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 The overall objectives of this project are to critically review the currently used thermal neutron 
scattering laws for various moderators as a function of temperature, select a well documented and 
representative set of experimental data sensitive to the neutron spectra to generate a data base of 
benchmarks, update models and models parameters by introducing new developments in thermalization 
theory and condensed mater physics into various computational approaches in establishing the scattering 
laws, benchmark the results against the experimental set, and in the case of graphite, perform a validation 
experiment by observing neutron slowing down as a function of temperatures equal to or greater than 
room temperature, and understand the implications of the obtained results on the ability to accurately 
determine the operating and safety characteristics (e.g., the moderator temperature coefficient of 
reactivity, buildup and depletion of transuranium elements) of given reactor designs, which include 
generation IV nuclear power systems, advanced research reactors and power reactors for space 
applications. 
 
MILESTONES AND TASK STATUS IN PHASE 1 
 
 The tasks for this phase are being performed in parallel with some overlap.  The following table 
lists the tasks for this phase: 

An update of project schedule and task status 

Milestone/Task Description Planned Completion Date Actual Completion Date 
(a) Evaluate models and data used in current 
calculations of scattering law for the proposed 
materials 

March 31, 2002 Completed 

(b) Evaluate improved new models and data 
relevant to the thermalization problem in 
neutron and condensed matter physics 

May 31, 2002 Completed 
(will be revisited as the project progresses) 

(c) Start the implementation of new 
computational tools to calculate with new 
models and/or data 

May 31, 2002 Completed 
 

(d) Evaluate experimental data available to 
define a set of benchmarks 

March 31, 2002 near completion 
(will continue as the project progresses) 

(e) Start the development of models to compute 
experimental benchmarks 

August 31, 2002 near completion 
(will continue as the project progresses) 

(f) Begin designing the graphite benchmark 
experiments that will be performed at ORELA 

May 31, 2002 Completed 

(g) Begin preparation of thermal neutron 
scattering libraries 

August 31, 2002 Completed 



NARRATIVE OF PROGRESS 
 
 Phase 1 of this project achieved several major milestones: First, the methodologies that can be 
used to calculate the thermal neutron scattering kernels were studied and implemented.  As a result, the 
tools that are needed to perform the required analysis have been setup, tested, and are available to perform 
calculations for the materials of interest to this work.  Second, specific scattering kernels were generated 
for graphite, Be, and BeO, which allowed comparisons to be made to previous methodologies and data 
sets.  Third, the graphite benchmark experiment is in advanced design stages and construction of its 
heating system is expected to begin within the first quarter of phase 2, while the experimental 
preparations and  preliminary experimental runs are to be performed during the third and fourth quarters 
of phase 2. 
 
Tasks (a), (b), and (c): 
 
 During this phase, the research performed at NCSU, ORNL, and IB introduced new data and 
methods that can be used for evaluating the thermal neutron scattering kernels for moderators/reflectors 
that are of interest in nuclear technology.  Primarily, our studies focused on establishing the appropriate 
methodologies and tools for evaluating and developing the thermal neutron scattering kernels.  From the 
start, it became clear to us that the most efficient approach would be to establish and validate the main 
tools that would be used for this purpose, which then can be used to study the various materials.  As a 
result, the following capabilities have been developed by the members of this project: 
 

1) At ORNL, both the NJOY99/LEAPR and the GASKET methodologies (computer codes) are 
currently implemented.  Both of these codes are capable of calculating the scattering laws, which 
are then used by the THERMR and ACER modules of NJOY to produce the cross section 
libraries.  In addition, both codes were modified to eliminate numerical problems that produced 
inconsistencies that, in certain cases, can result in erroneous values for the cross sections.  
Subsequently, the codes were used to calculate the scattering kernel for graphite.  The figure 
below illustrates the excellent agreement between LEAPR (marked by +) and GASKET (solid 
line) methodologies as a result of the above analysis.  The work also focused on investigating the 
graphite phonon spectra that represent the starting point of the calculation of scattering kernels.  
In this case, two phonon spectra were utilized: the Young-Koppel phonon spectrum (J. Chem. 
Phys., 42, 1, 357, 1965) and the spectrum based on the work of Nicklow, Wakabayashi, and 
Smith (Phys. Rev. B, 5, 12, 1972). 
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The scattering law for graphite as a function of momentum and energy transfer.  A comparison 
between GASKET and LEAPR results 



2) At IB, the work focused on the application of a synthetic approach to construct the frequency 
spectra and subsequently utilize them in the inelastic kernel calculations.  In the case of the elastic 
component, the approach was to approximate coherent elastic scattering by an incoherent 
calculation.  This was justified based on the fact that incoherent like behavior will dominate in 
systems such as nuclear reactors.  Finally, a special version of the NJOY code is being created 
that will also contain in it the GASKET methodology, which will facilitate the production of the 
scattering kernel using either approach.  In this work, calculations were performed for graphite, 
beryllium and beryllium oxide.  The figure below shows the results of the calculation for Be in 
BeO. 
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Inelastic and elastic thermal neutron scattering cross sections for Be in BeO at 296 K 

 
3) At NCSU, The NJOY99 code system was set up and tested using the basic data of Young-Koppel 

and Nicklow, Wakabayashi, and Smith.  Furthermore, we studied the use of ab initio physics 
methods to calculated the input needed by NJOY.  Namely the phonon spectra that control 
thermal neutron interaction in crystalline materials.  In this case, we implemented the VASP-
PHONON code system.  Currently we are able to generate the phonon spectrum using this system 
and, subsequently, use it in the NJOY system to produce the thermal neutron scattering kernel.  
The figures below shows the phonon spectra for graphite based on the Young-Koppel (YK), 
Nicklow-Wakabayashi-Smith (ORNL), and ab initio (PH) models, and the thermal neutron 
scattering kernels for graphite. 
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The graphite phonon spectra obtained using the 3 methods described in the text. 
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Inelastic thermal neutron scattering cross section for graphite at 296 K and 1200 K.  The curve 
labeled PH is based on ab initio models and is expected to change once better models are developed. 
 
Tasks (d) and (e): 
 
 The initial intention during this phase was to evaluate a body of benchmarks for validating the 
scattering kernels.  However, as the project progressed, it became clear to us that this effort can be most 
efficient when coordinated with the scattering law evaluation and validation studies for a specific 
material.  Therefore, at this stage our combined effort has identified appropriate benchmark-quality 
experimental data for both graphite (3 benchmarks) and light water (the NIST leakage experiment).  As 
reported previously, computational models were set up for the graphite benchmarks, and work is 
underway for the light water experiment.  In addition, extensive literature searches were performed to 
identify experiments within the last 30 years that may be used as benchmarks.  Sorting of these references 
is currently underway.  Therefore this step will continue during phase 2. 
 
Task (f): 
 
 The initial intention during this phase was to perform preliminary designs of the graphite 
benchmark experiment during this phase of the project.  However, as the work progressed, it became clear 
that a near final design is needed during this phase to ensure the timely construction of the heating system 
that is needed to perform the experiment.  Therefore, a major time investment was made to achieve that 
objective.  To date, our design shows that a graphite rectangular pile that is 75-cm x 75-cm x 75-cm can 
produce the required results.  In addition, we plan to use Pu-239 fission detectors, which are capable of 
producing easily interpretable time signatures.  Currently, our calculations show that, below 1 eV, 
deviations on the order of 5% (in the detector response) exist between the LEAPR based inelastic 
scattering data that we generated during this work, and the standard GASKET based data that is contained 
in the MCNP libraries (as distributed by RSICC).  The results of the calculations were also discussed with 
the potential vendor that can supply the heating system.  We expect to finalize this work during the first 
quarter of Phase 2. 
 
 The figures below show the time dependent Pu-239 detector response at different temperatures 
and the variation in that response due to the variation in the cross section (LEAPR vs. GASKET 
generated cross sections). 
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Task (g): 
 
 Currently, all collaborators on this project are capable of generating the thermal neutron 
scattering libraries using the NJOY methodology.  Therefore, this task is being implemented as the final 
step in a process that begins with task (c).  Also, as mentioned above, modifications at ORNL have been 
made to the LEAPR module to eliminate numerical problems, and the GASKET methodology was 
implemented.  At IB, the GASKET methodology is currently being incorporated into LEAPR.  At NCSU, 
the ability to calculate basic phonon spectra was implemented using the VASP-PHONON code system.  
Using the various tools, thermal neutron scattering kernels were generated for graphite, beryllium, and 
beryllium oxide. 
 
COST PERFORMANCE 
 
 During this phase, Dr. Ayman I. Hawari (PI on this project) relocated from the University of 
Cincinnati (UC) to assume the position of Associate Professor of Nuclear Engineering and Nuclear 
Reactor Program Director in the Department of Nuclear Engineering at North Carolina State University 
(NCSU).  In addition, the two graduate students associated with this project relocated from UC to NCSU.  
The process of transferring the NERI grant from UC to NCSU was initiated in late December 2001 / early 
January 2002, and was completed in May, 2002.  Once the contract was transferred, we initiated the 
hiring of a research associate, who will join the project team at NCSU.  The position was offered to Dr. 
Victor H. Gillett (of Institute Balseiro, Argentina) and he plans to join our group around November 1, 
2002.  In addition, we have made the necessary preparations to begin equipment purchases in relation to 
the experimental work that will be performed during the fourth quarter of phase 2, and phase 3.  The 
discrepancy between the actual and planned spending levels can be entirely accounted for by taking these 
expenditures (including staff benefits and university overhead costs) into account.  Therefore, although 
the spending at NCSU during phase 1 was below the expected limits, we expect to adjust for that during 
phase 2. 
 
 At ORNL the spending from the account continues at its regular levels.  The figure below shows 
the cumulative cost of the project for both institutions. 
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PUBLICATIONS 
 



To date, this project has resulted in the following accepted publications: 
 

1) Ayman I. Hawari, Iyad Al-Qasir, Bernard W. Wehring, Felix C. Difilippo, and John-Paul Renier, 
“INVESTIGATION OF NEUTRON THERMALIZATION IN GRAPHITE MODERATORS,” 
accepted to ANS winter meeting, Washington DC, 2002. 

2) Ayman I. Hawari, Tong Zhou, Bernard W. Wehring, Felix C. Difilippo, and John-Paul Renier, 
“EXPERIMENT FOR BENCHMARKING THE THERMAL NEUTRON SCATTERING LAW 
IN GRAPHITE AT THE ORELA FACILITY,” accepted to ANS winter meeting, Washington 
DC, 2002. 

3) Felix C. Difilippo, John-Paul Renier, and Ayman I. Hawari, “BENCHMARKS FOR THE 
SCATTERING KERNEL OF GRAPHITE,” accepted to the PHYSOR meeting, Seoul, South 
Korea, 2002. 
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