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Abstract – The March 2010 edition of the International Reactor Physics Experiment Evaluation 
Project (IRPhEP) Handbook includes additional benchmark data that can be implemented in the 
validation of data and methods for Generation IV (GEN-IV) reactor designs.  Evaluations 
supporting sodium-cooled fast reactor (SFR) efforts include the initial isothermal tests of the Fast 
Flux Test Facility (FFTF) at the Hanford Site, the Zero Power Physics Reactor (ZPPR) 10B and 
10C experiments at the Idaho National Laboratory (INL), and the burn-up reactivity coefficient of 
Japan’s JOYO reactor.  An assessment of Russia’s BFS-61 assemblies at the Institute of Physics 
and Power Engineering (IPPE) provides additional information for lead-cooled fast reactor (LFR) 
systems.  Benchmarks in support of the very high temperature reactor (VHTR) project include 
evaluations of the start-up core physics tests of Japan’s High Temperature Engineering Test 
Reactor (HTTR).  The critical configuration of the Power Burst Facility (PBF) at the INL which 
used ternary ceramic fuel, U(18)O2-CaO-ZrO2, is of interest for fuel cycle research and 
development (FCR&D) and has some similarities to inert matrix fuels (IMFs) that are of interest in 
GEN-IV advanced reactor design.  Two evaluations were revised to include additional evaluated 
experimental data, in support of light water reactor (LWR) and heavy water reactor (HWR) 
research; these include reactor physics experiments at Brazil’s IPEN/MB-01 Research Reactor 
Facility and the French High Flux Reactor (RHF), respectively.  Revisions of a few additional 
benchmark evaluations in the handbook were also performed.  The IRPhEP Handbook now 
includes data from 43 experimental series (representing 24 reactor facilities) and represents 
contributions from 15 countries.  These experimental measurements represent large investments of 
infrastructure, experience, and cost that have been evaluated and preserved as benchmarks for the 
validation of methods and collection of data in support of current and future reactor design and 
development.  

 
 

I. INTRODUCTION 
 
The International Reactor Physics Experiment 

Evaluation Project (IRPhEP) was established to preserve 
integral reactor physics experimental data, including 
separate or special effects data for nuclear energy and 
technology applications.  Numerous experiments have been 
performed worldwide, represent a large investment of 
infrastructure, expertise, and cost, and are valuable 
resources of data for present and future research. 

Contributors from around the world collaborate in the 
evaluation and review of selected benchmark experiments 
for inclusion in the International Handbook of Evaluated 

Reactor Physics Benchmark Experiments (IRPhEP 
Handbook).1 

Several new evaluations have been prepared for 
inclusion in the March 2010 edition of the IRPhEP 
Handbook.  Many of these benchmark evaluations can be 
utilized in the validation of data and methods for 
Generation IV (GEN-IV) reactor designs such as sodium-
cooled fast reactor (SFR), lead-cooled fast reactor (LFR), 
and very high temperature reactor (VHTR) systems.2  

Additional evaluations represent experiments in 
support of inert matrix fuel (IMF) fuel cycle research and 
develop (FCR&D) for the elimination of plutonium and 
minor actinides in waste nuclear fuel,3  and analysis of light 
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water reactor (LWR), pressurized water reactor (PWR), 
and heavy water reactor (HWR) systems. 

A total of 13 benchmark evaluations were revised or 
newly prepared for inclusion in the IRPhEP Handbook.  
The IRPhEP Handbook now includes data from 43 
experimental series (representing 24 reactor facilities) and 
represents contributions from 15 countries. 

 
II. SODIUM-COOLED FAST REACTOR 

 
Three new evaluations representing reactor 

experiments for SFR systems were included in the updated 
handbook: the Fast Flux Test Facility (FFTF) and Zero 
Power Physics Reactor (ZPPR) configurations 10B and 
10C.  Minor revisions to the ZPPR 10A benchmark were 
also included.  Burn-up reactivity measurements for the 
JOYO MK-I core were added to the existing JOYO 
benchmark evaluation. 

 
II.A. Fast Flux Test Facility 

 
The initial isothermal physics measurements of the 

FFTF were evaluated (IRPhEP Handbook identification: 
FFTF-LMFR-RESR-001).  The FFTF was a 400-MWth, 
sodium-cooled, low-pressure, high-temperature, fast-
neutron flux prototypic liquid metal fast breeder reactor 
(LMFBR) operated on the Hanford Site near Richland, 
Washington, USA.  This reactor was designed for the 
irradiation testing of nuclear reactor fuels and materials for 
the LMFBR program.  

The FFTF (Fig. 1) was comprised of a hexagonal-pitch 
core containing 74 driver fuel assemblies and nine control 
rod absorber assemblies.  The fuel and absorber assemblies 
contained numerous dished pellets contained within 
stainless-steel-clad pins.  Axial and radial Inconel 600 
reflectors were utilized to reduce neutron leakage from the 
core.  The fuel assemblies contained mixed oxide (MOX) 
fuel with a plutonium content of approximately 25 wt.%.  
The initial core loading contained approximately 2.7 metric 
tons of MOX fuel in an approximate volume of 2.35 m3. 

Prior to the performance of a comprehensive reactor 
characterization program and ten years of operation, initial 
isothermal physics measurements were performed at zero 
power to verify predicted reactor operation parameters.  
This series of experiments were performed during the first 
few months of 1980.   

Evaluated measurements for this benchmark include 
the effective multiplication factor, keff, for the fully-loaded 
core critical configuration, two neutron spectra 
measurements near the core center, 32 worth measurements 
(21 control rod worth, two control rod bank worth, six 
differential control rod worth, two shutdown margin, and 
one excess reactivity measurement), the isothermal 
temperature coefficient, and low-energy electron and 
gamma-ray spectra near the core center. 
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Fig. 1. FFTF Core Configuration. 
 
 

II.B. Zero Power Physics Reactor 
 
The ZPPR-10A, -10B, and -10C experiments (ZPPR-

LMFR-EXP-001, -005, and -006, respectively) represent 
part of the JUPITER cooperative program.  These three 
configurations were part of the first series of experiments in 
JUPITER-I (1979), representing a set of critical 
experiments for conventional two-zone, homogenous cores 
of 600 to 800 MWe-class, fast breeder reactors (FBRs), 
which includes one clean benchmark core (ZPPR-9: ZPPR-
LMFR-EXP-002) and six engineering mockup cores with 
control rods or control rod positions filled with sodium.  
Configurations -10D, -10D/1, and -10D/2 have not yet been 
evaluated. 

ZPPR-10A represents a 650 MWe core with nineteen 
control rod positions.  ZPPR-10B represents a 650 MWe 
core with seven control rods and 12 control rod positions.  
ZPPR-10C represents an 800 MWe core with nineteen 
control rod positions.  The ZPPR was located at the 
Argonne National Laboratory-West facility in Idaho, USA. 

The ZPPR is a horizontal split-table-type assembly 
comprised of square drawers with plate-type fuel, coolant, 
and structural material (Fig. 2).  A square-pitch lattice was 
used to simulate a hexagonal LMFBR core.  Small plates of  
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Fig. 2. ZPPR Critical Assembly. 
 
 
depleted uranium, sodium, sodium carbonate, iron oxide 
(Fe2O3), depleted U3O8, stainless steel, and Pu-U-Mo alloy 
(~28 wt.% Pu) were loaded into the stainless steel drawers 
in this series of ZPPR experiments.   

ZPPR-10A includes evaluated measurements for keff; 
region-averaged spectral reaction-rate ratios for 
238Uf/239Puf, 235Uf/239Puf, and 238Uc/239Puf; control rod worth 
of four insertion patterns; sodium void reactivity for four 
voiding zones; and reaction rate distribution data.  Similar 
results were evaluated for the other ZPPR configurations.  
ZPPR-10B has a total of six control rod worth insertion 
patterns and ZPPR-10C has five control rod worth insertion 
patterns and no sodium void reactivity measurements. 

 
II.C. JOYO Reactor 

 
Japan’s experimental fast reactor JOYO MK-I core 

(JOYO-LMFR-RESR-001) operated in 1978 through 1980 
at rated operational power levels of 50 and 75 MWth.  It is 
a sodium-cooled, mixed-oxide-fueled, fast core surrounded 
by a UO2 blanket, representative of a breeding core.  The 
JOYO reactor has since received upgrades in core design 
and power.  

The JOYO core was fueled by MOX fuel and 
surrounded by radial and axial blanket of depleted uranium 
oxide (Fig. 3).  The reactor contains 6 control rods and 64 

fuel subassemblies to obtain initial criticality.  The 
maximum number of core fuel subassemblies is 79.  Each 
fuel subassembly contains approximately 130 kg Pu and 
140 kg 235U, with a uranium enrichment of ~23 wt.%. 

Prior to the initial power ascension of the MK-I core, 
various very low power measurements were performed.  
These measurements were included in the initial evaluation 
of the JOYO reactor.  The revision of this benchmark now 
includes burn-up reactivity data obtained during the MK-I 
core operational cycles. 

Evaluated measurements for this benchmark include 
keff values for core configurations containing 64 and 70 fuel 
subassemblies, six control rod worth measurements, six 
sodium void reactivity measurements, six fuel replacement 
reactivity measurements, and five burnup reactivity 
coefficients. 

 
III. LEAD-COOLED FAST REACTOR 

 
A single evaluation representing a LFR system was 

included in the handbook: the BFS-61 assemblies in the 
BFS-1 critical facility. 

 
III.A. BFS-61 Assemblies 

 
The BFS-1 critical facility is located at the Institute of 

Physics and Power Engineering (IPPE) in Obninsk, Russia.  
It is designed for full-scale modeling of fast-reactor 
 

 
 

Fig. 3. JOYO Core Configuration. 
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cores, blankets, in-vessel shielding, and storage, as well as 
for obtaining any additional neutron physics information 
necessary for the design of fast reactors.  In 1990-91, a 
series of three critical configurations with heterogeneous 
compositions of plutonium, depleted uranium, graphite, and 
lead were performed to obtain integral benchmark data for 
LFRs.  The cores were similar for all three configurations, 
but with different reflectors.  This series was designated as 
BFS-61 (BFS1-LMFR-EXP-002). 

The cores of the critical assemblies consisted of sets of 
vertical stainless steel tubes filled with pellets of plutonium 
metal, depleted uranium metal, lead, and graphite in 
repeated-cell arrangements (Fig. 4).  The lateral reflector 
assemblies contained pellets of lead, steel, and depleted 
uranium dioxide in stainless steel or aluminum tubes.  Thin, 
cylindrical stainless steel bars were inserted between the 
tubes in the reflector.  Fourteen tubes were used for fuel-
followed control rods. 

Measurements evaluated for this benchmark include a 
keff value for each configuration, 18 fission rate ratios in 
total across the three cores, three capture rate ratios in one 
core configuration, and a series of radial fission rate 
distributions in two core configurations, and a series of 
axial fission rate distributions in one core configuration. 

 
IV. VERY HIGH TEMPERATURE REACTOR 

 
A total of two High Temperature Engineering Test 

Reactor (HTTR) evaluations are now included in the 
handbook for use in the analysis of VHTR systems.  One of 
the evaluations is a revision that now includes additional 
reactor physics experimental data. 

 
IV.A. High Temperature Engineering Test Reactor 
 
The HTTR is a 30 MWth, graphite-moderated, helium-

cooled reactor currently operated by the Japan Atomic 
Energy Agency (JAEA) at the Oarai Research and 
Development Center, north of Tokyo, Japan (HTTR-GCR-
RESR-001 and -002).  The core size of the HTTR is half 
that of future high temperature gas-cooled reactors 
(HTGRs), and the purpose of the HTTR is to improve the 
technological bases for advanced HTGRs and allow for 
high-temperature research and materials testing. 

 
 

 
 

Fig. 4. Example of a BFS Pellet Loading. 

The HTTR is a prismatic reactor containing TRISO 
particles bound within annular graphite compacts.  These 
compacts are stacked within graphite fuel pins placed in 
large hexagonal IG-110 graphite blocks (Fig. 5).  
Approximately 0.9 metric tons of low enriched (average 
content of ~6 wt.% 235U) UO2 fuel is contained within an 
active core region of 12 m3.  A large PGX graphite radial 
reflector surrounds the HTTR core.  Sixteen pairs of 
control rods are used to manage core reactivity. 

There are two benchmark evaluations for the HTTR.  
One represents the measurements performed during the 
start-up core physics tests for the fully-loaded core 
configuration and the second for various annular core 
configurations developed during fuel loading.  Evaluated 
measurements for the fully-loaded core include keff values 
for the critical and shutdown core configurations, excess 
reactivity measurements, shutdown margin, and axial 
neutron fission reaction rate profile in the instrumentation 
columns of the HTTR core. Evaluated measurements for 
the annular core loadings include five keff values and two 
axial neutron fission reactor rate profiles in the 
instrumentation columns.  These measurements were 
performed between July 1998 and January 1999. 

 
V. INERT MATRIX FUEL 

 
An evaluation of the Power Burst Facility (PBF), 

which uses fuel similar to IMF, has been included in the 
handbook. 

 
V.A. Power Burst Facility 

 
The PBF reactor was operated from 1972 to 1985 on 

the SPERT Area I of the Idaho National Laboratory, then 
known as the Nuclear Reactor Test Station.  The PBF was 
designed for the provision of experimental data to aid in 
defining thresholds for and modes of failure under 
postulated accident conditions.   

 

 
Fig. 5. HTTR Fuel Loading. 
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The PBF reactor typically contained four transient 
rods, eight control rods, 40 aluminum filler elements, and 
72 fuel assemblies.  The PBF fuel matrix is a unique 
U(18)O2-CaO-ZrO2 ternary ceramic (Fig. 6).  Coolant 
water also functioned as the core moderator and reflector. 

The two startup test operational loadings, similar in 
design, were evaluated as benchmarks.  Many other 
measurements were documented in the report, but have not 
yet been evaluated: criticality with poison shim wires with 
control rod calibration measurements, in-pile tube 
reactivity worth, shutdown reactivity, 14 fuel assembly 
worth measurements, five shim rod worth measurements, 
core void coefficients of reactivity, in-pile tube void 
coefficient, transient rod reactivity worth, coolant 
temperature coefficient of reactivity, flow effects, and ion 
chamber calibration measurements. 

 
VI. LIGHT WATER REACTOR 

 
The TCA benchmark evaluation was included into the 

handbook, and the IPEN/MB-01 evaluation was revised to 
include temperature reactivity effects. 

 
VI.A. TCA 

 
Experiments were performed with the Tank-type 

Critical Assembly (TCA) at the Japan Atomic Energy 
Research Institute (JAERI) from April 1988 to January 
1989 for a series of experimental and computational studies 
on the temperature coefficient of reactivitiy for light-water-
moderated and –reflected UO2 cores with soluble poisons 
such as gadolinium and boron (TCA-LWR-EXP-001).  
This data can be used for nuclear criticality safety of 
dissolvers in reprocessing plants. 

Light water moderated and reflected rectangular cores 
were constructed to simulate a dissolver loaded with low 
enriched (~2.6 wt.%) UO2 rods (Fig. 7).  Experiments were 
performed for cores without poisons, ones containing 
H3BO3, and ones containing Gd(NO3)3. 

A total of nine cases were evaluated for the 
temperature coefficient of reactivity. 

 
VI.B. IPEN/MB-01 Research Reactor 

 
The IPEN/MB-01 research reactor is a zero power 

critical facility located in São Paulo, Brazil, and has been 
in operation since 1988 for the evaluation of reactor 
physics experimental data and calculation 
methodologies [IPEN(MB01)-LWR-RESR-001].  The 
benchmark evaluation was revised to include spectral 
indices measurements. 

The IPEN/MB-01 core (Fig. 7) is comprised of a 28 × 
26 rectangular array of UO2 fuel rods (4.3486 wt.%  
 

 
 

Fig. 6. PBF Inert Matrix Fuel Rod. 
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Fig. 6. Vertical Cross Section View of TCA Tank. 
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Fig. 7. IPEN/MB-01 Core. 
 
 
enriched) clad by stainless steel in a light water tank.  The 
maximum allowable power is 100 W.  The system is 
controlled with two banks of 12 Ag-In-Cd (80, 15, 5 wt.%) 
rods and two banks of 12 B4C safety rods.  The critical 
mass is ~6.7 kg 235U in a core volume of ~90 L. 

The revised evaluation now includes five keff values; 
seven isothermal reactivity coefficient measurements; four 
spectral indices measurements, effective kinetic 
parameters: �eff, �eff/�, and �; and seven axial fission 
density profiles. 

 
VII. PRESSURIZED WATER REACTOR 

 
The CREOLE benchmark evaluation was revised for 

inclusion in the handbook to represent PWR operations. 
 

VII.A. CREOLE 
 
The CREOLE (Coefficients of Reactivity in EOLE) 

experimental program (1978-80) was designed to provide 
differential reactivity temperature coefficient data 
(CREOLE-PWR-EXP-001).  These experiments simulate a 
PWR over the temperature range of room temperature up to 
300ºC.  The EOLE facility is located at CEA-Cadarache in 

France and was built to study LWR core designs in support 
of large-scale PWR power plants. 

The EOLE critical facility is a zero-power reactor that 
contains 200 fuel-rod locations with a square pitch of 1.26 
cm (Fig. 8).  It is a light water moderated assembly 
containing UO2 (3.1 wt.% enriched) and UO2-PuO2 (2 or 
3.2 wt.% Pu) MOX fuel pins during the CREOLE 
experiments.  The power was operated at ~10 W.  Boric 
acid was added to the water to evaluate a poisoned UO2 
lattice. 

This evaluation includes four keff values, 12 average 
values for core reactivity temperature coefficients, three 
fission-rate distribution profiles, and an analysis of water 
expansion reactivity effects with temperature dependence. 

 
VIII. FUNDAMENTAL PHYSICS REACTOR 

 
A revision to the French High Flux Reactor (RHF) 

benchmark was included in support of fundamental reactor 
physics research. 

 
VIII.A. High Flux Reactor 

 
The RHF is a 58.3 MWth, heavy-water-moderated 

high-thermal-flux reactor located at the Institute Laue-
Langevin (ILL) in Grenoble, France (Fig. 9).  The 
benchmark evaluation was revised to include the reactivity 
effect of light water ingress into the reactor fuel.  The 
experiments were performed March 19, 2008. 

 
 

 
 

Fig. 8. Example CREOLE Core Configuration. 
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Fig. 9. 3D View of the RHF Benchmark Model. 
 
 
The RHF reactor has only a single fuel element 

comprised of 280 curved highly enriched (93 wt.%) 
uranium-aluminum plates.  It continually operates for 50-
day cycles before the fuel element is replaced, operates 
typically for five cycles a year and can provide a thermal 
flux of 1.5×1015 n/s-cm2.  Each plate contains ~30.6 g 235U 
and is clad with an AlFeNi alloy. 

This evaluation includes keff values for nine core 
configurations with five keff values with associated 
reactivity effects for the ingress of light water into the 
reactor fuel. 

 
IX. FUTURE BENCHMARKS 

 
Current benchmark evaluation activities for inclusion 

in the IRPhEP Handbook include HTR-PROTEUS (Fig. 
10) and Very High Temperature Reactor Critical (VHTRC) 
assemblies for VHTR research; the Zero Energy Breeder 
Reactor Assembly (ZEBRA) core 8 for SFR research; the 
B&W Spectral Shift Reactor Lattice Experiment and 
VENUS configurations 3, 7, 9, and 17 for PWR research; 
and the Neutron Radiography (NRAD) reactor (Fig. 11) for 
fundamental physics reactor research.  These and other 
reactor physics benchmarks should become available in the 
IRPhEP Handbook as early as March 2011. 

 
X. CONCLUSIONS 

 
A total of 13 benchmark evaluations were revised or 

newly prepared for inclusion in the IRPhEP Handbook.  
The IRPhEP Handbook now includes data from 43 
experimental series (representing 24 reactor facilities) and 
represents contributions from 15 countries. 

 

Outer 
graphite 

radial 
reflector 

Arranged 
layers of 
graphite 

pebbles in 
core cavity 

Inner 
graphite 

radial 
reflector 

 
 

Fig. 10. 3D View of the HTR-PROTEUS Critical Assembly. 
 
 

 
 

Fig. 11. NRAD TRIGA Reactor Core. 
 
 

The benchmarks provided in the IRPhEP Handbook 
are available for the validation of methods and data in 
support of current and future reactor research, including 
GEN-IV reactor designs and IMF FCR&D.  These data will 
be of use to the international reactor physics community for 
future decades and could eliminate the need to construct 
specific reactor critical facilities to support construction of 
future nuclear energy systems. 
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