL QUANTITIES 
 
For comparison PUFF-IV calculates some integral quantities and writes the result in the output 
section. 
 
3.4.1  Thermal Cross Section 
 
For a reaction value of MT, the thermal cross section is defined as 
 

( )0
MT MT 0 0for 0.0253eVσ = σ E E =  . (3.68)

 
PUFF-IV prints the cross section, relative standard deviation, and standard deviation for the group 
containing  E0.  The energy defaults to 0.0253eV, but can be changed via input options. 
 
3.4.2  Resonance Integral 
 
The resonance integral for a given reaction value MT is defined as 
 

( ) ( )
2

1

MT

E

x
E

I = σ E Φ E dE∫  , (3.69)

 
where Φ(E) is some suitable flux, and E1 = 0.5eV, and E2 = 5.5keV, both of which can be changed via an 
input option.  PUFF-IV approximates the integral by finding the group I with 1 1I I+E E < E≤ and group J 
with 2 1J J+E E < E≤ . The integral is then calculated as 
 

( ) ( )
1

MT MT

J

I

E
I

x I
E

I = σ E Φ E dE = Φ σ
+

∑∫ ∫  , (3.70)
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and its standard deviation is calculated as 
 

MT MT

J J
I J

x J
I I

ΔI = Φ σ σ∑∑  . (3.71)

 
PUFF-IV prints the value of the integral as well as its standard deviation and relative standard deviation. 
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4.  LOGICAL PROGRAM FLOW 
 
 

The program consists of several modules, each performing one part of the calculation.  There are two 
modules used by almost all other modules: 
 
puff_error Defines numerical error codes and human readable descriptions of the errors.  The routine 

puff_print_error allows one to print the error information. 
puff_common Defines types that hold the logical unit numbers used throughout the program, the user 

input information, and matrix array information. 
Also defined is type puff_covMatrix_data that contains energy grid information and array 
space to hold matrix and flux information. 

 
The program stores intermediate matrices in two random access files.  Access to these files is controlled 
by the module matrix_list_m, which allows one to save and retrieve the matrices by index or by reaction.  
Matrices are assumed to be stored in high to lower energy group order.  Cross section and flux data are 
assumed to be in low to high energy order.  Energy grids are given low to high energy order.  Due to the 
structure of the ENDF file that gives energy information from low to high order, sub-matrices are 
sometimes calculated in low to high energy order.  The function puff_calc_flip_inv in module 
matrix_functions_m may be used to change the energy group order of a matrix.  The module 
matrix_functions_m contains other functions to manipulate the matrices, such as making a matrix relative, 
calculating a correlation matrix, or determining the eigenvalues of a matrix. 
Below the various modules are discussed in more detail. 
 
4.1  ENDF FILE READING 
 
Reading of the basic ENDF is via the modules for each type of ENDF record: 
 

endf_text_record_m endf_contr_record_m endf_list_record_m endf_tab1_record_m endf_intg_record_m

endf_base_record_m

 
The module endf_record_m provides a wrapper around the five modules in the above graphics.  In 
addition, endf_record_m has functions to locate the start of a material record and/or a file record in the 
ENDF tape file. 
 
The reading of ENDF files 2, 31, 32, and 33 occurs in modules written for each of the files.  In all cases 
there is a base module, which defines the components of the file and one or more module that reads the 
file data.  The later modules often define a type definition that serves as a container for different 
components.  Each time a new component is encountered while reading a file, a call back function is 
called.  Optionally, the ENDF file data are written to a scratch file.  The scratch file format is dependent 
on the ENDF file number. 
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4.1.1  File 31 and 33 
 
File 31 and 33 reading uses the modules endf_file_33_base_m, endf_file_33_m, delta_m, coco_m and 
section_jumper_m.  The modules endf_file_33_base_m and endf_file_33_m read the endf data, delta_m 
implements the callback function and writes the data in a scratch file format suitable for 
section_jumper_m, and coco_m collects the information needed to calculate the covariance matrices.  The 
module section_jumper_m allows access to the data in the scratch file written in module delta_m.  The 
type endf_file33, defined in delta_m summarizes File 31 and File 33 information, like the number of 
explicit and derived matrices.  The information is filled in by delta_m and coco_m. 

endf_file_33_m

Type  endf_file_33_cont
endf_file33_section
endf_file33_subsection
endf_file33_ni 
endf_file33_nc 

All components defined in
endf_file_33_base_m

Callback
Arguments:

id
endf_file_33_cont

(used to fill in 
endf_file_33)

Provides callback

delta_m

Type  endf_file_33
file 31/file 33 processing
information

Write scratch  file 
for section_jumper_m

coco_m

Fill in remaining File 31 and 33 informtion
using
section_jumper_m

 
4.1.2  File 2 
 
File 2 reading uses the modules endf_file_2_base_m, endf_file_2_m, endf_file_32_m, 
endf_file_2_mlbw_m, and endf_file_2_lrf7_m.  The modules endf_file_2_mlbw_m and endf_file_2_lrf7_m 
provide type definitions for LRF  = 1, 2, 3 and LRF = 7 resonances, respectively.  The module 
endf_file_2_untres_m reads the unresolved resonance region data.  Callback functionality is provided in 
samrml_interface_m, unres_group_average_m and endf_file_2_energy_grid_m.  The module 
endf_file_2_energy_grid_m is used to determine the energy boundaries energy ranges in File 2.  The 
module samrml_interface_m calculates group averaged partial derivatives described in Eq. (3.64) using 
the samrml library functions [8] for the resolved resonance region and module unres_group_average_m 
for the unresolved resonance region.  The group-averaged partial derivatives are saved to a scratch file for 
later use construction of the group-averaged covariance matrices. 
 
4.1.3  File 32 
 
File 32 reading uses the modules endf_file_2_base_m, endf_file_32_base_m, and endf_file_32_m. 
Callback functionality is provided in endf_file_32_energy_grid_m and construct_par_cov_m.  The 
module endf_file_32_energy_grid_m is used to determine the energy boundaries energy ranges in File 32 
and to print out directory information concerning the File 32 content.  A scratch file for later use in 
processing File 32 information is written in endf_file_32_m.  If reading File 32 data from a scratch file, 
the file pointer can be reset to the previous energy range, which is used in module construct_par_cov_m 
to calculate the covariance matrices for the different energy ranges. 
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4.2  COVARIANCE PROCESSING 
 
4.2.1  File 31 and 33 Processing 
 
The framework for the processing of the File 31 and File 33 information is set up in modules delta_m and 
coco_m, which read the ENDF information, save them into a scratch file, and determine the number of 
explicitly and implicitly defined matrices.  A list of implicitly defined matrices is created to help in the 
later calculation. Information is saved in the scratch file that can be navigated by functions in module 
section_jumper_m and in type endf_file_33 defined in module delta_m.  Actual processing is done in 
modules danny_m and puffed_m.  The controlling function is calc_file33_cov_matrix in module 
danny_m.  The function proceeds as follows: 
 

1. Calculate the direct contribution from all explicitly defined covariances matrices.  That is, 
calculate and sum up the “NI” section data for all explicit defined covariance matrices.  This is 
done in two steps: 

• Use module section_jumper_m to navigate the File 31 and File 33 information to find all 
explicit “NI” sections for cross-section covariances data with equal reactions, that is 

I Jx x .  This is done in subroutine explicit_cov_equalReac.  All “NI” sections are 
expanded using expand_cov_matrix in module puffed_m. 

• If a LTY = 1 NC section is encountered, the two covariances matrices described by the 
section are calculated in function process_LTY_1_rec. 

• The previous step is repeated for covariances data I Jx y ; x y≠ in subroutine 
explicit_cov_diffReac. 
 
Any NC section with LTY = 3 is also processed, using function process_lty_3_records. 
 

2. Calculate the contributions from NC sections with LTY = 0.  This is done in subroutine 
explicit_cov_lty_0, which uses section_jumper_m to find the relevant sections in the File 31 and 
File 33 information.  The subroutine subcalc_matrices is the used to calculate Eq. (3.18). 

3. Calculate all derived matrices described by cross correlations between NC sections with LTY = 0.  
These matrices are also defined by Eq. (3.18), and are therefore calculated in subcalc_matrices.  
All derived matrices that need to be calculated are previously determined in module coco_m and 
can thus be calculated via repeated calls to subcalc_matrices. 

 
The module puffed_m expands NI sections using the equation defined in Table 3.2. 
 
4.2.2  File 32 Processing 
 
4.2.2.1  Sensitivity Analysis 
 
Processing is done in module sensitive_resonance_m, which implements a callback function 
(resonance_callback) for read_endf_file_32 in module endf_file_32_m to read File 32 information.  The 
module loops over all energy range records with LCOMP = 0 in File 32.  For each resonance the 
subroutine process_comp_Header calculates Eq. (3.58) for the appropriate energy group.  The subroutine 
add_matrix adds the data to previously calculated matrices. 
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4.2.2.2  Full Processing 
 
Processing uses the following modules: 
 
parameter_covs_m Provides the driver functionality. 

Adds up all the matrices calculated for each energy range and istopes. 
samrml_interface_m Implements the interface PuffInterface_new in the samrml package and thus 

handles the handshake with samrml. 
Calculates the group-averaged derivative values for the resolved resonance 
region. 

unres_group_average_m Called by samrml_interface_m to calculate the group-averaged derivatives for 
the unresolved resonance region. 

con_resolv_par_cov_m Constructs the parameter covariance matrices based on the various resonance 
parameterizations provided in File 32. 

construct_par_cov_m Constructs the group-averaged cross-section covariance matrix for a given 
energy range section and isotope. 

integral_num_diff Provides integration routines. 
 
The driver function is calc_file32_cov_matrix in module parameter_covs_m.  The calculation of File 32 
covariance matrices proceeds as follows: 
 

1. Calculate the DIk
m

values defined by Eq. (3.64).  This is done in module samrml_interface_m, 
which  provides the callback function for read_endf_file_2 in module endf_file_2_m.  For the 
resolved resonance region, group averages are created in subroutine map_dik_array, using 
integration routines defined in module integral_num_diff.  For the unresolved resonance region, 
the group averages are created in module unres_group_average_m, which uses File 2 as well as 
File 32 information.  The integration is done using integration routines defined in module 
integral_num_diff. 

2. Create the group-averaged cross-section covariance data for each range and isotope in File 32.  
This is done in function construct_par_cov in module construct_par_cov_m: Read File 32 data 
using resonance_callback as the callback function for  read_endf_file_32 in module 
endf_file_32_m.  For each range: 

• In subroutine process_range_record find the corresponding group-averaged derivative 
information from File 2 using function find_range_record. 

• Calculate the parameter covariance information from the energy range data in File 32.  
This is done by routines in module con_resolv_par_cov_m, which provides routines for 
all supported resonance structures. 

• If the end of a energy range is encountered, create the group-averaged cross section data 
using subroutine create_group_average.  

• The previous steps might have to be repeated if a File 32 range is covered by more than 
one energy range in File 2. 

• As a last step the group-averaged cross section covariance matrices for the range are 
saved to a scratch file. 

3. The matrices for the different energy ranges are combined (subroutine 
add_range_covariance_data). Similarly the matrices for the different isotopes are added, 
weighted by the isotopic abundance (subroutine add_isotope_covariance_data). 
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Finally the covariance matrices are added to the matrices calculated from data in File 31 and File 33, 
using subroutine add_matrices_to_previous in module parameter_covs_m. 
 
 
4.3  GENERAL PROGRAM FLOW 
 
General comments: 
 

• Cross section and flux data are stored internally in low- to high-energy group order. 
• Matrices are stored internally in two random access files.  Storage is in high-to low-energy group 

order. Access to the random access file data is handled in module  matrix_list_m. 
• Matrix and flux related data are stored in a type puff_covMatrix_data defined in module 

puff_common_m. 
• User options are stored in a type puff_user_opts defined in puff_common_m, and logical unit 

numbers are stored in a type puff_units, both defined in module puff_common_m. 
• Most functions return error code information. Error code values are defined in module 

puff_error_m. 
 

The program flow proceeds as follows: 
 
1. Main program in file puff.f90:  

Read the user options, opens the scratch units (except for the direct access files), allocates the 
data array, and then passes control to scope_matrix_calc in module scope_m. 

2. Summarize and check the user input using function summarize_user_input and check_user_input 
in module scope_m. 

3. Scan the information in Files 31, 32, and 33, and write out directory information using 
scan_endf_data.  In addition the energy boundaries from energy ranges in File 2 and File 33 and 
NC sections in File 31 and 33, along with the grid structure used for the NI sections, are 
determined.  The number of reactions described by File 2 data are stored. 

4. Use function coco_determine in module coco_m to determine the material and reaction 
information that cannot be determined on the first scan through the data in File 31 and 33.  If a 
“directory only” run is requested, the program stops at this point. 

5. Retrieve and calculate the cross section and flux data on the user grid using function, and set up 
the matrix arrays using function read_cross_section_data in module scope_m proceeding as 
follows: 

• Create or read the user grid and combine it with the various File 31, 32, and 33 grids 
using function create_user_grid in module user_energy_grid_m. 

• Read the cross-section data either from the ampx library file (using ampx_cross_data in 
module cross_section_m) or from user input via a fidas array (using fidas_cross_section 
in module cross_section_m). 

• Calculate the cross-section data for lumped reaction using cross_lumped_reaction in 
module cross_section_m. 

• Calculate the cross-section data for redundant reaction using redun_cross_section in 
module cross_section_m. 

• Calculate the flux function on the user energy grid using get_user_weight in module 
cross_section_m. 

• Collapse (or expand) the cross-section and flux data to the user grid using the flux 
function calculated in the previous step. This is done in function 
setup_collapsed_cross_section in module cross_section_m. 
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• Assign the array data in type puff_covMatrix_data defined in module puff_common_m to 
reflect the user-supplied energy group structure. 

6. Initialize the direct access scratch files and type matrix_list in module matrix_list_m. 
7. Calculate the File 31 and 33 data using function calc_file33_cov_matrix in module danny_m.  

See Sect. 4.2.1 for more details. 
8. Calculate the File 32 data using function process_endf_file32_records in module 

sensitive_resonance_m if sensitivity analysis is requested, or function calc_file32_cov_matrix in 
module parameter_covs_m if full File 32 covariance is requested.  See Sect. 4.2.2 for more 
details. 

9. Collapse the covariance data to the user-specified energy grid and output the files using 
collapse_and_output_matrix in module cov_output_m. 

• Collapse the cross-section data to the user group structure using function 
collapse_cross_section,which in turn uses summf_grid, both in in module cov_output_m. 

• Collapse all matrix energy grids to the user energy group grid using 
collapse_matrix_params in module cov_output_m.  This includes collapsing the flux grid 
(using change_flux_grid in module user_energy_grid_m) and updating of the grid 
information in type puff_covMatrix_data defined in module puff_common_m. 

• Collapse the covariance matrices to the user energy grid using function 
collapse_expl_matrix in module cov_output_m.  For matrices with equal material and 
equal reaction types for the two reactions, the relative standard deviation for the energy 
groups is determined and saved in a scratch file. 

• Read any user supplied relative standard deviation for standard materials. 
• Write the covariance matrices to the screen using function output_matrix_info in module 

cov_output_m.  The function calls puff_check_corr_matrix in module cov_output_m, 
which in turn calls puff_calc_elmhes and puff_calc_hqr, both in module 
matrix_functions_m.  These three functions calculate the eigenvalues of the matrix and 
print the result to the screen. 

• Write the covariance matrices to the screen and to scratch files that are later used to 
output the data in coverx format. 

10. Write out the covariance data in coverx format using function write_coverx in module 
coverx_output_m. 

11. Close all scratch files, free any allocated resources, and exit the program. 
 

 
4.4  PROGRAM VERIFICATION 
 
The program has a test harness to ensure that the calculation proceeds as expected.  The test harness uses 
functions from the AMPX library testcases, that provides functionality to read test parameters from an 
ASCII input file providing program input information and standard files against which the input can be 
compared.  In addition the AMPX library covcomp, is used to compare two files in coverx format.  The 
test harness compares the covariance matrices for most ENDF-VI materials containing File 31, 32, and/or 
File 33 information and for some materials in ENDF-V (material numbers are changed to the ENDF-VI 
standard).  For File 32 processing data have initially been compared to group-averaged data generated by 
the SAMMY8 R-Matrix fitting program, and the resulting coverx files are then used as standard files.  The 
automated test harness program is puff_iv_test. 
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4.5  ALPHABETICAL LIST OF MODULES 
 
coco_m Calculates the number of explicit and derived matrices defined in File 31 and 

File 33 
con_resolv_par_cov_m Constructs the parameter covariance matrices based on the various resonance 

parameterizations provided in File 32 
construct_par_cov_m Constructs the group averaged cross-section covariance matrix for one energy 

range using File 32 and File 2 information 
cov_output_m Collapses the cross-section covariance data to the user grid and saves them to a 

scratch file for use by module coverx_output_m 
coverx_output_m Writes the cross-section covariance data in coverx format  
cross_section_m Retrieves cross-section data, that is either user supplied or read from an AMPX 

master library 
Calculates lumped and redundant cross-section data 
Collapses or expands the cross section data to different grid structures 

danny_m Calculates group-averaged cross section covariance matrices from File 31 and 
File 33 information 

delta_m Reads File 31 and File 33 information and stores it in a scratch file suitable for 
module section_jumper_m 

endf_base_record_m Defines base functionality for reading ENDF records 
endf_contr_record_m Allows to read an ENDF control record 
endf_file_2_base_m Gives type definitions for ENDF File 2 building blocks. Defines routines that 

allow to read theses building blocks 
endf_file_2_energy_grid_m Retrieves the energy boundaries for all defined ranges in an ENDF File 2, and 

determines the number of reactions described in File 2 
  
endf_file_2_lrf7_m Gives type definitions for a LRF = 7 parameterization in ENDF File 2 and 

provides routines to read the LRF = 7 information 
endf_file_2_m Reads ENDF File 2 information 
endf_file_2_mlbw_m Gives type definitions for a LRF = 1, 2, 3 parameterization in ENDF File 2, and 

provides routines to read the LRF = 1, 2, 3 information 
endf_file_32_base_m Gives type definitions for ENDF File 32 building blocks.  Defines routines that 

allow one to read the building blocks of an ENDF File 32 
endf_file_32_energy_grid_m Retrieves the energy boundaries for all defined ranges in an ENDF File 32 and 

prints out directory information 
endf_file_32_m Reads ENDF File 32 information 
endf_file_33_base_m Gives type definitions for ENDF File 31 and 33 building blocks.  

Defines routines that allow one to read these building blocks 
endf_file_33_m Reads ENDF File 31 and 33 information 
endf_intg_record_m Allows one to read an ENDF INTG record 
endf_list_record_m Allows one to read an ENDF LIST record 
endf_record_m Defines container type information for all ENDF record types.  Allows one to 

locate material and file information in an ENDF file. 
endf_tab1_record_m Allows one to read an ENDF TAB1 record 
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endf_text_record_m Allows one to read an ENDF TEXT record 
integral_num_diff Provides integration routines 
matrix_functions_m Provides various matrix-related functionality, like creating relative covariances 

matrices and determination of eigenvalues 
matrix_list_m Allows access to matrix information stored in a random access file 
parameter_covs_m Provides the driver functionality to process File 32 covariance data.  Adds 

covariance matrices for different energy ranges and isotopes 
puff Main program 
puff_common_m Defines types that hold the logical unit numbers used throughout the program, 

the user input information, and matrix array information 
Also defined is type puff_covMatrix_data, which contains energy grid 
information and array space to hold matrix and flux information 

puff_error Defines numerical error codes and human readable descriptions of the errors. 
The routine puff_print_error allows and to print the error information 

puffed_m Calculate explicit matrices defined by “NI” sections in ENDF File 31 and 33 on 
the super grid 

samrml_interface_m Implements the interface PuffInterface_new in the samrml package and thus 
handles the handshake with samrml 
Calculates the group-averaged derivative values 

scope_m Module that directs the overall program flow 
section_jumper_m Module that allows one to locate sections, subsections, and sub-subsections in 

the scratch file containing the File 31 and File 33 information 
sensitive_resonance_m Calculate File 32 covariance matrices using sensitivity analysis 
unres_group_average_m Called by samrml_interface_m to calculate the group-averaged derivatives for 

the unresolved resonance region 
user_energy_grid_m Reads and generates the various grid structures used during the calculation 
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5.  INPUT DATA GUIDE 
 
PUFF-III uses the FIDO input method, which is described in Appendix B, for specifying the input data 
for a problem.  The following section provides a detailed description of the PUFF-IV input options. 
 
5.1  DIDO INPUT STRUCTURE 
 
Block 1. 
 
−1$  Core Allocation [1] 
 

1.  LENGTH - Number of words to allocate  (500000) 
 
0$  Directory Flag [1] 
 

1.  LDIR - Unit number for ENDF uncertainty file  (0) 
Note:  Use only if a directory of the ENDF uncertainty file is desired and no 
calculations are to be performed. 

 
1$  Integer Parameters [18] 
 

1.  NO28 - Unit for COVERX formatted output { −/+ = Binary/BCD}   (0) 
2.  ISS -  Unit number for standard deviations in user group structure from standard cross- 
  section file in binary format (0) 
  Note:  Only used if processing LTY=1 NC sub-subsection, and the standard cross- 
  section uncertainties must be processed apriori 
  Normally on unit I16 after processing standard uncertainty file 
3.  I19 -  Unit number for standard material ENDF uncertainty file in BCD format  (0) 

Note:  Only used if processing LTY=1 or 2 NC sub-subsections 
I19 can be equal to IO32, 

4.  IO11 -  Unit number for AMPX master library if IXSOP = 1 (0) 
5.  IO32 -  Unit number for ENDF uncertainty file in BCD format (0) 
6.  MATUSE  MAT number of material to process 
7.  IUSER - Number of user groups for covariance calculation 

>0: user input in 2# array 
−2: 240 group CSEWG  
−3: 99 group GAM2  
−4: 620 group SAND2 
−5: 30 group LASL 
−6: 68 group GAM 
−7: 171 group VITAMIN-C 
−8: 26 group ORNL-5517 
−9: 100 group GE 
−10: 6 group ORNL-5318 
−11: Unavailable 
−12: 44 group AMPX 

8.  IXS -  Number of groups of input cross sections 
−2 through −10 or −12: same as IUSER 
−11: Read number of groups from AMPX master library  
 Note:  IXSOP must be 1. 
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9.  IWT -  Weighting function 
  1: 1/E 
  2: 1/(EΣt) 
  3: (1/E)*INPUT   (INPUT placed in 5# array) 
  4: INPUT   (placed in 5# array) 
10.  IXSOP - Cross-Section Input 
  0: User input in 4# array 
  1: AMPX master library 
11.  JOPT1 - File 31 and 33 Processing Options 
  0: Process File 33 
  1: Process File 31 
  2: Process File 31 and 33 
  3:  Process neither File 31 nor File 33 
12.  JOPT2 - File 32 Processing Options 
  0: Do not process 
  1: Process File 32 as sensitivity data 
  2: Full resonance calculation of File 32 
13.  JOPT3 - Not used 
14.  NOX - Maximum number of covariances matrices in coverx file (2000) 
15.  NOCVX -Not used 
16.  NMT - Number of MAT-MT reaction pairs to process 
  −1: Process all reaction pairs on ENDF tape 
  >0: Number of reaction pairs to be entered in Block 4 
17.  NDM1 - If 1, data for integral constants are read from Block 6 
18.  LB8FL - How an LB=8 section gets calculated 
  0: Calculate as described in ENDF standard and int Table 2.1. 
  1: Assume that in Eq. (2.39) and Eq. (3.13) ratio: 

   
1k

I

ΔE = k,I
ΔE

∀
 

  2: Ignore all contribution from LB=8 section. 
 
T Terminate Block 1. 
 
Block 2. 
 
2#   User Energy Grid if IUSER > 0 [IUSER+1] 
 
1. E (eV) for group 1 
2. E (eV) for group 2 
· 
· 
IUSER E (eV) for group IUSER 
IUSER+1 Lower energy bound (eV) for group IUSER 
 
T Terminate Block 2.Block 3. 
 
3#   Cross-Section Energy Grid if IXS > 0 [IXS+1] 
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1.   E (eV) for input cross-section group 1 
2.   E (eV) for input cross-section group 2 
· 
· 
IXS.   E (eV) for input cross-section group IXS 
IXS+1   Lower energy bound (eV) for group IXS 
 

T Terminate Block 3. 
 
Block 4. 
 
4#   MAT-MT Reaction Information if NMT > 0 [NMT*2] 
 

1.   MAT number for 1st reaction pair 
2.   MAT number for 2nd reaction pair 
· 
· 
NMT.   MAT number for NMTth reaction pair 
NMT+1.   MT number corresponding to 1st MAT number 
NMT+2.   MT number corresponding to 2nd MAT number 
· 
· 
NMT*2.   MT number corresponding to NMTth MAT number 
Note: If IXSOP ≠ 0, terminate 4# array with T. 
 
User Input Multigroup Cross-Section Values if IXSOP = 0 [NMT*IXS] 

 
1.   Cross section for energy group 1 corresponding to 1st MAT-MT 
2.   Cross section for energy group 2 corresponding to 1st MAT-MT 
· 
· 
IXS   Cross section for energy group IXS corresponding to 1st MAT-MT 
IXS+1   Cross section for energy group 1 corresponding to 2nd MAT-MT 
IXS+2   Cross section for energy group 2 corresponding to 2nd MAT-MT 
· 
· 
IXS+IXS   Cross section for energy group IXS corresponding to 2nd MAT-MT 
· 
· 
(NMT-1)*IXS+1  Cross section for energy group 1 corresponding to NMTth MAT-MT 
(NMT-1)*IXS+2  Cross section for energy group 2 corresponding to NMTth MAT-MT 
· 
· 
NMT*IXS     Cross section for energy group IXS corresponding to NMTth MAT-MT 

 
T Terminate Block 4. 
 
Block 5. 
 
5#   User-Defined Weighting Function if IWT ≥ 3 [IXS] 
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1.  Weight function value for energy group 1 
2.  Weight function value for energy group 2 
 
 
IXS  Weight function value for energy group IXS 

 
T Terminate Block 5. 
 
Block 6. 
 
6#   Constants to use if calculating integral constants. Only read if NDM1 = 1 
 

1. Energy for thermal cross section (0.0253eV) 
2. Lower energy for resonance integral (0.5eV) 
3. Upper energy for resonance integral (5500eV) 

 
T Terminate Block 5. 
 
COVERX Title Card (Character*72) 
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5.2  LOGICAL UNIT PARAMETERS 
 

Table 5.1.  File parameters for logical units 

Var. Unit No. Type Description 

IO6 6 BCD Output file  

IO5 5 BCD  FIDO formatted input file 

NO28 User defined BCD/binary COVERX output file 

ISS User defined Binary  Standard deviations for standard material  

I19 User defined BCD ENDF file for standard material  

IO11 User defined Binary AMPX master library 

IO32 User defined BCD ENDF file for material to process 

I18 18 Scratch Original user group structure   

IOUT 21 Scratch Final covariance matrices for output in 
COVERX format 

IO12 19 Scratch User supplied cross-section data 

I57 20 Random Access Random access file for derived covariance 
matrices 

I15 15 Random Access Random access file for explicit  covariance 
matrices 

IO33 22 Binary • File 33 and File 31 data in scratch format  
• File 32 derivative information 

ISR 17 Binary • User and super user grid information 
• Final covariance matrix information for 

output in COVERX format  

I16 16 Binary Standard deviations for the reactions and 
materials processed. Can be used as input file 
for ISS unit  

IORES 24 Scratch File 32 resonance information 

ILUM 23 Binary • Lumped reaction information 
• Group-averaged covariances matrices for 

file 32 processing 

IFOR 25 Scratch Standard material File 31 and File 33 
information in scratch format. 
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6.  DESCRIPTION OF OUTPUT 
 
 
The following section provides a brief description of the PUFF-IV output.  An entire output file is not 
provided in this section.  However, portions of the output are printed and discussed. 
 
6.1  HEADER PAGE 
 
A sample header page is provided in Fig. 6.1.  The program title is printed in the first line of block letters.  
Within the second line of block letters, the problem identification is provided.  The third line provides the 
date the job was executed in terms of the month, day, and year.  The last line provides the time of 
execution in an hour, minute, and second format.  Note that the time printout is in terms of a 24-h clock, 
with midnight denoted as 2400 h.  The header page is printed by subroutine message, which is part of the 
AMPX code system. 
 
 
 

1  pppppppppppp    uu         uu   fffffffffffff   fffffffffffff                   iiiiiiiiiiii    vv          vv                   
   ppppppppppppp   uu         uu   fffffffffffff   fffffffffffff                   iiiiiiiiiiii    vv          vv                   
   pp         pp   uu         uu   ff              ff                                   ii         vv          vv                   
   pp         pp   uu         uu   ff              ff                                   ii         vv          vv                   
   pp         pp   uu         uu   ff              ff                                   ii         vv          vv                   
   ppppppppppppp   uu         uu   fffffffff       fffffffff       -------------        ii         vv          vv                   
   pppppppppppp    uu         uu   fffffffff       fffffffff       -------------        ii          vv        vv                    
   pp              uu         uu   ff              ff                                   ii            vv     vv                     
   pp              uu         uu   ff              ff                                   ii             vv   vv                      
   pp              uu         uu   ff              ff                                   ii              vv vv                       
   pp              uuuuuuuuuuuuu   ff              ff                              iiiiiiiiiiii          vvv                        
   pp               uuuuuuuuuuu    ff              ff                              iiiiiiiiiiii           v                         
0 
 
   dddddddddddd    ww          ww   88888888888                                                                                     
   ddddddddddddd   ww          ww  8888888888888                                                                                    
   dd         dd   ww          ww  88         88                                                                                    
   dd         dd   ww          ww  88         88                                                                                    
   dd         dd   ww          ww  88         88                                                                                    
   dd         dd   ww     w    ww   88888888888                                                                                     
   dd         dd   ww    www   ww   88888888888                                                                                     
   dd         dd   ww   ww ww  ww  88         88                                                                                    
   dd         dd   ww ww    ww ww  88         88                                                                                    
   dd         dd   wwww      wwww  88         88                                                                                    
   ddddddddddddd   www        www  8888888888888                                                                                    
   dddddddddddd    ww          ww   88888888888                                                                                     
0 
 
      0000000       22222222222                //        11           0000000                  //     0000000       666666666666    
     000000000     2222222222222              //        111          000000000                //     000000000     6666666666666    
    00       00    22         22             //        1111         00       00              //     00       00    66               
   00         00              22            //           11        00         00            //     00         00   66               
   00         00              22           //            11        00         00           //      00         00   66               
   00         00            22            //             11        00         00          //       00         00   666666666666     
   00         00          22             //              11        00         00         //        00         00   6666666666666    
   00         00        22              //               11        00         00        //         00         00   66         66    
   00         00      22               //                11        00         00       //          00         00   66         66    
    00       00     22                //                 11         00       00       //            00       00    66         66    
     000000000     2222222222222     //               11111111       000000000       //              000000000     6666666666666    
      0000000      2222222222222    //                11111111        0000000       //                0000000       66666666666     
0 
 
         11           0000000                               44      666666666666                            44      666666666666    
        111          000000000                             444     6666666666666                           444     6666666666666    
       1111         00       00          :::              4444     66                    :::              4444     66               
         11        00         00         :::             44 44     66                    :::             44 44     66               
         11        00         00         :::            44  44     66                    :::            44  44     66               
         11        00         00                       44   44     666666666666                        44   44     666666666666     
         11        00         00                      44    44     6666666666666                      44    44     6666666666666    
         11        00         00         :::        444444444444   66         66         :::        444444444444   66         66    
         11        00         00         :::       4444444444444   66         66         :::       4444444444444   66         66    
         11         00       00          :::                44     66         66         :::                44     66         66    
      11111111       000000000                              44     6666666666666                            44     6666666666666    
      11111111        0000000                               44      66666666666                             44      66666666666     

 
Fig. 6.1.  Example header page output. 
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6.2  PROGRAM VERIFICATION INFORMATION 
 
Following the header page, the program verification information is provided for quality-assurance 
purposes.  An example of the program-verification information is provided in Fig. 6.2.  The information 
includes the code name, the creation date of the load module, library that contains the load module, the 
computer code name from the configuration control table, and the revision number.  In addition, the job 
name, date, and time of execution are printed. 
 

        ************************************************************************************************************************ 
        ************************************************************************************************************************ 
        ************************************************************************************************************************ 
        *****                                                                                                              ***** 
        *****                                       program verification information                                       ***** 
        *****                                                                                                              ***** 
        *****                                   code system:    ampx   version:   1.0                                      ***** 
        *****                                                                                                              ***** 
        ************************************************************************************************************************ 
        ************************************************************************************************************************ 
        *****                                                                                                              ***** 
        *****                                                                                                              ***** 
        *****              program:  puff_iv                                                                               ***** 
        *****                                                                                                              ***** 
        *****        creation date:  10_feb_2006                                                                           ***** 
        *****                                                                                                              ***** 
        *****              library:  /home/dw8/ampx/ampx/install_play/build/install///bin                                  ***** 
        *****                                                                                                              ***** 
        *****                                                                                                              ***** 
        *****    this is not a   ampx   configuration controlled code                                                      ***** 
        *****                                                                                                              ***** 
        *****              jobname:  dw8                                                                                   ***** 
        *****                                                                                                              ***** 
        *****         machine name:  wiardada01                                                                            ***** 
        *****                                                                                                              ***** 
        *****    date of execution:  10_feb_2006                                                                           ***** 
        *****                                                                                                              ***** 
        *****    time of execution:  10:46:46.77                                                                           ***** 
        *****                                                                                                              ***** 
        *****                                                                                                              ***** 
        ************************************************************************************************************************ 
        ************************************************************************************************************************ 
        ************************************************************************************************************************ 

 
Fig. 6.2.  Example of program verification information. 

 
6.3  PROBLEM VERIFICATION INFORMATION 
 
Execution of PUFF-IV requires the development of a user input file, as described in Sect. 5.1.  Because of 
the possibility of typing errors, incorrect unit specification, etc., the code provides a problem or input 
verification table in the output.  This section should be evaluated to ensure the desired input information 
is provided.  Following the program verification information is the problem verification information.  An 
example of the problem verification information is provided in Fig. 6.3.  As shown in Fig. 6.3, the amount 
of storage that is allocated for PUFF-IV is printed.  Furthermore, the output indicates the type of run 
requested by the user (e.g., directory only or process the covariance data).  In addition, the requested unit 
numbers are displayed for the COVERX output file, as well as the units associated with the standard 
uncertainty information.  Also, the unit numbers for the AMPX master library and ENDF uncertainty file 
are printed in the problem verification information.  Following the unit number specifications is the 
requested processing information.  In particular, the requested material ID and the source of the user and 
cross-section group structure is printed.  If the source designation is “internal,” the user has requested a 
library group structure that is available with PUFF-IV (e.g., ENDF/B-V 44 group structure).  Additional 
processing information includes the flux-weighting spectrum, source of cross-section data, requested 
ENDF uncertainty data files, and the number of reaction pairs to process.  In Fig. 6.3, the user has 
requested that “all” covariance reactions be processed. 
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 PUFF-IV has been allocated     500000 words of core 
 
 The following input parameters are specified: 
   Directory only run:                           no           
   Unit for COVERX output:                       1 
   Unit for group std. dev. (standard):          0 
   Unit for standard uncertainty file:           0 
   Unit for AMPX master library:                 4 
   Unit for ENDF uncertainty file:               8 
   Material to process:                          1125 
   Source of user group structure:               internal     
   Source of cross section group structure:      AMPX         
   Weighting:                                    1/E          
   Source of cross sections:                     AMPX         
   Process:                                      File 31        
   Process:                                      File 32 sensitivity 
   Number of reaction pairs to process:          All 

 
Fig. 6.3.  Example of problem verification information output. 

 
 

6.4  DIRECTORY OF UNCERTAINTY FILE 
 
One of the features in PUFF-IV is the capability to print a detailed directory of the ENDF uncertainty 
data.  An example of an abbreviated PUFF-IV directory output is provided in Fig. 6.4.  If an LTY = 0 
sub-subsection is specified in the covariance data, PUFF-IV identifies the reaction and provides a list of 
the reactions that are used to derive the covariance matrix.  Although not shown in this example, PUFF-
IV also identifies any LTY = 1, 2, or 3 sub-subsections and identifies the standard material as appropriate.  
If File 32 data are available, PUFF-IV will give a summary of the resonance information as shown in Fig. 
6.4.  A directory of the explicitly and implicitly defined covariance matrices from File 31 and File 33 is 
also provided in the output.  By invoking the directory option, the code identifies the possible covariance 
matrices as well as the standard material data that are needed to process covariance matrices derived from 
ratio measurements.  Once the directory information is obtained, the user can construct an input file for a 
specific application of interest.  Please mark that if File 31, 32, and File 33 processing is specified, 
processing will be done only for the files actually available on the ENDF file.  The directory listing will 
list the files that are not available. 
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 The following reactions are needed to process LTY = 0 for  1125 --  2: 
   1.  16.  51.  52.  53.  54.  55.  56.  57.  58.  59.  60.  61.  62.  63.  64.  65.  66.  67.  68. 
  91. 102. 103. 107. 
 
 
 The following reactions are needed to process LTY = 0 for  1125 --  3: 
  16.  51.  52.  53.  54.  55.  56.  57.  58.  59.  60.  61.  62.  63.  64.  65.  66.  67.  68.  91. 
 102. 103. 107. 
 
 
 The following reactions are needed to process LTY = 0 for  1125 --  4: 
  51.  52.  53.  54.  55.  56.  57.  58.  59.  60.  61.  62.  63.  64.  65.  66.  67.  68.  91. 
 
 No file 31 information available 
 
 File 32 information 
 Header: ZA: 11023.  AWR:  22.792 Number of isotopes  1 
     Isotope: ZAI 11023.  ABUN:  1.  LFW  0 No. ranges:  1 
         Range: 600. 500000. 
               Resolved range  1 
               multi-level Breit-Wigner 
                Compatible format  3  l records 
                        nrs record: l= 0  no of nrs:  3 
                        nrs record: l= 1  no of nrs:  10 
                        nrs record: l= 2  no of nrs:  5 
 
 Directory of ENDF File 31/33 Data for MAT: 1125 
    27 Explicitly Defined Covariances: 
 
   MAT1   MF1   MT1     MAT2   MF2   MT2 
  ----- ----- -----    ----- ----- ----- 
   1125    33     1     1125    33     1 
   1125    33     2     1125    33     2 
   1125    33     3     1125    33     3 
   1125    33     4     1125    33     4 
   1125    33    16     1125    33    16 
                  * 
                  * 
                  * 
   1125    33   103     1125    33   103 
   1125    33   107     1125    33   107 
 
   351 Possible Implicitly Defined Covariances from LTY=0 sub-subsections: 
 
   MAT1   MF1   MT1     MAT2   MF2   MT2 
  ----- ----- -----    ----- ----- ----- 
   1125    33     2     1125    33     1 
   1125    33     2     1125    33    16 
   1125    33     2     1125    33    51 
   1125    33     2     1125    33    52 
   1125    33     2     1125    33    53 
   1125    33     2     1125    33    54 
   1125    33     2     1125    33    55 
   1125    33     2     1125    33    56 
   1125    33     2     1125    33    57 
   1125    33     2     1125    33    58 
                 * 
                 * 
                 * 
   1125    33     3     1125    33     4 
   1125    33     4     1125    33     1 
   1125    33     4     1125    33    16 
 
   File 32 resonance parameter uncertainty data are available 

 
Fig. 6.4.  Example of directory output. 
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6.5  ENERGY GRID INFORMATION 
 
A listing of the energy grids is provided in the output following the directory information.  A complete 
description of the energy grid definitions is provided in Sect. 3.1.  PUFF-IV prints the energy information 
in descending order (i.e., high to low).  An example of the printout of the energy grid information is 
provided in Fig. 6.5.  Initially, the user grid structure is provided followed by the supergrid and cross-
section grid structures. 
 
 user group structure contains--  44 groups 
  2.00000E+07 8.18730E+06 6.43400E+06 4.80000E+06 3.00000E+06 2.47900E+06 
  2.35400E+06 1.85000E+06 1.40000E+06 9.00000E+05 4.00000E+05 1.00000E+05 
  2.50000E+04 1.70000E+04 3.00000E+03 5.50000E+02 1.00000E+02 3.00000E+01 
  1.00000E+01 8.10000E+00 6.00000E+00 4.75000E+00 3.00000E+00 1.77000E+00 
  1.00000E+00 6.25000E-01 4.00000E-01 3.75000E-01 3.50000E-01 3.25000E-01 
  2.75000E-01 2.50000E-01 2.25000E-01 2.00000E-01 1.50000E-01 1.00000E-01 
  7.00000E-02 5.00000E-02 4.00000E-02 3.00000E-02 2.53000E-02 1.00000E-02 
  7.50000E-03 3.00000E-03 1.00000E-05 
 
 
 
 supergroup structure contains-- 123 groups 
  2.00000E+07 1.80000E+07 1.60000E+07 1.50000E+07 1.45000E+07 1.40000E+07 
  1.35000E+07 1.29500E+07 1.25000E+07 1.20000E+07 1.15000E+07 1.10000E+07 
... 
  2.75000E-01 2.50000E-01 2.25000E-01 2.00000E-01 1.50000E-01 1.00000E-01 
  7.00000E-02 5.00000E-02 4.00000E-02 3.00000E-02 2.53000E-02 2.00000E-02 
  1.00000E-02 7.50000E-03 3.00000E-03 1.00000E-05 
 
 
 
cross section structure contains-- 238 groups 
  2.00000E+07 1.73330E+07 1.56830E+07 1.45500E+07 1.38400E+07 1.28400E+07 
  1.00000E+07 8.18730E+06 6.43400E+06 4.80000E+06 4.30400E+06 3.00000E+06 
  2.47900E+06 2.35400E+06 1.85000E+06 1.50000E+06 1.40000E+06 1.35600E+06 
... 
  4.00000E-03 3.00000E-03 2.50000E-03 2.00000E-03 1.50000E-03 1.20000E-03 
  1.00000E-03 7.50000E-04 5.00000E-04 1.00000E-04 1.00000E-05 

 
Fig. 6.5.  Example of energy-grid structure output. 

 
 
6.6  CALCULATED CORRELATION MATRICES 
 
The majority of the PUFF-IV output is comprised of the calculated correlation matrices for the material of 
interest.  The output for each correlation matrix is separated into two sections.  In the first section, the first 
and second reactions of the matrix are identified, followed by the multigroup cross-section values and 
corresponding relative standard deviations.  An example of the first section is provided in Fig. 6.6.  As 
shown in Fig. 6.6, the subsequent matrix represents the correlation between the total cross section of 
material 1125 with itself.  Prior to the correlation matrix, the multigroup cross sections are provided with 
the relative standard deviations.  In addition, the energy boundaries of each energy group are provided in 
the output.  In the second portion of the output, the correlation matrix is provided for reaction 1 of 
material 1 crossed with reaction 2 of material 2.  An example of the correlation matrix output is also 
provided in Fig. 6.6.  PUFF-IV also evaluates the eigenvalues of the correlation matrix and categorizes 
the matrix based on the calculated eigenvalues. 
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1  material 1= 1125, reaction 1=   1   ,   material 2= 1125, reaction 2=   1 
 
  group   e high      e low      x-sec(1)    x-sec(2) rel.s.d.(1) rel.s.d.(2)     s.d.(1)     s.d.(2) 
    1  2.0000E+07  8.1873E+06  1.7075E+00  1.7075E+00  5.8905E-02  5.8905E-02  1.0058E-01  1.0058E-01 
    2  8.1873E+06  6.4340E+06  1.7532E+00  1.7532E+00  6.0105E-02  6.0105E-02  1.0538E-01  1.0538E-01 
... 
   43  7.5000E-03  3.0000E-03  4.9894E+00  4.9894E+00  5.8310E-02  5.8310E-02  2.9093E-01  2.9093E-01 
   44  3.0000E-03  1.0000E-05  1.7231E+01  1.7231E+01  5.8310E-02  5.8310E-02  1.0047E+00  1.0047E+00 
1  *** correlation matrix *** 
     column=material 1     row=material 2 
0        column 
          1    2    3    4    5    6    7    8    9   10   11   12   13   14   15   16   17   18   19   20   21   22   23   24   25 
   row    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -   
-    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -   
-    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -   
-    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -   
-    -    -    -    -    -    -    -    -    -    -    -    -    -    - 
    1  1000  467  455  424  483  480  480  535  510    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0 
    2   467 1000  992  416  474  471  471  524  500    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0 
    3   455  992 1000  499  547  474  474  528  504    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0 
... 
   41     0    0    0    0    0    0    0    0    0    0    0    0    0    0    1  305  208  208  208  208  355  675  675  675  675 
   42     0    0    0    0    0    0    0    0    0    0    0    0    0    0    1  265  181  181  181  181  218  203  203  203  203 
   43     0    0    0    0    0    0    0    0    0    0    0    0    0    0    1  265  181  181  181  181  218  203  203  203  203 
   44     0    0    0    0    0    0    0    0    0    0    0    0    0    0    1  265  181  181  181  181  218  203  203  203  203 
0        column 
         26   27   28   29   30   31   32   33   34   35   36   37   38   39   40   41   42   43   44 
   row    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -   
-    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -   
-    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -    -   
-    -    -    -    -    -    -    -    -    -    -    -    - 
    1     0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0 
    2     0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0 
... 
   43   203  203  203  203  203  203  203  203  203  203  203  203  203  203  203  860 1000 1000 1000 
   44   203  203  203  203  203  203  203  203  203  203  203  203  203  203  203  860 1000 1000 1000 
 
***WARNING*** 
 Correlation Matrix <1125,  1;1125,  1> is indefinite 
 smallest eigenvalue:    -1.7348E-12 
 largest eigenvalue:     1.9993E+04 

 
Fig. 6.6.  Example covariance matrix output. 

 
6.7  TERMINATION OF OUTPUT FILE 
 
The remaining portion of the output file identifies the completion of the calculation.  Once the last 
correlation matrix is printed, a “processing completed” message is printed.  The CPU time for calculating 
the covariance matrices is provided in seconds followed by the total CPU time for the problem.  If the 
problem has executed successfully, the final message, “PUFF-IV has terminated normally,” is printed in 
the last line of the output file.  An example of the termination information is provided in Fig. 6.7. 
 

 
         ************************************* 
         *                                   * 
         *  puff processing completed        * 
         *                                   * 
         ************************************* 
 
 Total CPU time required for  PUFF-IV:     2.05 seconds 
 
 PUFF-IV has terminated normally 

 
Fig. 6.7.  Example of termination output. 

 
If warnings have been emitted in the output file while processing the covariance data, the 
termination information will contain the statement “warnings emitted.” 
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APPENDIX A.  SAMPLE PROBLEMS 
 
 

This appendix contains sample problems that demonstrate the procedures to execute PUFF-IV.  In 
particular, sample input files are presented for 23Na, 240Pu and 235U.  Because the sample problems were 
developed in a Unix environment, the input for each sample problem is provided using lower case letters.  
In addition, the FIDO input method, which is described in Appendix B, is used to specify the input 
options for each sample problem. Because PUFF-IV is typically used to process one or two isotopes at a 
time, using an abbreviated AMPX master library that has only the desired isotopes may be more efficient.  
To create a condensed master library, the AMPX module AJAX can be used to read the desired cross-
section data from a larger AMPX library and write the selected data to a different unit.  The material 
identifier used in the AMPX master library is usually the SCALE [5] identifier, which is different from 
the material identifier used in the ENDF file.  Again, the AMPX module AJAX can be used to change the 
identifiers in the AMPX master library. 

A.1  SAMPLE PROBLEM 1 

The first sample case considers the ENDF/B-V evaluation for 23Na (MAT = 1125), and the objective of 
the sample problem is to process the available uncertainty information for 23Na using the following 
sequence of operations: 
Step 1: 

Prior to processing the covariance information, the directory feature of PUFF-IV is used to 
identify the covariance information on the ENDF tape.  A directory of the available covariance 
information for 23Na can be obtained with the following input: 
   0$$ 8 
   1$$ a6 1125 e t 
In the above input, the ENDF uncertainty file is located on unit 8 and identified in the 0$ block.  
Because only a directory of the uncertainty information will be produced, the MAT number is the 
only entry required in the 1$ block. 

Step 2: 
Based on the results from Step 1 (refer to Fig. 6.4 of Sect. 6), 23Na has resonance parameter 
uncertainty information as well as cross-section data uncertainty (i.e., Files 32 and 33, 
respectively).  In File 33, there are 27 explicitly defined covariance matrices with an additional 69 
covariance matrices that are implicitly defined from the LTY = 0 sub-subsections.  All of the 
possible covariance matrices can be calculated with the following input: 
   1$$ 1 0 0 4 8 1125 −12 −11 1 1 0 1 3r0 −1 e t 
   coverx file for na23 
In the above input, the AMPX master library and ENDF uncertainty files are located on units 4 
and 8, respectively.  The −12 entry in the 1$ block selects the 44-group structure for the final 
output, and the −11 entry specifies that the input cross-section group structure is obtained from 
the AMPX master library.  The ninth entry in the 1$ block specifies that 1/E weighting is used to 
collapse the matrices to the user-group structure, and the tenth entry specifies that AMPX cross 
sections are used in the calculation.  By setting JOPT1 equal to zero and JOPT2 equal to 1 in the 
1$ block, the File 33 and File 32 data on unit 8 will be processed.  Because NMT is set to -1 in 
the 16th entry of the 1$ array, all available covariance matrices in File 33 will be generated. 
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A.2  SAMPLE PROBLEM 2 

The second sample case considers the ENDF/B-V evaluation for 240Pu (MAT = 9440, all ENDF-V 
material identifiers have been changed to use the corresponding ENDF/B-VI identifiers. 
Step 1: 

Following the procedure of the previous example, a directory of the 241Pu uncertainty information 
can be obtained with the following input file: 
   0$$ 8  
   1$$ a6 9443 e t 
The directory for 240Pu has the following information: 

 Note: LTY= 1 ; the covariance data for  9440  Reaction  18  are derived from Material:  
9228  ---  18 
 Note: LTY= 2 ; the covariance data for  9440  Reaction  18  are derived from 
Material:  9228  ---  18 
 
 No file 31 information available 
 
 File 32 information 
 Header: ZA: 94240.  AWR:  237.992 Number of isotopes  1 
     Isotope: ZAI 94240.  ABUN:  1.  LFW  0 No. ranges:  1 
         Range: 0.5 110. 
               Resolved range  1 
               single level Breit-Wigner 
                Compatible format  1  l records 
                        nrs record: l= 0  no of nrs:  9 
  Processing of File 32 data is requested but required File 2 is not found 
     File 32 data will not be processed 
 
 Directory of ENDF File 31/33 Data for MAT: 9440 
     3 Explicitly Defined Covariances: 
 
   MAT1   MF1   MT1     MAT2   MF2   MT2 
  ----- ----- -----    ----- ----- ----- 
   9440    33    18     9440    33    18 
   9440    33    18     9228    33    18 
   9440    33   102     9440    33   102 
 
   No Implicitly Defined Covariances 

 
Based on the directory output, the 240Pu fission cross section is derived by ratio measurements to 
the fission cross section for 235U (MAT = 9228).  As a result, there is a LTY = 1 sub-subsection 
and a LTY = 2 sub-subsection in File 33 for 240Pu, and there should be a corresponding LTY = 3 
sub-subsection defined in File 33 for 235U.  Before PUFF can process MAT = 9440, the standard 
deviations in the 235U fission cross-section data must be obtained. 

Step 2: 
A directory of the 235U uncertainty information can be obtained with the following input file: 
   0$$ 8 
   1$$ a6 9228 e t 
The directory for 235U has the following information: 

 Note: LTY= 3 ; the covariance data are a standard for  9446  Reaction  18 
 Note: LTY= 3 ; the covariance data are a standard for  9543  Reaction  18 
 Note: LTY= 3 ; the covariance data are a standard for  9440  Reaction  18 
 Note: LTY= 3 ; the covariance data are a standard for  9443  Reaction  18 
 Note: LTY= 3 ; the covariance data are a standard for  9437  Reaction  18 
 
 No file 32 information available 
 
 Directory of ENDF File 31/33 Data for MAT: 9228 
    23 Explicitly Defined Covariances: 
 
   MAT1   MF1   MT1     MAT2   MF2   MT2 
  ----- ----- -----    ----- ----- ----- 
   9228    31   452     9228    31   452 
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   9228    31   452     9440    31   452 
   9228    31   452     9443    31   452 
   9228    31   452     9040    31   452 
   9228    31   452     9237    31   456 
   9228    31   452     9437    31   452 
   9228    33    18     9228    33    18 
   9228    33    18     9446    33    18 
   9228    33    18     9543    33    18 
   9228    33    18     9440    33    18 
   9228    33    18     9443    33    18 
   9228    33    18     9437    33    18 
   9228    33   102     9228    33   102 
 
    10 Possible Implicitly Defined Covariances from LTY=3 sub-subsections: 
 
   MAT1   MF1   MT1     MAT2   MF2   MT2 
  ----- ----- -----    ----- ----- ----- 
   9446    33    18     9543    33    18 
   9446    33    18     9440    33    18 
   9446    33    18     9443    33    18 
   9446    33    18     9437    33    18 
   9543    33    18     9440    33    18 
   9543    33    18     9443    33    18 
   9543    33    18     9437    33    18 
   9440    33    18     9443    33    18 
   9440    33    18     9437    33    18 
   9443    33    18     9437    33    18 
 
   No File 32 resonance parameter uncertainty data 

 
Based on the directory information for 235U, there is an LTY = 3 sub-subsection that describes the 
covariance between the 235U fission cross section and the 240Pu fission cross section. 

Step 3: 
In order to process the 240Pu covariance data, the fission covariance matrix for 235U must be 
generated.  The following input is used to calculate <9228,18; 9228, 18>: 
   1$$ −1 0 0 4 8 9228 −12 −11 1 1 0 4r0 1 0 0 t 
   4## 9228 18 t 
   coverx file for u235 
In the above input, a single reaction pair (i.e., MAT = 9228 and MT =18) is specified in the 4# 
array.  For this sample problem, the AMPX master library that has the 235U and 240Pu cross-
section data is located on unit 4.  After calculating the 235U fission covariance matrix, the fission 
cross-section standard deviations are stored on unit 16. 

Step 4: 
The standard deviations from the previous step are used as input for the 241Pu covariance data 
calculation.  In particular, the 235U fission cross section standard deviations, which are stored on 
unit 16 in the previous step, are moved to a different unit, 30 in this case, that will be designated 
as the logical input unit for standard deviations in the 240Pu input file.  The following input is used 
to calculate all of the File 33 covariance matrices for 240Pu: 
   1$$ −1 30 8 4 8 9440 −12 −11 1 1 0 4r0 −1 0 0 t 
   coverx file for pu240 
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In the above input, the 235U fission cross-section standard deviations are located on unit 30, and 
the ENDF uncertainty files for 235U and 240Pu are located on unit 8.  In this case the standard 
material (235U) is located on the same ENDF tape as the material to process (240Pu); thus the unit 8 
is listed twice in the PUFF input file.  If the standard material is located on a different ENDF tape, 
the unit information at location 3 in the 1$ array needs to be different.  Since NMT is set to −1 in 
the 16th entry of the 1$ array, all of the File 33 covariance matrices are calculated. 

A.3  SAMPLE PROBLEM 3 

Based on the 235U covariance data directory from Step 2 of Sample Problem 2, a cross-material-
covariance matrix exists between the 235U fission cross section and the 240Pu fission cross section (i.e., 
<9228, 18;  9440, 18>).  This covariance matrix is defined by an LTY = 3 sub-subsection in File 33 for 
235U.  Two approaches can be used to obtain the cross-material-covariance matrix.  In the first approach, 
the results from the previous sample problem can be used to obtain the desired covariance matrix.  By 
processing the covariance data for 240Pu in Sample Problem 2, PUFF-IV calculates the cross-material-
covariance matrix between the 240Pu fission cross section and the 235U fission cross section (i.e., <9440, 
18; 9228, 18>).  Based on the results from Sample Problem 2, the matrix <9228, 18; 9440, 18> can be 
obtained by writing a short program to read and transpose the matrix <9440, 18; 9228, 18>.  To avoid 
transposing the covariance matrix from Sample Problem 2, an alternative approach is available to process 
the matrix defined by the LTY = 3 sub-subsection of a standard material.  The following sequence of 
steps can be used to calculate the covariance matrix <9228, 18; 9440, 18>. 
Step 1: 

Before the cross-material-covariance matrix between the 235U fission cross section and the 240Pu 
fission cross section can be calculated, the standard deviations of the 240Pu fission cross-section 
data must be calculated.  However, the covariance data for the 240Pu fission cross section are 
defined in terms of the 235U covariance data by an LTY = 1 sub-subsection in File 33 of the 241Pu 
data.  Consequently, the covariance matrix for the 235U fission cross section must be calculated to 
obtain the standard deviations in the 235U fission cross-section data.  The input file from Step 3 of 
Sample Problem 2 can be used to calculate the matrix <9228,18; 9228, 18>. 

Step 2: 
As noted in the previous step, the standard deviations in the 240Pu fission cross-section data are 
needed in the subsequent calculation.  Therefore, the standard deviations from Step 1 are used as 
input for the 240Pu covariance data calculation.  Unit 16 from the previous step is moved to a 
different unit that will be designated as the input 235U standard deviations in the 240Pu input file.  
Step 4 in Sample Problem 2 can be used to calculate the standard deviations for 240Pu.  If only the 
matrix <9440,18; 9440, 18> is desired, the following input can be used 
   1$$ -1 30 8 4 8 9440 -12 -11 1 1 0 4r0 2  0 0 t 
   4## 9440 9228  18 18 t 

The matrix <9228,18; 9228, 18> has to be requested in order to retrieve the cross section data for 
235U, which is needed  to calculate the desired matrix. 

Step 3: 
In the final step of the calculation sequence, the 235U data are processed again to obtain the cross-
material- covariance matrix <9228, 18; 9440, 18>.  The following input is used to calculate the 
covariance matrix between the 235U fission cross section and the 240Pu fission cross section: 
   1$$ −1 31 0 4 8 9228 −12 −11 1 1 0 4r0 2 0 0 t 
   4## 9228 9440 2r18 t 
   coverx file for u235 
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The 240Pu standard deviations from Step 2 are located on unit 31 in the above input file, and the 
235U ENDF uncertainty file is located on unit 8.  In the preceding input file, two MAT-MT 
reaction pairs are specified in the 4# array (i.e., 9228 18 and 9440 18). 

 
As the directory run for 235U showed, the ENDF file contains cross material LTY = 3 sections for other 
materials than 240Pu.  To process all possible matrices and cross matrices between materials, it is 
necessary to obtain the standard deviations for all the materials.  The procedure outlined in Step 1 can be 
followed to obtain individual standard deviation files for all the materials concerned.  The unix cad 
command can be used to combine these individual standard deviation files into one file that can be used 
as input to for 235U.  If the file containing the combined standard deviation data is on unit 31, the 
following input can be used to calculate all possible covariance and cross covariance matrices: 

   1$$ −1 31 0 4 8 9228 −12 −11 1 1 0 4r0 -1 0 0 t 
   coverx file for u235 

A.4  SAMPLE PROBLEM 4 

Based on the directory information for 235U in Step 2 of Sample Problem 2, covariance information is 
available for the neutron multiplicity data.  In particular, File 31 defines the covariance matrix for tν . 
The following input file can be used to calculate the covariance matrix for MT = 452: 
   1$$ −1 0 0 4 8 9228 −12 −11 1 1 1 4r0 1 0 0 t 
   4## 9228 452 t 
   coverx file for u235 

In the preceding input, the AMPX master library and the ENDF uncertainty data are located on 
units 4 and 8, respectively.  Because File 31 is to be processed, JOPT1 is set equal to 1 in the 11th 
entry of the 1$ array.  To obtain the covariance matrix for tν , the appropriate MAT-MT reaction 
pair is specified in the 4# array. 



 

 
68 



 

 
69 

APPENDIX B.  FIDO INPUT 
 

B.1  INTRODUCTION 
 
The FIDO input method is specially devised to allow entering or modifying large data arrays with 
minimum effort.  Advantage is taken of patterns of repetition or symmetry wherever possible.  The FIDO 
system was patterned after the input method used with the FLOCO coding system at Los Alamos and was 
first applied to the DTF-II code.  Since that time, numerous features requested by users have been added, 
a free-field option has been developed, and the application of FIDO has spread to innumerable codes. 
 
The data are entered in units called “arrays.”  An array comprises a group of contiguous storage locations 
that are to be filled with data at the same time.  These arrays usually correspond on a one-to-one basis 
with FORTRAN arrays used in the program.  A group of one or more arrays read with a single call to the 
FIDO package forms a “block,” and a special delimiter is required to signify the end of each block.  
Arrays within a block may be read in any order with respect to each other, but an array belonging to one 
block must not be shifted to another.  The same array can be entered repeatedly within the same block.  
For example, an array could be filled with “0” using a special option, and then a few scattered locations 
could be changed by reading in a new set of data for that array.  If no entries to the arrays in a block are 
required, the delimiter alone satisfies the input requirement. 
 
Three major types of input are available:  fixed-field input, free-field input, and user-field input. 
 
B.2  FIXED-FIELD INPUT 
 
The fixed-field input option is documented here for completeness.  The use of fixed-field input is NOT 
recommended.  Use the free-field input option documented in Sect. B.3. 
 
Each card is divided into six 12-column data fields, each of which is divided into three subfields.  The 
following sketch illustrates a typical data field.  The three subfields always comprise 2, 1, and 9 columns, 
respectively. 
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To begin the first array of a block, an array originator field is placed in any field on a card: 
 

Subfield 1: An integer array identifier <100 specifying the data array to be read in. 
Subfield 2: An array-type indicator: 

"$" if the array is integer data 
"*" if the array is real data 
"#" if the array is double-precision data 

Subfield 3: Blank 
 
Data are then placed in successive fields until the required number of entries has been accounted for. 
 
In entering data, it is convenient to think of an “index” or “pointer” as a designator that is under the 
control of the user and which specifies the position in the array into which the next data entry is to go.  
The pointer is always positioned at array location #1 by entering the array originator field.  The pointer 
subsequently moves according to the data operator chosen.  Blank fields are a special case in that they do 
not cause any data modification and do not move the pointer. 
 
A data field has the following form: 
 

Subfield 1: The data numerator, an integer <100.  We refer to this entry as N1 in the following 
discussion. 

Subfield 2: One of the special data operators listed below. 
Subfield 3: A nine-character data entry, to be read in F9.0 format.  It will be converted to an integer 

if the array is a “$” array or if a special array operator such as Q is being used.  Note 
that an exponent is permissible but not required.  Likewise, a decimal is permissible but 
not required.  If no decimal is supplied, it is assumed to be immediately to the left of the 
exponent, if any; and otherwise to the right of the last column.  This entry is referred to 
as N3 in the following discussion. 
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A list of data operators and their effect on the array being input follows: 
“Blank” indicates a single entry of data.  The data entry in the third subfield is entered in the 
location indicated by the pointer, and the pointer is advanced by one.  However, an entirely blank 
field is ignored. 

“+” or “–“ indicates exponentiation.  The data entry in the third field is entered and multiplied by, 
where N1 is the data numerator in the first subfield, given the sign indicated by the data operator 
itself.  The pointer advances by one.  In cases where an exponent is needed, this option allows the 
entering of more significant figures than the blank option. 

“&” has the same effect as “+”. 

“R” indicates that the data entry is to be repeated N1 times.  The pointer advances by N1. 

“I” indicates linear interpolation.  The data numerator, N1, indicates the number of interpolated 
points to be supplied.  The data entry in the third subfield is entered, followed by Nj interpolated 
entries equally spaced between that value and the data entry found in the third subfield of the next 
nonblank field.  The pointer is advanced by N1 + 1.  The field following an "I" field is then 
processed normally, according to its own operator.  The "I" entry is especially valuable for 
specifying a spatial mesh.  In "$" arrays, interpolated values will be rounded to the nearest 
integer. 

“L” indicates logarithmic interpolation.  The effect is the same as that of "I" except that the 
resulting data are evenly separated in log-space.  This feature is especially convenient for 
specifying an energy mesh. 

“Q” is used to repeat sequences of numbers.  The length of the sequence is given by the third 
subfield, N3.  The sequence of N3 entries is to be repeated N1 times.  The pointer advances by 
N1*N3.  If either N1 or N3 is 0, then a sequence of N1 + N3 is repeated one time only, and the 
pointer advances by N1 + N3.  This feature is especially valuable for geometry specification. 

The “N” option has the same effect as "Q," except that the order of the sequence is reversed each 
time it is entered.  This feature is valuable for the type of symmetry possessed by Sn quadrature 
coefficients. 

“M” has the same effect as "N," except that the sign of each entry in the sequence is reversed 
each time the sequence is entered.  For example, the entries 
1 2 3 2M2 
would be equivalent to 
1 2 3 -3  -2 2 3. 
This option is also useful in entering quadrature coefficients. 

“Z” causes N1 + N3 locations to be set at 0.  The pointer is advanced by N1 + N3. 

“C” causes the position of the last array entered to be printed.  This is the position of the pointer, 
less 1. The pointer is not moved. 

“O” causes the print trigger to be changed.  The trigger is originally off.  Successive "O" fields 
turn it on and off alternately.  When the trigger is on, each card image is listed as it is read. 

“S” indicates that the pointer is to skip N1 positions leaving those array positions unchanged.  If 
the third subfield is blank, the pointer is advanced by N1.  If the third subfield is nonblank, that 
data entry is entered following the skip, and the pointer is advanced by N1 + 1. 

“A” moves the pointer to the position, N3 specified in the third subfield. 

“F” fills the remainder of the array with the datum entered in the third subfield. 
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“E” skips over the remainder of the array.  The array length criterion is always satisfied by an E, 
no matter how many entries have been specified.  No more entries to an array may be given 
following an “E,” except that data entry may be restarted with an “A.” 

 
The reading of data to an array is terminated when a new array origin field is supplied, or when the block 
is terminated.  If an incorrect number of positions has been filled, an error edit is given; and a flag is set 
which will later abort execution of the problem.  FIDO then continues with the next array if an array 
origin was read.  Otherwise, control is returned to the calling program. 
 
A block termination consists of a field having “T” in the second subfield.  Entries following “T” on a card 
are ignored, and control is returned from FIDO to the calling program. 
 
Comment cards can be entered within a block by placing an apostrophe (') in column 1.  Then columns 2–
80 will be listed, with column 2 being used for printer carriage control.  Such cards have no effect on the 
data array or pointer. 
 
 
B.3  FREE-FIELD INPUT 
 
With free-field input, data are written without fixed restrictions as to field and subfield size and 
positioning on the card.  The options used with fixed-field input are available, although some are sightly 
restricted in form.  In general, fewer data cards are required for a problem, the interpreting print is easier 
to read, a card listing is more intelligible, the cards are easier to keypunch, and certain common keypunch 
errors are tolerated without affecting the problem.  Data arrays using fixed- and free-field input can be 
intermingled at will within a given block. 
 
The concept of three subfields per field is still applicable to free-field input; but if no entry for a field is 
required, no space for it need be left.  Only columns 1-72 may be used, as with fixed-field input.  A field 
may not be split across cards. 
 
The array originator field can begin in any position.  The array identifiers and type indicators are used as 
in fixed-field input.  The type indicator is entered twice to designate free-field input (i.e., “$$,” “**,” or 
“##”).  The blank third subfield required in fixed-field input is not required.  For example, 

31** 
indicates that array 31, a real-data array, will follow in free-field format. 
 
Data fields may follow the array origin field immediately.  The data field entries are identical to the fixed-
field entries with the following restrictions: 

1. Any number of blanks may separate fields, but at least one blank must follow a third subfield 
entry if one is used. 

2. If both first- and second-subfield entries are used, no blanks may separate them (i.e., 24S, but not 
24 S). 

3. Numbers written with exponents must not have imbedded blanks (i.e., 1.0E+4, 1.0-E4, 1.0+4, or 
even 1+4, but not 1.0 E4).   

4. In third-subfield data entries only 9 digits, including the decimal but not including the exponent 
field, can be used (i.e., 123456.89E07, but not 123456.789E07). 

5. The Z entry must be of the form: 738Z, not Z738 or 738 Z. 
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6. The + or - data operators are not needed and are not available. 
7. The Q, N, and M entries are restricted: 3Q4, 1N4, M4, but not 4Q, 4N, or 4M. 

 
B.4  USER-FIELD INPUT 
 
If the user follows the array identifier in the array originator field with the character “U” or “V,” the input 
format is to be specified by the user.  If “U” is specified, the FORTRAN FORMAT to be used must be 
supplied in columns 1–72 of the next card.  The format must be enclosed by the usual parentheses.  Then 
the data for the entire array must follow on successive cards.  The rules of ordinary FORTRAN input as to 
exponents, blanks, etc., apply.  If the array data do not fill the last card, the remainder must be left blank. 
 
“V” has the same effect as “U,” except that the format read in the last preceding “U” array is used. 
 
B.5  CHARACTER INPUT 
 
If the user wishes to enter character data into an array, at least three options are available.  The user may 
specify an arbitrary format using a “U” and reading in the format.  The user may follow the array 
identifier by a “/”.  The next two entries into subfield 3 specify the beginning and ending indices in the 
array into which data will be read.  The character data are then read starting with the next data card in an 
18A4 format. 
 
Finally, the user may specify the array as a free-form “*” array and then specify the data entries as “nH” 
character data where n specifies how many characters follow H. 
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APPENDIX C.  AUXILLARY CODES 
 
 
C.1  SMILER 
 
The SMILER module provides a means of converting group-averaged cross sections from the NJOY code 
system for use by modules written for the AMPX system.  By default, NJOY writes these data in a format 
called the GENDF format, which is an ENDF/B-like format. 
 
SMILER requires little input over simply specifying the GENDF files that are to be combined and 
converted.  A SMILER run produces cross sections for only one nuclide.  SMILER accepts the BCD or 
binary formats of GENDF files. 
 
SMILER produces a master interface that is compatible with the Nordheim Integral Treatment for 
resonance self-shielding, when these are used with the NITAWL-II module from AMPX-77 or from 
SCALE-4.  This feature would require the addition of resonance parameters, for example, by using the 
UNITAB (see Sect. 3.UNITAB) module, to the master library produced by SMILER. 
 
Note that no code which prepares an AMPX master library should include an array identified by 1452 
( fνσ ) in the 1-D arrays. SMILER does not, and should never be modified to do this, because it will 
result in completely erroneous results, when used in some code combinations. 
 
C.1.1  Input Data 
 
SMILER uses the FIDO input schemes employed in the AMPX system. It requires one block of data. 

Block 1. 
 
−1$  Core Allocation [1] 
 

1. CORE - Number of words of core to allocate to SMILER (300000) 
 
 0$ Logical Assignments [4] 
 

1. MMT - Logical unit of AMPX master interface  (1) 
2. MG1 - First GENDF file (0) 
3. MG2 -  Second GENDF file (0) 
4. MG3 -  Third GENDF file (0) 

(Note that because photon-only GENDF files do not strictly follow the GENDF format 
specifications and specify the number of photon groups in the word designation for the 
number of neutron groups, we have reserved MG3 as the location for this type of file.  
Logical units MG1 and MG2 can both contain either neutron-only or coupled neutron-
gamma data. Borrowing an idea from MILER, positive values for MG1, MG2, MG3 are 
used for BCD files, whereas negative values are used for binary files.) 

 
 1$ Nuclide Identifier and Direct-Access File Status [2] 
 

1. ID19 - Identifier of the set of data produced by SMILER (1) 
2. N9STAT -  Status of direct-access scratch file (0/1 7 create new file/use existing file) (0) 
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N9STAT is a provision for minimizing the number of input/output operations 
associated with direct-access files. At least on IBM systems using standard 
FORTRAN features, the initialization  of a new direct-access file requires two 
input/output operations for every block in the file. Saving and reusing this file 
reduces the penalty to a negligible number. 

 
 2$ NJOY/AMPX Thermal Identifier Correspondence List [100] 

(Up to 50 doublets which give the NJOY identifiers for a thermal-scattering process followed by its 
corresponding AMPX identifier.  By default, this array contains 221 1007 222 1008, followed by 
96 zeroes, which says to use an AMPX identifier of 1007 on the arrays which NJOY identifies with 
221 and 1008 on those identified by 222.) 
 

 6$ Direct-Access Storage Parameters  [2] 
 

1. NBLK  -  Number of blocks to initialize in the direct-access scratch file (500) 
2. LRECL -  Length of direct-access file blocks in words (1000) 
 

T Terminate Block 1. 

Sample Input 
   0$$ 1 2 0 0             1$$ 9222 E           T 

This input will create an AMPX master library on logical unit 1 for 235U data taken from the NJOY 
GENDF file on logical unit 2. The mat number identifying the data on the AMPX master library is 9222. 
(Note that SMILER processes only one nuclide at a time, such that the identifier of the data on the 
GENDF file is not required; i.e., the GENDF file must be for only one nuclide). 
 
C.1.2  Logical Assignments 
 

Logical No.  Purpose 

5 Standard input 

6 Standard output 

9 Direct-access scratch file 

MMT (1) AMPX master interface 

MG1 (0) First GENDF file 

MG2 (0) Second GENDF file 

MG3(0) Third GENDF file 

 
C.1.3  Procedures 
 
Converting between different multigroup cross-section formats is a very common requirement. That it is 
not trivial is due to the wide variety of choices that one can make in designing a format. The differences 
in GENDF and AMPX formats clearly demonstrate areas that can be different. 

1. There is a difference in the ordering of energy groups. Traditionally, group 1 is the highest energy 
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group, as it is in the AMPX master interface. On a GENDF file, group 1 is the lowest energy 
group. 

2. The Legendre coefficients in scattering matrices in the AMPX master interface include the (2l + 
1) multiplier following conventions established for the ANISN and DOT programs in the mid-
1960s. GENDF does not. 

3. The matrices for reactions that produce multiple secondary particles, such as (n,2n), contain the 
multiplicity on GENDF files. In AMPX, they do not. 

4. The units of the temperatures associated with scattering matrices are in eV in AMPX versus K in 
GENDF. 

5. Various process identifiers for averaged cross sections need to be carefully monitored in order to 
interact properly with various AMPX modules.  For example, the GENDF-scattering matrices for 
fission are identified by MT = 18, which is perfectly logical and as it should be; however, use of 
this identifier on the AMPX master interface would lead to undesirable results, and it is redefined 
to be 9018.  Likewise, MT = 221, … for thermal-scattering processes are converted to MT = 
1007, 1008, ... to interface with the AMPX procedures. 

6. The fission spectrum on the GENDF file is in scattering-matrix form (a more correct form), 
whereas it is generally expected to be a single array on the AMPX interface. 

The basic procedure in SMILER is very simple.  Note that even though a GENDF file can contain many 
(up to the number of groups) collections of records for a process at a single temperature, these can be 
collected into a single record, before they are shuttled to a direct-access scratch file.  Furthermore, if one 
chooses a procedure that constructs all of the matrices for Legendre coefficients of scattering processes 
in-core, prior to writing to the direct-access file, the requisite I/O operations are minimized. 
 
C.2  SHELL AND UNIX SYSTEM CALLING FACILITY 
 
SHELL is not a module in the traditional sense; rather it provides a facility for including commands in an 
execution sequence of AMPX modules that access files, programs, save files, etc., using standard UNIX 
commands.  For example, if one wants to include a module in an execution sequence that is not part of the 
standard suite of codes, SHELL allows one to “link” to that code, and then execute the code exactly like 
the other codes are executed.  When one wants to access data from an existing file, such as an ENDF/B 
evaluation, SHELL provides the facility to link to the file.  When cross-section libraries have been 
produced, SHELL provides the facility to store the libraries. 
 
C.2.1  Sample Usages 
 
Assume that we wish to import a new code named NEW, and to execute this module that needs a 
particular ENDF/B evaluation to produce a file of point cross sections that we wish to save.  NEW reads 
the ENDF/B evaluation on logical unit 20 and writes the point cross sections on logical unit 1.  The 
sequence would look as follows: 
 

=shell 
ln -fs /place/A/B/C/NEW                NEW 
ln -fs /anotherplace/endf.data/evaluation6 ft20f001 
end 
=NEW 
input data for NEW 
end 
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=shell 
cp ft01f001 /anotherplace/point.data/filename 
end 

 
For those familiar with UNIX, the first usage of SHELL locates the program named NEW in a directory 
called “/place/A/B/C”, and the ENDF/B evaluation in one called “/anotherplace/endf.data”.  The name of 
a collection on one or more evaluations is called “evaluation6”.  After NEW is executed, SHELL is called 
again to store the file on logical unit 1 to a directory called “/anotherplace/point.data” with a file named 
“filename”. 
 
C.3  COVCOMP 
 
Compare two coverx formatted files (either ASCII or binary, see Sect. D for format details).  The program 
compares the files and writes the differences into a new coverx formatted file. In addition it writes 
summary information to the screen.  The output file format is a coverx formatted file with the following 
data: 
 

• all cross section, uncertainties and covariance data are written as 
1 2

1

a a
a
−

 

where a1 is the value in file 1 and a2 the value in file 2.  If a1 = 0, the value 1 2a a−  is used 
instead 

• If a cross section or matrix does exist in one file but not in the other, -9999 is written for all the 
values. 

• If the group structures in the two files do not agree the files cannot be compared.  In this case the 
coverx file does contain a header but contains 0 cross section and covariance matrix data. 

 
C.3.1  Input Data 
 
COVCOMP uses the FIDO input schemes employed in the AMPX system. It requires one block of data. 
Input is as follows: 
 
 0$ Logical unit assignments [5] 
 

1. LOG1  - the logical unit for the first coverx file.  If negative the file is assumed to be binary 
(1) 
2. LOG2  - the logical unit for the second coverx file (2) 
3. OUT - the logical unit for the output coverx file (3) 
4. ALL - if 1 all mismatched matrix elements and cross section data are printed.  Otherwise 

only a summary is printed (0) 
5. CON - if 1 all all matrices and standard deviation values are converted to absolute values. 

Otherwise conversion only happens if the data types for the two files differ (0) 
 

 1* Logical unit assignments [1] 
 

1. EPS  - Cut-off value.  Errors are reported on screen only if larger that this value.  Does not 
affect ouput file data. (10-5) 
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C.4  DRIVERS AND COMMAND FILES 
 
In addition the following files are distributed 
 

ampx  The driver routine that is called by the script files that run  puff_iv 

collect An auxillary script file used to organize the program output  

batcha, batch.patn, 
puff_iv_run 

Script files used to run the program 
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APPENDIX D.  COVERX FORMAT 
 

 
The coverx file format is comprised of the following blocks, described in more detail below: 
 

Table D.1.  File structure of a coverx formatted file 
Record type Present if 

File identification (Table 7.2) Always 
File control (Table 7.3) Always 
File description (Table 7.4) NHOLL > 0 
Neutron group boundaries (Table 7.5) NNGRUP > 0 
Gamma group boundaries (Table 7.6) NGGRUP > 0 
MAT-MT Control block (Table 7.7) Always 
Cross Section and Standard deviation for a 
given MAT-MT pair (Table 7.8) 

Repeated for each pair given in the MAT-MT 
control block 

Repeat for each covariance matrix 
Matrix control block (Table 7.9) Always 
Block control block (Table 7.10) Always 
Matrix data (Table 7.11) Always 

 
The File identification block has the following format: 
 

Table D.2  File identification 
HNAME, (HUSE(I),I=1,2), IVERS 
In ASCII format: 
  FORMAT(11H 0V COVERX , A6, 1H*,2A6,1H*,I6) 
In binary format one read/write statement. 

HNAME Hollerith File name 
HUSE Hollerith User identification 

IVERS File Version number 
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The File control block has the following format: 
 

Table D.3  File control block 
NGROUP, NNGRUP, NGGRUP, NTYPE, NMMP, NMMP, NMTRIX, NHOLL 
In ASCII format: 
  FORMAT(4H 1D ,7I6) 
In binary format one read/write statement. 

NGROUP Number of energy groups 
NNGRUP Number of neutron groups 
NGGRUP Number of gamma groups 
NTYPE Type of data: 

1 -  Covariance Matrix 
Standard Deviation 

2 -  Relative Covariance Matrix 
Relative Standard Deviation 

3 -  Correlation Matrix 
Standard Deviation 

NMMP Number of MAT-MT pairs 
NMTRIX Number of matrices 
NHOLL Number of Hollerith words in description 

 
The File description has the following format: 
 

Table D.4.  File description 
(WORDS(J), J=1,NHOLL) 
In ASCII format: 
  FORMAT(4H 2D ,1H*,11A6/(11A6)) 
In binary format one read/write statement. 

WORDS(J) Hollerith description of file 
 
The neutron group boundaries are given as follows: 
 

Table D.5.  Neutron group boundaries 
(GPBN(J),J=1,NNGRUP), ENMIN 
In ASCII format: 
  FORMAT(4H 3D ,5E12.4/(6E12.4)) 
In binary format one read/write statement. 

GBPN(J) Maximum energy bound of neutron group J 
ENMIN Minimum energy of neutron range 
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The gamma group boundaries are given as follows: 
 

TableD.6.  Gamma group boundaries 
(GPBG(J),J=1,NGGRUP), EGMIN 
In ASCII format: 
  FORMAT(4H 4D ,5E12.4/(6E12.4)) 
In binary format one read/write statement. 

GBPG(J) Maximum energy bound of gamma group J 
EGMIN Minimum energy of gamma range 

 
The format for the MAT-MT control block is: 
 

Table D.7.  MAT-MT control block 
(MATID(I), MTID(I), MGWT(I), I=1,NMMP) 
In ASCII format: 
  FORMAT(4H 5D ,11I6/(12I6)) 
In binary format one read/write statement. 

MATID(I) Material identification number 
MTID(I) Reaction type identification number 
MWGT(I) Cross section weighting option 

1 -  Constant 
2 -  1/E 
3 -  Thermal + 1/E + Fission 
4 -  Arbitrary 
5 -  Combined CTR CRBR 

 
The cross section and uncertainty data are given in the following format: 
 

Table D.8.  Cross section and uncertainty information 
(CRS(J), J=1,NGROUP), (ERROR(J), J=1,NGROUP) 
In ASCII format: 
  FORMAT(4H 6D ,5E12.4/(6E12.4)) 
In binary format one read/write statement. 

CRS(J) Cross section data 
ERROR(J) Standard deviation or relative standard deviation, depending on value of 

TYPE 
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The format for the matrix control block is: 
 

Table D.9.  Matrix control block 
MAT1, MT1, MAT2, MT2, NBLOK 
In ASCII format: 
  FORMAT(4H 7D ,5I6) 
In binary format one read/write statement. 

MAT1 Material 1 identification number 
MT1 Reaction 1 reaction type identification number 

MAT2 Material 2 identification number 
MT2 Reaction 2 reaction type identification number 

NBLOK Number of blocks (assumed to be always 1) 
 
The format for block control block is: 
 

Table D.10.  Block control block 
(JBAND(J),IJJ(J)=1,NGROUP), (LGRP(N),N=1,NBLOK) 
In ASCII format: 
  FORMAT(4H 8D ,11I6/(12I6))) 
In binary format one read/write statement. 

JBAND(J) Amount of covariance data in column J of the matrix. The matrix block 
contains ( )JBAND JKMAX =∑  data 

IJJ(J) Position of diagonal element COV(J,J) in column array [(of length 
JBAND(J)] for column J. 

LGRP(N) Number of groups in block  
 
 
The matrix data are given in the following form: 
 

Table D.11.  Matrix data 
(COV(K), K=1,KMAX) 
In ASCII format: 
  FORMAT(4H 9D ,5E12.4/(6E12.4))) 
In binary format one read/write statement. 

KMAX Sum over JBAND(J), see Tab. 7.10 for definition 
COV(K) Matrix data. 

Matrix data are stored by column.  The column for group J contains 
JBAND(J) data.  The value of IJJ(J) allows one to position column data 
for group J in the full covariance matrix. 
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E.  INSTALLATION INSTRUCTION 
 

Programs and utilities needed to compile and run the software: 

• tar unix tape utility.  Needed to unpack the software package 

• gzip the gnu unzip utility (http://directory.fsf.org/gzip.html) to unpack the software package 

• C compiler 

• F90 compiler (a suitable free compiler is g95 (http://www.g95.org/), please use a  recent 
version. The compiler does not have a version number) . 

• make, the unix make utility. 

• ksh, unix kornshell (http://www.kornshell.com/).  The various batch files assume that it is 
installed as /bin/ksh.  This shell is not used by the installation procedure but only in the command 
files that ran puff_iv istself. 
(If ksh is not available, bash may by used.  To do so complete the installation procedure and 
change the first line in the command files: /somedir2/installdir/cmds/batcha, 
/somedir2/installdir/cmds/batcha.patn, /somedir2/installdir/cmds/puff_iv_run and 
/somedir2/installdir/bin/collect to refer to bash instead of ksh. This will lead to some error 
messages upon execution which can safely be ignored.) 

• The command files (not the installation procedure) assume that a temporary storage area /usr/tmp 
exists and is readable and writable by the user who runs the programs. 

The software is distributed as a gzipped tar file: puff-x.y.z.tar.gz, where x.y.z is the version number.  
Unpack the file with one of the following commands (not all work on all flavors of UNIX): 

• tar xzf puff-x.y.z.tar.gz 
• gunzip -c puff-x.y.z.tar.gz | tar xf - 
• gunzip puff-x.y.z.tar.gz 

tar xvf puff-x.y.z.tar 
After unpacking a new directory puff-x.y.z will be created.  Three directories are of interest to the install 
process: 

• /somedir1/puff-x.y.z is the directory in which the software was unpacked in the previous step.  If 
this directory is used in the installation instruction, a relative path is acceptable. 

• /somedir2/builddir the directory where you want to compile the code.  The directory 
/somedir1/puff-x.y.z may be re-used for this purpose.  If /somedir1/puff-x.y.z is not re-used, then 
/somedir2/builddir must be created by the user. 

• /somedir2/installdir (defaults to /somedir2/builddir/install) is the directory in which command 
files, binaries, etc are installed.  If this directory is used in the installation instruction, an absolute 
path needs to be used.  This directory has to be different from /somedir1/puff-x.y.z and 
/somedir2/builddir.  Upon installation, the following directories will be created if they do not 
exist: 

• /somedir2/installdir  the install directory itself 

• /somedir2/installdir/bin  the binary program files will be copied into this directory 

• /somedir2/installdir/cmds  the command files necessary to run PUFF-IV will be installed 
into this directory 

• /somedir2/installdir/data various data files needed internally either by the command files 
or programs are installed into this directory. 
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In a minimal setup you will not need to create any new directories.  The directory /somedir1/puff-x.y.z is 
created after unpacking the software and can be reused for /somedir2/builddir.  The installation directory 
/somedir2/installdir will be created automatically during installation.  You will need write access to the 
directory in which /somedir2/installdir will be created. The default is /somedir2/builddir/install. 

Depending on your choice of compiler and operating system, some environment variables need to be set. 
See below for instructions for specific operating systems; the following comments apply to all operating 
systems.  For SMILER to run successfully, all Fortran variables need to be initialized to 0.  If your 
compiler does not do this by default, you need to set appropriate compiler flags.  If you use g95, it will 
need a compile flag of -fsloppy-char and -fzero in order to read GENDF files using SMILER and to 
initialize variables to 0.  If the configure script cannot locate the compiler, you may want to explicitly tell 
it via environment variables.  The following environment variables are of interest: 
 

FLAGS Description 
FC Fortran 90 compiler to use 
F77 Fortran 77 compiler to use 
CC The C compiler to use 
FCFLAGS Compiler flags to use if compiling Fortran 90 code 
FFLAGS Compiler flags to use if compiling Fortran 77 code 
CFLAGS  Compiler flags to use if compiling C code 

 
For example, if you choose to use g95 and it is installed in /g95home/bin/g95 the command sequence 
would look as follows if you run bash: 
 

export FC=/g95home/bin/g95 
export F77=/g95home/bin/g95 
export FCFLAGS=”-fsloppy-char -fzero” 
export FFLAGS=”-fsloppy-char -fzero” 

If you run csh the commands become: 
setenv FC /g95home/bin/g95 
setenv F77 /g95home/bin/g95 
setenv FCFLAGS “-fsloppy-char -fzero” 
setenv FFLAGS “-fsloppy-char -fzero” 

Any suitable Fortran 90 compiler may be substituted in the above four commands.  Of course you can 
omit the setting of FCFLAGS and FFLAGS if your compiler does not need any special compiler flags.  
Or you can substitute suitable flags.  While the configure script will usually find the correct compiler, it is 
safe to execute the above commands provided the desired compiler flags are recognized by your compiler.  
If you have problems with the installation procedure below, you may have to set or change one or more of 
the above environment variables.  If using the Portland Fortran compiler, FC and F77 need to be set: 

export FC=pgf90 
export F77=pgf90 

Or use the corresponding setenv command depending on your shell.  If not set, the compiler will not 
recognize the extension .f90 for Fortran 90 files. 

You are now ready to compile and install the software: 

1. Create and change into /somedir2/builddir if you wish to keep the source directory clean, or 
change into /somedir1/puff-x.y.z:  
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2. Run the configure script in /somedir1/puff-x.y.z: 
  /somedir1/puff-x.y.z/configure 
The configure script has various options, which can be printed to the screen via: 
  /somedir1/puff-x.y.z/configure --help 
In addition the script recognizes some shell environment variables, which are also listed by the 
above command.  A useful option is the --prefix option, which allows one to change the 
default choice for /somedir2/installdir. 

3. Compile the source tree using the following command: 
  make 

4. Run the test cases to ensure that programs will run correctly under your setup: 
  /somedir2/builddir/testcases/testcases 
The test cases have to run from the directory /somedir2/builddir because path information in the 
test case files is relative to this directory. 

5. Install the program (program will not work correctly if this step is omitted): 
  make install 

The whole command sequence is: 
cd /somedir2/builddir/ 
/somedir1/puff-x.y.z/configure 
make 
./testcases/testcases 
make install 

You are now ready to run the program. Two example input files and all needed files are included in the 
distribution: /somedir1/puff-x.y.z/sample/GendfPuff  to extract group-averaged cross section data from a 
GENDF file and   /somedir1/puff-x.y.z/sample/AmpxLibPuff  for using an AMPX master library. To run 
puff_iv, follow the steps below. 

1. Create a file containing the input instructions for the program.  Assume the file is called 
GendfPuff . All file names in this input file need to be absolute. 

2. Run the program: 
  /somedir2/installdir/cmds/batcha GendfPuff 
If you do not wish to use the system provided temporary file area (assumed to be /usr/tmp, in 
which a program specific subdirectory will be created), define a shell environment variable 
TMPDIR containing the desired temporary directory and use the command: 
  /somedir2/installdir/cmds/batcha -t GendfPuff 
to run the program. Please note that in this case the temporary files will not be deleted as is the 
case if using the system temporary file area. 
Note: The programs working directory is the temporary directory; therefore, all file names 
referenced in the input file need to be absolute or relative to the temporary directory used. 

3. After the program has finished, two files will have been created in your working directory: 

• /somedir3/GendfPuff.msg containing information about the program execution or failure 
information. 

• /somedir3/GendfPuff.output containing the program output. 
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E.1  OPERATING SPECIFIC INSTALL PROCEDURES 
 

E.1.1  LINUX 
 
If using the Portland Fortran compiler, the environment variable FC and F77 need to be explicitly set.  
The Portland Fortran compiler does not need any extra flags. 
 
If you wish to use the pgcc C compiler distributed with Portland Fortran, you have to set the CC 
environment variable.  The configure script will not recognize the build system if using the pgcc compiler 
and will have to be explictly told, for example on a 64bit AMD processor machine: 

 
   /somedir1/puff-x.y.z/configure  --build=x86_64-unknown-linux-gnu 
The build system is identical to the one used if configuring with gcc.  Thus, run the configure script first 
using gcc, the default.  At about the 5th line of screen output, the build system will be listed.  It is also 
listed in config.log.  Then set the environment variable CC to pgcc, and rerun the configure script using 
the build system name just determined. 

64bit Linux 

If using g95 on a 64bit Linux system, you must use the version using a default integer size of 32bit.  
Otherwise compilation of the program will fail. 

If using the Portland Fortran 32bit compiler, the C compiler must also be a 32bit compiler. You have two 
options: 

• Use the pgcc compiler distributed with the Portland Fortran compiler and proceed as described 
above. 

• Use gcc with a flag of m32, that  is use the following export commands: 
export CC=gcc 
export CFLAGS=-m32 

If using the 64bit version of the Portland Fortran compiler, you have the same two options; however, you 
do not need to explictly set the C compiler or the C compiler flags because gcc is the default and by 
default compiles 64bit binaries. 

E.1.2  IBM AIX Powerpc 
 
The xlf90 compiler can be used to compile the program.  However, there are two issues: 

• The compiler needs various special flags.  If you do not explicitly set environment variables FC, 
F77, FCFLAGS and FFLAGS, the configure procedure will attempt to set the appropriate flags.  
Otherwise the flags set in the environment variables will take precedence. 

• The xfl90 compiler will not compile files with a file extension of f90 if called as xlf90.  Instead, 
you have to make a symbolic link from xlf90 to f90: 
  ln -sf /usr/bin/xlf90 /Path_you_can_write_to/f90 
and explictly set the compiler: 
   export FC=/Path_you_can_write_to/f90 

 
 A suitable link may already be present on your machine. 
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E.1.3  Windows 
 
The program can be installed and run under Cygwin (http://www.cygwin.com), using the g95 
Fortran 90 compiler.  However, the name of the install directory cannot contain any embedded 
spaces.  In addition, neither the directory from which the program will be run nor any file names 
referenced in the input file can contain embedded spaces. 
 
E.2.  RUNNING SAMPLE INPUT FILE 
 
Assume you want to process 23Na from endf file /Full_Path_to_File/File33_ENDF.  Further assume that 
the cross section data at T = 0 were created using NJOY and are contained in the GENDF formatted file 
/Full_Path_to_File/File33_GENDF_1125.  The endf mat number for 23Na  is 1125.  The following input 
file can be used to calculate all available covariance matrices: 

=shell 
ln -sf /Full_Path_to_File/File33_ENDF_1125  ft02f001    
end 
=smiler 
0$$ 1 2 0 0 e 
1$$ 1125 e t 
end 
=shell 
cp ft01f001 /Full_Path_to_File/Njoy_ampx_1125 
ln -sf /Full_Path_to_File/Njoy_ampx_1125 ft04f001 
ln -sf /Full_Path_to_File/File33_ENDF ft08f001 
end  
=puff_iv 
1$$  -1 0 0  4 8 1125 -12 -11 1 1 2 0 0 0 0 -1 0 0  t 
coverx file for mat=1125 
end 
=shell 
cp ft01f001 /Full_Path_to_File/1125_coverx_bin 
end 
 

In the first shell sequence the GENDF formatted file /Full_Path_to_File/File33_GENDF_1125 is linked 
to logical unit number 2.  In the SMILER sequence the file is converted to AMPX library format; the 
converted file will be placed into logical unit 1, and the identifier used on the AMPX library is 1125.  The 
next shell sequence copies the AMPX library file for future use.  In addition the library is linked to logical 
unit 4 and the ENDF file to logical unit 8 in preparation for the call to PUFF-IV.  PUFF-IV is called to 
calculate all covariance matrices and write an binary coverx file on logical unit 1.  The last shell sequence 
copies the coverx file for future use. 
 
Two sample input files and all needed files are included in the distribution in directory sample.  The file 
GendfPuff uses an NJOY GENDF file.  The file AmpxLibPuff calculates covariance information using an 
ENDF file and an AMPX library.  To use the sample input, the input needs to be updated to use the full 
file name of the included AMPX, ENDF or GENDF files.  Please mark that the ampx library 
File33_AMPX_1125 is a binary file, written in little endian.  If your operating system uses big endian (for 
example AIX), you need to convert the file from little endian to big endian.  In the build directory 
/somedir2/builddir in subdirectory data is a program convert_big_endian that can do this for you.  It takes 
two command line arguments: the file to convert and the name of the output file. 
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