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ABSTRACT

Three 7 in. diameter highly enriched uranium (HEU; 93.17 wt % 235U) metal cylinders were assembled on 
the vertical assembly machine of the Oak Ridge Critical Experiments Facility (ORCEF) with thin 
stainless steel reflectors (0.5, 1, and 2 in. thick) on the top and bottom. These experiments were performed 
during January 13–25, 1965, and used seven operational days at ORCEF. Before these experiments, 
unreflected and unmoderated 7 in. diameter HEU metal cylinders had been assembled to delayed 
criticality at ORCEF, and the results were benchmarked in HEU-MET-FAST-051. In addition to the 
critical experiments, the prompt neutron decay constant was measured via the Rossi-α technique, and 
those results are also presented in this report. To achieve near-delayed-critical systems, 5 × 5 × 
0.03125 in. rectangular uranium metal parts were used on top of 7 in. diameter cylinders inside the top 
reflector. The delayed critical configuration from the three experiments described herein are acceptable 
for use as criticality safety benchmark experiments for the International Criticality Safety Benchmark 
Evaluation Program (ICSBEP), coordinated by the Nuclear Energy Agency, once the uncertainty analysis 
is completed. Based on previous ICSBEP benchmarks with this enriched uranium metal at ORCEF, the 
uncertainty in keff is expected to be as low as ±0.0002. The prompt neutron time decay data could be the 
basis of an International Reactor Physics Evaluation Program benchmark.

This report was prepared as part of an effort at the US Department of Energy’s (DOE’s) Oak Ridge 
National Laboratory (ORNL) to document more than 15 undocumented critical and subcritical 
experiments enumerated in ORNL/TM-2019/18 and performed by ORNL at ORCEF and other DOE 
critical experiments facilities using more than 500 operational days of critical facility time. The 
publication of this report was supported by the Nuclear Criticality, Radiation Transport, and Safety 
Section of ORNL.

1. INTRODUCTION

A variety of critical experiments were constructed with unreflected and unmoderated highly enriched 
uranium (HEU; 93.15 wt % 235U) metal during the 1960s and 1970s at the Oak Ridge Critical 
Experiments Facility (ORCEF) at the US Department of Energy’s (DOE’s) Oak Ridge National 
Laboratory (ORNL) in support of criticality safety of the Y-12 National Security Complex [1–8]. Of these 
hundreds of delayed critical assemblies, three assemblies of 7 in. diameter unmoderated HEU metal 
cylinders were assembled to delayed criticality with 0.5, 1, and 2 in. thick stainless steel type 304 top and 
bottom reflectors [9]. The experiments were performed during January 13–25, 1965. Experiments with 
unmoderated and unreflected 7 in. diameter HEU metal cylinders have been reported and analyzed in 
HEU-MET-FAST-051 [10]. Other HEU metal experiments at ORCEF already in the Nuclear Energy 
Agency benchmark (NEA) database are HEU-MET-FAST-059, -061, -071, and -100 [11]. The prompt 
neutron decay constant was measured via the Rossi-α technique [12], and the results of fitting the data to 
obtain the prompt neutron decay constants are summarized. Co-experimenters in these measurements in 
1965 were J. J. Lynn and R. G. Taylor.

The purpose of this report is to document the experimental information for the measurements performed 
so that, at a later date, researchers could perform the required uncertainty and calculational analyses and 
documentation to use these data for an International Nuclear Criticality Safety Benchmark Evaluation 
Program (ICSBEP) benchmark. The data from the experiments described should be acceptable for use as 
criticality safety benchmark experiments for the ICSBEP and the NEA nuclear criticality safety 
benchmark program once the uncertainty analysis is completed. Based on previous ICSBEP benchmarks 
with this enriched uranium metal at ORCEF, the uncertainty in keff could be as low as ±0.0002 for some 
configurations. The prompt neutron time decay data could be the basis of an International Reactor Physics 
Evaluation Program benchmark.
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This report was prepared as part of an effort at ORNL to document more than 15 undocumented critical 
and subcritical experiments enumerated in ORNL/TM-2019/18 [13] and performed by ORNL at ORCEF 
and other DOE critical experiments facilities using more than 500 operational days of critical facility 
time. The publication of this report was supported by the Nuclear Criticality, Radiation Transport and 
Safety Section of ORNL. Other reports in the series are listed in Appendix A, and benchmarks of ORNL 
experiments in the ICSBEP Handbook are listed in Appendix B.

2. DESCRIPTION OF MEASUREMENTS

2.1 OVERVIEW OF EXPERIMENTS

The critical experiments described in this report are clean critical experiments with HEU (93.17 wt % 
235U) metal with thin (0.5, 1, and 2 in.) top and bottom reflectors. The experiments were performed in 
January 1965 to evaluate the effect of thin-metal reflection on the prompt neutron decay constant and to 
determine its effect on the kinetics of fast burst reactors such as the Health Physics Research Reactor [14].

The data from these three experiments should be acceptable for use as criticality safety benchmark 
experiments in ICSBEP once the uncertainty analysis is performed. Based on previous ICSBEP 
benchmarks with this enriched uranium metal at ORCEF, the uncertainty in keff is expected to be as low as 
±0.0002 because the procedure for assembly and detailed description of the materials and configurations 
are the same as other measurements with HEU metal.

2.2 EXPERIMENTAL METHODOLOGY

The cylindrical assemblies comprised uranium metal cylinders with dimensions machined to precise 
tolerances. The experiments were performed in a deliberate and step-by-step manner, and observed data 
were recorded. The assemblies were approximately divided into a fixed upper section on a 0.010 in. (10 
mil) thick diaphragm and a movable lower section mounted on a low-mass 30 in. high aluminum support 
tower. These supports are described in Appendix C.

2.2.1 General Assembly Procedure

The assemblies were constructed on a vertical assembly machine [15] that primarily consisted of a 
hydraulic lift (up to 22 in. vertical motion) to support the lower section (Figure 2.1) and a stationary upper 
half consisting of four vertical posts spaced 4 ft. apart, which held a support for the upper section of 
critical experiments. The upper support shown in Figure 2.1 was not used in these experiments. Instead, 
the upper section of each experiment was supported by a 30 in. inner diameter, 1.0 in. thick, 2.0 in. wide 
aluminum clamping ring that held in tension a 0.010 in. thick stainless steel (304L) diaphragm. The 
diaphragm clamping apparatus had a total thickness of 1 in. and was bolted together using 34 stainless 
steel bolts (0.375 in. diameter, 1.5 in. long) with appropriate nuts. The clamping ring was supported by 
the four vertical poles (on 4 ft centers) with a low-mass aluminum support structure. The mating surfaces 
of the clamping ring were not flat so that when the nuts were tightened, the diaphragm would be held in 
tension (Figure 2.2). The lower section was supported on a low-mass aluminum 30 in. high support tower 
mounted on the vertical lift platform, also shown in Figure 2.2. The lower support stand supported the 
uranium metal assemblies with 0.125 in. thick aluminum edges, oriented vertically and 120° apart. Lateral 
motion on the lower section was restrained by small aluminum pieces bolted to the 120° vertical 
members. These are visible in Figure 2.2. The low-mass support stand’s 0.50 in. thick aluminum base was 
bolted to the vertical lift, as shown in Figure 2.2.

Upper support
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Figure 2.1. Vertical assembly machine with the movable vertical lift table in the up position. No 
lower support structures are shown in this photograph except for the vertical lift table; the upper support 

structure in this photograph was not used in these experiments.
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Figure 2.2. The 7 in. diameter uranium metal cylinder with 1 in. thick top and bottom reflectors in the 
disassembled condition on the vertical assembly machine at ORCEF. Scintillator adjacent to radial uranium 

surface on diaphragm and spiral fission counter adjacent to bottom reflector. The tube for the signal cable is pointed 
out in the figure, and the small fission counter itself adjacent to the steel reflector is not visible. A liquid scintillator 

in a 0.25 in. thick lead shield for prompt neutron decay measurements is on the diaphragm in the back on the left 
with the lead shield 0.5 in. from the radial surface of the uranium metal. A 2.875 × 1.875 × 0.25 in. aluminum 

reflector can be seen on the right that was used for fine reactivity adjustment during the Rossi-α measurement that 
were done usually with two detectors.

2.2.1 Alignment of each half

The upper and lower sections were aligned using the processes described below. Uncertainty in the radial 
alignment of the top uranium metal section with respect to the bottom uranium metal section was 
±0.005 in.

2.2.1.1 Upper Section

To assemble the upper section, a uranium metal cylinder was added to the top diaphragm. A uranium 
metal cylinder was positioned on the sagging diaphragm and leveled with a high-precision level. This 
configuration ensured that the uranium cylinder was centered. The location of the material was 
continually adjusted with a precise high-quality level, first in one direction and then rotated 90° on the 
part. If the assembly was not exactly centered in the diaphragm, then it would not be precisely level 
because of the sag in the diaphragm as it was loaded. The remaining uranium metal cylinders were added 
to the top section. After this uranium metal cylinder was aligned with the upper uranium metal cylinder 
on the lower support stand, two precisely machined steel blocks (±0.0001 in.) were used to squeeze the 

Stainless steel

Uranium

Reflector control

Scintillation detector

Upper support structure

Lower support structure

Uranium

Stainless steel

Spiral fission counter
Lower support

Upper Support
ring

Small Al
reflector
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material at the outer radial surface until the upper and lower sections were each aligned radially. An edge 
of the machined block was held at one outside radial location, and material was adjusted until minimal 
light was visible between the machined block and the uranium metal configuration. This process was 
repeated 90° from the position of the original adjustment, and then rechecked at the original position, and 
small adjustments were made if necessary. This process continued until the outside radii of the parts were 
precisely aligned and the upper section assembly was complete. The alignment of outer radii of the upper 
or lower section was less than ±0.001 in. Of course, if two positions 90° apart are adjusted, the positions 
at 180° and 270° can differ only by the difference in the diameters of the uranium cylinders.

2.2.1.2 Lower section

For the lower section, the same procedure was used except that the parts were leveled by shimming 
appropriately at selected locations on the underside of the bottom stainless steel reflector with aluminum 
foil. The foil was placed between the edges of the support stand and the lowest reflector part so that the 
upper surface of the lower uranium section was level.

2.2.2 Lateral Alignment of the upper section with the lower section

Two identical fixtures (Figure 2.3) were used for lateral alignment between the upper section and the 
lower section. They were U-shaped and were machined out of 0.375 in. thick aluminum. The end pieces 
were carefully machined at the Y-12 shops to be perpendicular to the long direction of the fixture and 
coplanar with each other. When leveled properly on the diaphragm, the front face of the 4 × 4 × 0.5 in. 
end pieces were vertical and in the same plane to within ±0.001 in. This fixture was carefully machined 
and handled delicately when not in use so as not to damage it. In use, the lower side of the upper leg 
rested on the top surface of the clamping ring for the diaphragm. The fixture was perpendicular to the 
outer radial surface of the cylinder. As indicated in previous sections of this report one uranium metal 
cylinder was located on the diaphragm and one uranium cylinder was located on the lower reflector. The 
fixture was moved inward until it touched the uranium of the top section. The leveling screws were 
adjusted until the fixture was level. The second fixture was placed 90° apart from the first in a similar 
manner. Both fixtures were moved back slightly, and the lower section was raised until the uranium metal 
of the lower section was as high as the lower end piece of the fixture. Then, both fixtures were nearly 
adjusted properly. The fixtures were moved in until they touched uranium (either on the top or the lower 
section). When lack of contact was observed at either of the front-end faces of the fixture, the lower 
section was lowered to the full-out position, and the position of the uranium and reflector on the lower 
support stand was adjusted. The lower lift table was then raised, and the alignment was rechecked. The 
process was repeated several times as necessary. The rest of the uranium cylinders were added to the top 
section and the lateral alignment rechecked and adjusted appropriately. This was a long and tedious 
procedure that sometimes took up to 12 h or more; however, it was always performed, so the top and 
bottom sections were aligned within ±0.005 in. After alignment, the remaining materials were placed on 
the top and lower sections, as described in Sections 2.2.1.1 and 2.2.1.2. Whenever the bottom plate in an 
assembly differed from the previous measurement, these stacking and alignment procedures were 
repeated.
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Figure 2.3. Sketch of the fixture for lateral alignment of upper and lower uranium metal cylinders.

The upper limit of the vertical lift motion was set so that it could hold the upper surface of the material on 
the lift at the position of the diaphragm with no load. As a result, upon completion of the assembly, the 
vertical lift also supported the material on the diaphragm because, with the load of the uranium metal, the 
diaphragm sagged about 0.15 in.

3. DESCRIPTION OF ASSEMBLIES

At the start of these measurements, the uranium metal parts had axial holes for fission density spatial 
distribution measurements for interacting uranium metal cylinders [3,7]. There were also a diametral hole 
in uranium metal cylinder 2732 and an additional vertical hole near the outside diameter in uranium metal 
part 2731. For measurements on or after January 20, 1965, uranium metal plugs became available and 
were used for plugging the holes. Thus, some experiments may have two delayed critical configurations: 
one with the holes empty and another with the hole filled with uranium plugs. The hole diameters were 
0.375 in., and the uranium plug diameters were 0.365 in.
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3.1 THE 7 IN. DIAMETER URANIUM METAL CYLINDER WITH 0.5 IN. THICK TOP AND 
BOTTOM REFLECTOR

This assembly was constructed on January 13, 1965, and is described on page 159 of ORCEF logbook E-
22. The nominal height of the cylindrical uranium metal assembly was 4.5625 in. with a 5 × 5 in. uranium 
metal plate on top and 0.5 in. thick top and bottom reflectors outside the uranium. The reactor period was 
infinite and thus the keff was 1.0000. All the cylindrical uranium metal parts had 0.375 in. diameter axial 
holes. Part 2732 also had a 3.25 in. long, 0.375 in. dimeter radial hole from the outside in with the center 
of the radial hole 0.3125 in. above the lower surface of the part. Part 2731 had a vertical hole 0.881 in. 
deep about 0.5 in. in from the radial surface. The axial hole in part 2731 was only 0.875 in. deep from the 
top. In this experiment, the holes in the uranium parts were empty.

Figure 3.1. Configuration of the uranium metal and steel material for the experiment with 0.5 in. thick top 
and bottom reflectors. Measured thickness of the stainless steel was 0.507 in. on top and 0.505 in. on bottom; the 

0.375 in. diameter holes in the uranium metal cylinders are not shown on the sketch.
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Figure 3.2. Description of the uranium metal and steel parts for the experiment with 0.5 in. thick top and 
bottom reflectors. Measured thickness of the stainless steel was 0.507 in. on top and 0.505 in. on bottom; the 0.375 

in. diameter holes in the uranium metal cylinders are not shown
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The sum of the thicknesses of cylindrical uranium metal parts in this assembly is 4.5688 in., and the total 
mass, including that of the 5 × 5 × 0.03125 in. plate, was 53,843 g. The uranium metal cylinders were 
precisely machined so that the gap between the stacked cylindrical pieces was essentially 0.000 in. This 
condition was verified in previous measurements with these same 7 in. diameter uranium metal cylinders 
[10]. However, the 5 × 5 in. uranium metal plate was not as flat as the cylindrical uranium metal parts. 
Measurements with the configuration of the system with 2 in. thick stainless steel on the top and bottom 
showed that with two plates between the stainless steel reflector and the cylindrical uranium metal parts, 
the measured distance between the steel and the cylindrical part was 0.069 in. for two plates. The 
thickness of the two plates was 0.0625 in. Thus, the air gap was 0.0065 in. for two plates. For the one 
plate of this experiment, it was assumed that the air gap for the one plate of this configuration was 
0.00325 in.: half (0.0016 in.) above the plate between the steel and the uranium plate and half between the 
uranium plate and the cylindrical uranium metal part below the plate. This gap is probably not uniform 
because of the deformity of the flatness of the plate and probably varies radially slightly in the assembly.

Figure 3.3. Top view of the configuration of the top uranium parts for the uranium cylinder with 0.5 in. thick 
top and bottom reflectors.

This assembly with 0.5 in. thick top and bottom reflectors was reassembled with the radial and axial holes 
filled with 0.365 in. diameter uranium metal plugs, as described on page 171 of ORCEF logbook E-22, 
Run V2, without the 5 × 5 × 0.03125 in. uranium metal plate on top. The holes were filled as full as 
possible with uranium metal. The uranium metal plugs had a variety of thicknesses (0.1, 0.125, and 0.25 
in.) for fission density distributions, and larger lengths were used for plugging holes on some of the parts. 
Small voids were possible at the top of the vertical holes because the minimum plug height was 0.1 in. To 
calculate the mass of the uranium metal plugs, the uranium metal density was assumed to be 18.75 g/cm3. 
This assumption results in a uranium metal mass of 32.15 g/in. for the plugs. Additional documentation of 
the plug characteristics may be available from Y-12’s dimensional inspection reports and Nuclear 
Material Control and Accountability records dated just before January 20, 1965. The uranium axial hole 
plugs in the section below the diaphragm were 1.375 in. long, which resulted in a 0.0012 in. gap between 
the top of the plugs and the diaphragm. The 3.25 in. deep radial hole in part 2732 was filled with 3.25 in. 
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long plugs. The additional 0.881 in. deep hole near the outside surface in part 2731 was filled with a 
0.875 in. long plug, a gap of 0.006 in. existed between the top of the plugs and the bottom of part 2729 
above it. The 3.0649 in. axial hole in the uranium above the diaphragm was filled with a 3.00 in. long 
plug, which resulted in a 0.0649 in. gap between the top of the plugs and the top of part 2730. The system 
was supercritical. The reactivity was reduced by removing the 1.375 in. long uranium plugs from the axial 
hole in the uranium on the lower section. The total uranium mass of the system was 53,841 g, and the 
height of the uranium metal parts was 4.5688 in. This mass is almost identical to the mass of the system 
with empty holes in the uranium metal. The resulting reactor periods from two measurements were 
+18.67 and +20.75 s, corresponding to an average reactivity of +28.12 cents. Using an effective delayed 
neutron fraction value of 0.0066 yields a keff of 1.00186.

The support structure’s contribution to reactivity was evaluated by doubling the support structure: a 
support stand was added to the top, and an additional 0.010 in. thick stainless steel was placed between 
the upper and lower sections. The resulting reactivity change was −3.71 cents (run 2 compared with run 
3). Adding the 0.010 in. thick stainless steel between the upper and lower sections to evaluate the 
reactivity reduction of the diaphragm (run 2 compared with run 4) reduced the reactivity 13.64 cents. This 
answer is not quite correct for the reactivity effect of the diaphragm because the change in reactivity from 
doubling the diaphragm thickness underestimates the decrease. Other measurements [16] support this 
observation; therefore, a better estimate must be obtained by calculating the ratio of the worth of the 
initial 0.010 in. to the worth of the added 0.010 in. of the diaphragm. The ratio can then be used with the 
measured −13.64 cents to obtain the reactivity value for the nominal thickness.

The effects of room return should be calculated using Monte Carlo simulations that assume the wall and 
floor were 2 ft thick and the concrete was Oak Ridge concrete, which used crushed limestone instead of 
sand in the aggregate. The 2 ft concrete thickness is adequate for the calculation because neutrons that 
reach 2 ft into the concrete have little chance of returning to the critical assembly.

The best calculated value for comparison with measurements may be obtained using the critical 
configuration with the support structure and the experimental cell (including air). This scheme eliminates 
uncertainties associated with corrections for surrounding materials. The 1 in. thick steel table of the 
vertical lift should also be included in this calculation. To get a statistically accurate result, the effects of 
the cell must be calculated with longer than usual Monte Carlo simulations. A calculation of room return 
alone must be used to estimate the calculation length required to estimate these small effects accurately. 
The length of time to obtain a good statistical estimate of the effect of room return should then be used for 
the calculation of the configuration with all surrounding materials.

3.2 THE 7 IN. DIAMETER URANIUM METAL CYLINDER WITH 1 IN. THICK TOP AND 
BOTTOM REFLECTOR

This assembly was constructed on January 14, 1965, and is described on page 161 of ORCEF logbook 
E-22, run I. At the time of this measurement, the axial holes and other holes in the 7 in. diameter uranium 
metal cylinders were empty. The uranium metal plugs were not available for filling the holes until 
January 20, 1965. The system was exactly at delayed critical, so the keff value was 1.0000. This assembly 
contained 50,715 g of HEU metal, and the sum of the heights of the uranium cylindrical metal parts was 
4.3166 in. The gaps between the uranium metal parts were essentially 0.000 in. with an uncertainty of 
−0.000 and +0.001 in. The configuration of the parts is given in Figure 3.4, and the parts are described in 
Figure 3.5.



11

Figure 3.4. Configuration of the uranium and steel material for the experiment with 1 in. thick top and 
bottom reflectors and unfilled holes in the uranium metal. Measured thickness of the stainless steel on top was 

1.026 in. and 1.0246 in. on bottom; 0.375 in. diameter holes in the uranium metal are not shown on the sketch.

The gap between the bottom and top steel reflector parts measured 0.0116 and 0.0140 in., respectively 
and the gap between the uranium and the steel measured 0.007 in.
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Figure 3.5. Description of the uranium metal and steel parts for the experiment with 1 in. thick top and 
bottom reflectors and unfilled holes in the uranium metal. Measured thickness of the stainless steel was 1.026 in. 
on top and 1.0246 in. on bottom. 
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On January 22, 1965, another configuration of the cylinder with 1 in. thick top and bottom reflectors was 
assembled. In this new configuration, the holes were filled with uranium metal inserts (page 168 of 
ORCEF logbook E-22, Run 3). In addition to the uranium metal cylinders there was a 5 × 5 × 0.03125 in. 
plate between the top of the upper uranium metal cylinder and the upper reflector. The reactivity was + 
5.44 cents, and the corresponding keff was 1.00036 using an effective delayed neutron fraction of 0.0066. 
The configuration of this assembly was a variation of that shown in Figure 3.4: parts on the diaphragm 
above part 2734 were replaced by parts 2732 and 2771 and a 5 × 5 × 0.03125 in. uranium plate, and all 
holes were filled. This configuration is shown in Figure 3.6, and the parts are described in Figure 3.7. The 
mass of uranium in the assembly was 50,388 g, including uranium metal plugs and the uranium metal 
plate, and the sum of the heights of the uranium metal cylinders was 4.2548 in. The gap between the 
uranium metal plate and the parts above and below it was assumed to be 0.0016 in.

Figure 3.6. Configuration of the fissile material for the experiment with 1 in. thick top and bottom reflectors 
and filled holes in the uranium metal. Measured thickness of the stainless steel was 1.026 in. on top and 1.0246 in. 

on bottom; 0.375 in. diameter holes in the uranium metal are not shown on the sketch.
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Figure 3.7. Description of the uranium metal parts for the experiment with 1 in. thick top and bottom 
reflectors and filled holes in the uranium metal. Measured thickness of the stainless steel was 1.026 in. on top and 

1.0246 in. on bottom; the holes in the uranium metal are not shown. 
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The support structure was evaluated, and the total reactivity effect of the ring, diaphragm, and lower 
support stand was −10.6 cents. This value must be corrected for the underestimate of the worth of the 
stainless steel diaphragm [16].

The effects of room return should be calculated using Monte Carlo simulations that assume the wall and 
floor were 2 ft thick and the concrete was Oak Ridge concrete, which used crushed limestone instead of 
sand in the aggregate. The 2 ft thickness for the concrete is adequate for the calculation because neutrons 
that reach 2 ft into the concrete have little chance of returning to the critical assembly.

The best calculated value for comparison with measurements may be obtained using the critical 
configuration with the support structure and the experimental cell (including air). This scheme eliminates 
uncertainties associated with corrections for surrounding materials. The 1 in. thick steel table of the 
vertical lift should also be included in this calculation. To get a statistically accurate result, the effects of 
the cell must be calculated with longer than usual Monte Carlo simulations. A calculation of room return 
alone must be used to estimate the calculation length required to estimate these small effects accurately. 
The length of time to obtain a good statistical estimate of the effect of room return should then be used for 
the calculation of the configuration with all surrounding materials.

3.3 THE 7 IN. DIAMETER URANIUM METAL CYLINDER WITH 2 IN. THICK TOP AND 
BOTTOM REFLECTOR

This assembly was constructed on January 20, 1965, and is described on page 164 of ORCEF logbook 
E-22, run Q. This is the first assembly with the 0.375 in. diameter holes in the uranium parts 2731, 2732, 
and 2734 filled with 0.365 in. diameter uranium metal inserts. The configuration is shown in Figure 3.8, 
and the parts are described in Figure 3.9. The top square plate of the two at the top was rotated so that 
both plates had common sides. The reactivity of the assembly (run Q) was +1.85 cents, corresponding to a 
keff of 1.00012 using an effective delayed neutron fraction of 0.0066.
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Figure 3.8. Configuration of the fissile material for the experiment with 2 in. thick top and bottom reflectors. 
Measured thickness of the stainless steel was 2.0705 in. on top and 2.0606 in. on bottom; 0.375 in. diameter holes in 

the uranium metal are not shown on the sketch.

The uranium axial hole plugs in the section below the diaphragm were 1.375 in. long, so there was gap of 
0.0025 in. between the top of the plugs and the diaphragm. The additional 0.881 in. deep hole in part 
2731 was filled with 0.875 in. long plugs and the there was a gap of 0.006 in. between the top of the plugs 
and the bottom of part 2729. The radial hole in part 2732 was completely filled with uranium plugs with 
total length of 3.25 in. The 2.5029 in. axial hole in the uranium above the diaphragm was filed with 2.500 
in. long plugs and thus there was a gap of 0.0029 in. between the top of the plugs and the 5 in. square 
uranium metal plate. The total mass of uranium in the assembly including the uranium plugs was 47,711 
grams and the height of the uranium metal cylinders was. 4.0068 in.

The measured thicknesses of the top and bottom reflectors were 2.0707 and 2.0606 in., respectively. The 
average thickness of each part was 0.506 in. and thus the total thickness of the steel in the top and bottom 
reflectors is 2.024 in. The total thickness of all three gaps was 0.0467 in. With steel adjacent to four gaps 
(three steel to steel and one steel to uranium), the gap between the steel and the uranium was assumed to 
be half of the gap between steel parts because the uranium is almost perfectly flat compared with the 
steel. This assumption implies that the thickness of each of the three gaps between steel for the top 
reflector is 0.016 in. and that for the bottom reflector was 0.013 in.

The measured distance between part 2732 and the stainless steel part 7 was 0.069 in. Thus, the space not 
occupied by the uranium metal plates (0.069 minus 0.625 in.) was 0.0065 in. between uranium part 2732 
and steel part 7. The gap between the lower uranium plate and part 2732 and the upper uranium plate and 
reflector part 7 were both assumed to be 0.0016 in. The gap between the two uranium metal plates was 
assumed to be 0.0032 in. Previous measurements [10] for the 7 in. diameter uranium metal cylinders have 
shown that the assumption of no gap between the uranium metal cylinders of this diameter with an 
uncertainty of −0.000 and +0.001 in. is realistic 
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Figure 3.9. Description of the uranium metal parts for the experiment with 2 in. thick top and bottom 
reflectors. (Holes in the uranium metal parts not shown),
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The effects of room return should be calculated using Monte Carlo simulations that assume the wall and 
floor were 2 ft thick and the concrete was Oak Ridge concrete, which used crushed limestone instead of 
sand in the aggregate. The 2 ft thickness for the concrete is adequate for the calculation because neutrons 
that reach 2 ft into the concrete have little chance of returning to the critical assembly.

The best calculated value for comparison with measurements may be obtained using the critical 
configuration with the support structure and the experimental cell (including air). This scheme eliminates 
uncertainties associated with corrections for surrounding materials. The 1 in. thick steel table of the 
vertical lift should also be included in this calculation. To get a statistically accurate result, the effects of 
the cell must be calculated with longer than usual Monte Carlo simulations. A calculation of room return 
alone must be used to estimate the calculation length required to estimate these small effects accurately. 
The length of time to obtain a good statistical estimate of the effect of room return should then be used for 
the calculation of the configuration with all surrounding materials.

4. DESCRIPTION OF MATERIAL

The uranium metal description and uncertainties have been given in previous documentation but are 
repeated here as appropriate [10, 17].

4.1 STAINLESS STEEL
The type 316 stainless steel used in the measurements as bottom and top reflectors on 7 in. diameter 
enriched uranium metal cylinders was obtained by a saw cut on an approximately 0.5 in. thick plate. Eight 
nominal 7 in. diameter reflector parts were fabricated. They were used to build 0.5, 1, and 2 in. thick top 
and bottom reflectors. The 0.5 in. reflectors used steel part 1 on the bottom and steel part 2 on the top. 
The 1 in. top and bottom reflectors used parts 1 and 2 on the bottom and parts 3 and 4 on the top. The 2 
in. top and bottom reflectors used parts 2, 4, 1, and 3 on the bottom (part 3 was adjacent to the uranium 
metal) and parts 7, 5, 6, and 8 on the top (part 7 was adjacent to the uranium metal). The mass and 
dimensions of the reflector parts are given in Table 4.1.

Table 4.1. Dimensions and masses of reflector parts

Reflector part number Diameter
(in.)

Thickness
(in.)

Mass
(g)

Density
(g/cm3)

1 7.055 0.505 2,520 7.7898
2 7.028 0.507 2,520 7.8188
3 7.014 0.506a 2,496 7.7906
4 7.038 0.506 a 2,517 7.8027
5 6.809 0.506 a 2,363b 7.8263
6 6.869 0.506 a 2,405 b 7.8268
7 6.868 0.506 a 2,404 b 7.8259
8 6.948 0.506 a 2,460 b 7.8258

a Assumed to be 0.506, the average of that for stainless steel parts 1 and 2, because they were probably cut from the same 
steel plate.
b Sum of parts 5, 6, 7 and 8 from logbook was 9,632 g.

The mass given in the logbooks is not realistic because all eight parts were cut at the same time. The 
density was assumed to be the average of parts 1–4 with outside diameter of 7.034 and thickness of 0.506. 
The composition of stainless steel 316 is given in Table 4.2. The assumption is that the chromium and 
nickel wt % are midrange of 17% for chromium, 12% for nickel and 2.5% for molybdenum.



19

Table 4.2. Composition of stainless steel 316

Element wt %
Chromium 16–18
Nickel 10–14
Molybdenum 2–3
Carbon 0.08
Manganese 2.00
Phosphorus 0.045
Sulfur 0.03
Silicon 0.75
Nitrogen 0.1
Iron balance

4.1 URANIUM METAL

The cylindrical uranium metal parts for these experiments had 0.375 in. diameter axial holes, and any 
measurements after January 20, 1965, had uranium filler plugs in these holes. Other experiments for 
fission rate spatial distribution measurements in interacting uranium metal critical experiments used 
0.365 in. diameter cylindrical uranium metal plugs of various lengths [10]. These plugs were used to fill 
axial and radial holes for measurements after January 20, 1965. Part 2732 had an additional radial hole 
3.25 in. in from the outer radial surface and 0.375 in. above the bottom of the part that could be filled with 
a 3.25 in. long plug. Part 2731 had an additional axial hole (0.881 in. deep) 0.50 in. from the radial 
surface. Filling this hole with uranium metal plugs 0.875 in. thick resulted in a gap of 0.006 in. between 
part 2731 and the part above it. The axial hole in this part was only 0.875 in. deep. The exact location of 
these holes can be obtained from Y-12 Plant dimensional inspection reports dated around January 1965 
for parts 2731 and 2732. The masses, dimensions and uranium isotopic composition of the major uranium 
metal parts .are listed in Table 4.3.

Table 4.3. Mass, dimensions, and isotopics for uranium metal 7 in. diameter cylindrical parts

Part 
number

Measureda

mass
(g)

Measured 
height
(in.)

Measured 
diameter

(in.)

235U
(wt %)

234U
(wt %)

236U
(wt %)

238U
(wt %)

2728 4,409 (4,435) 0.3760 6.9944 93.17 0.97 0.24 5.66
2729 4,426 (4,480) 0.3757 6.9964 93.15 0.98 0.26 5.64
2730 6,627b (6,646) 0.5620 6.9960 93.14 0.9.7 0.25 5.64
2731 11,693 (11,841) 1.0 027 6.9965 93.17 0.95 0.21 5.67
2732 11,674 (11,814) 1.00125 6.9960 93.17 0.96 0.21 5.6
2734 17,693(17,742) 1.50165 6.9964 93.18 0.95 0.24 5.63
2768 1,471 (1,481) 0.1250 6.9967 93.14 0.92 0.26 5.68
2769 1,489 (1,495) 0.1255 6.9965 93.15 0.97 0.25 5.63

2771 2,907 (2,916) 0.24805 6.9966 Notc 
available

 Not 
available

 Not 
available

 Not 
available

5 × 5 × 
0.03125 i
n. plate

240 0.03125 5.000 in. 
square 93.14 0.97 0.25 5.64

aValues in parentheses are the masses before the holes were drilled
bFor part 2730, the weight after an axial hole was drilled is not given in the logbook. The reduction in mass was calculated using 
the volume of the hole and a uranium density of 18.75 g/cm3.
cFor part 2771, for uranium isotopics use the average of the preceding values in this table.
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The mass for each uranium metal part was measured three times. The dimensions were measured at three 
different locations for each part. The uranium isotopics were measured by dividing a metal chip from the 
machining process into thirds and performing isotopic analysis on each third. In almost all cases, the 
different measurements agreed. The height and diameter were measured at three different locations on the 
parts to ±0.0001 in. and were the same at all locations. The average density of the cylindrical parts used in 
these experiments was 18.757 g/cm3. Thus, the heights and diameters are known to ±0.00005 in. The 
isotopic enrichments for 234U, 235U, and 236U are measured to 0.01 wt % and thus are known to 
±0.005 wt %. The uncertainties in the dimensions, uranium isotopics, and impurities are discussed in 
reference 17, and how these uncertainties affect previous critical experiments are discussed in reference 
10.

The impurity content for the uranium were from these and uranium metal annuli fabricated at the same 
time and are given in Table 4.4 [18].

Table 4.4. Measured average impurity contenta of uranium metal cylinders for delayed critical experiments 
with two 7 in. diameter interacting cylinders

Element
Average parts per 
million by weight 

(ppm)

Range
(ppm)

Silver 8 3–25
Bismuth 164 81–311
Carbon 5 0–9
Cobalt 5 2–15

Chromium 7 4–12
Copper 25 10–40

Magnesium 3 2–3
Manganese 56 25–89
Nitrogen 30 —
Sodium 27 15–50
Nickel 100 —

Oxygen 20 —
Antimony 38 10–80
Titanium 1 —

aMeasured via mass spectrographic analysis, except nitrogen and oxygen, which are 
assumed to be 30 and 20 ppm, respectively.

5. ADDITIONAL MEASUREMENTS

The prompt neutron decay constant was measured by the Rossi-α technique using two detectors: one to 
trigger a time analyzer and the other to count. The time distribution of detector counts in a spiral fission 
counter was measured with respect to a previous count in a 2.00 in. thick, 2 in. diameter Nuclear 
Enterprises NE-213 liquid scintillator in a 0.25 in. thick lead shield. The flat surface of liquid scintillator 
and lead shield were located 0.5 in. from the radial surface of the uranium on the diaphragm, and the 
spiral fission counter was located near the axis of the assembly adjacent to the bottom reflector. The 0.5 x 
0.5 in. diameter spiral fission counter was provided by Hogterp of Los Alamos National Laboratory and is 
described in reference 19. The data from the measurement, both the counts as a function of time and the 
background-subtracted data, are plotted in Figure 5.1. The actual data are given in Appendix D. At this 
time a Rossi-α measurement was also performed for a delayed critical 7.0 in. diameter uranium metal 
cylinder without top and bottom reflectors. The data were fitted by linear least squares techniques to 
determine the prompt neutron decay constants; these results are given in Table 5.1 and Figure 5.1.
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Table 5.1 Prompt neutron decay constant of uranium metal cylinder with thin top and bottom steel reflectors

Stainless steel top and 
bottom reflector 

thicknesses
(in.)

Stainless steel 
density
(g/cm3)

Prompt neutron 
decay constant (μs-1)

0 0 1.082 ± 0.0006
0.506 7.897 1.047 ± 0.010
1.026 7.722 1.015 ± 0.010
2.065 7.673 0.947 ± 0.007

Figure 5.1. Prompt neutron decay for delayed critical 7 in. diameter uranium metal cylinders. Time 
zero of the decay is shifted to display multiple measurements on this figure and time zero for each 
measurement is indicated by a vertical arrow. The arrows point to the data point for the first time analyzer 
channel which begins at time zero for the decay.

6. CONCLUSIONS

Three 7 in. diameter HEU (93.17 wt % 235U) metal cylinders were assembled on the vertical assembly 
machine of the Oak Ridge Critical Experiments Facility (ORCEF with thin stainless steel reflectors (0.5, 
1, and 2 in. thick) on the top and bottom. In addition to the critical experiments, the prompt neutron decay 
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constant was measured via. the Rossi-α technique, and those results and the original data are also 
presented in this report. The uranium metal mass in these measurements varied between 47,714 and 
53,843 g. The delayed critical configuration from the three experiments described are acceptable for use 
as criticality safety benchmark experiments for the International Criticality Safety Benchmark Evaluation 
Program (ICSBEP) once the uncertainty analysis is completed. Based on previous ICSBEP benchmarks 
with this enriched uranium metal at ORCEF, the uncertainty in keff could be as low as ±0.0002. The 
prompt neutron time decay data could be the basis of an International Reactor Physics Evaluation 
Program benchmark.
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laboratory-Oak Ridge National Laboratory program.
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APPENDIX B. EXPERIMENTS DOCUMENTED IN THE NUCLEAR 
ENERGY AGENCY INTERNATIONAL HANDBOOK OF 

EVALUATED CRITICALITY SAFETY BENCHMARK 
EXPERIMENTS

The following critical experiments performed by Oak Ridge National Laboratory at the Oak Ridge 
Critical Experiments Facility have been included in the Nuclear Energy Agency International Handbook 
of Evaluated Criticality Safety Benchmark Experiments.

Identifier                               Experimenter                      Title
HEU-MET-FAST-007               Mihalczo     Uranium Metal Slabs Moderated with polyethylene,
                                                                        Plexiglas and  Teflon
HEU-MET-FAST-051               Mihalczo     Uranium (93.2) Metal Cylinders (7-inch, 9- inch, 11-
                                                                        inch, 13-inch,15-Inch Diameter Cylinders and Two
                                                                        11-Inch Diameter Interacting Uranium (93.2) Metal
                                                                        Cylinders
HEU-MET-FAST-059               Mihalczo     Oralloy (93.15 235U) Metal Annuli With Beryllium
                                                                        Core              
HEU-MET-FAST-061               Mihalczo     Oralloy (93.2 235U) Metal Cylinder With Beryllium
                                                                       Top Reflector                
HEU-MET-FAST-071               Mihalczo     Uranium (93.14) Metal Annuli With One- And Two-
                                                                       Inch Graphite Reflectors          
HEU-MET-FAST-074               Mihalczo     Oralloy (93.2 235U) Bare Metal Annuli and Disks
HEU-MET-FAST-076               Mihalczo     Uranium (93.14 235U) Metal Annuli and  Cylinders
                                                                       with Thick Polyethylene 
                                                                       Reflectors and/or Internal Polyethylene Moderator   
HEU-MET-FAST-077               Mihalczo     Experiments with HEU (93.14 wt. %) Metal Annuli
                                                                       with Internal Graphite Cylinder           
HEU-MET-FAST-081               Mihalczo     Grotesque: Complex Geometric Arrangement of
                                                                        Unreflected HEU (93.15) Metal       
HEU-MET-FAST-083               Mihalczo     Complex Geometry Bare Oralloy (93.15 235U)
                                                                        Metal Annuli Experiments                   
HEU-MET-FAST-096              Mihalczo      Static Critical Experiments For The Sorgente Rapida
                                                                       (SORA) Reactor Mockup                 
HEU-MET-FAST-099              Mihalczo      Fast Neutron Spectrum Potassium Worth for
                                                                       Space Power Reactor Design Validation (also known
                                                                       as ORCEF-SPACE-EXP-001)                          
HEU-MET-FAST-100              Mihalczo      Orsphere: Critical, Bare, HEU (93.2)-Metal Sphere
SCCA-SPACE-EXP-001          Mihalczo      Critical Configuration and Physics
                                                                       Measurements for Assemblies of U(93.15)O2
                                                                       Fuel Rods
HEU-COMP-FAST-002           Mihalczo      Critical Configuration and Physic Measurements for 
                                                                       Graphite Reflected Assemblies of U(93.15)O2 Fuel
                                                                       Rods (1.506- CM Pitch)
HEU-COMP-FAST-004           Mihalczo      Critical Configuration for Beryllium Reflected 
                                                                       Assemblies of U(93.15)O2 Fuel Rods (1.506-
                                                                       CM Pitch and 7-Tube Clusters)
SCCA-FUND-EXP-001           Mihalczo      Critical configurations and Physics Measurements for
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                                                                       For Graphite Reflected Assemblies of U (93.15)O2
                                                                       Fuel Rods (1.27-cm-pitch)
SUB-HEU-SOL-THERM-001   Mihalczo    Unreflected high-enriched uranyl nitrate subcritical
                                                                       noise measurements
SUB-HEU-SOL-THERM-002   Mihalczo    Subcritical Noise Measurements for Two
                                                                       Coaxial Cylindrical Tanks Containing 93.1 wt. %
                                                                       Uranyl Nitrate Solution
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APPENDIX C. SUPPORT STRUCTURE

The support structure is described in this appendix. Figure C.1 represents the diaphragm and rings with its 
support structure. Figure C.2 represents the low-mass support structure. Both structures can be seen in 
Figure C.2. These support structures were used in many other critical experiments with enriched uranium 
metal at the Oak Ridge Critical Experiments Facility.

Figure C.1. Diaphragm support structure.
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Figure C.2. Details of the lower support structure.
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APPENDIX D. ROSSI ALPHA DATE FOR THIN STAINLESS STEEL 
REFLECTED CRITICAL EXPERIMENTS

This appendix presents the data from the prompt neutron decay constant measurements by the two-
detector Rossi-α technique. A Technical Measurement Corporation (TMC) time analyzer was used for the 
measurements. The two detectors used for the measurement were a 2.0 in. diameter, 2.0 in. thick Nuclear 
Enterprises NE-213 liquid scintillator in a 0.25 in. thick lead cup and a spiral fission counter underneath 
the lower section and at the center and adjacent to the center of the lower stainless steel reflector. The 
scintillator was located with the front face of the lead shield 0.5 in. from the upper uranium metal, as 
shown in Figure 2.2. The detections in the scintillator triggered the time analyzer, and the time 
distribution of the detections in the spiral fission counter was measured after the scintillator detection. The 
signal from the fission chamber was delayed (~15 µs) with respect to the signal from the scintillator to 
force the peak of the distribution to occur in later channels of the time analyzer. Measurements were also 
performed at this time for a uranium metal cylinder without top and bottom reflectors. A single 
measurement was made for the experiments with 0.5 and 1.0 in. reflectors, but two measurements were 
performed for the system with 2 in. thick reflectors. Images of the data from the original TMC analyzer in 
1965 (recently discovered at Oak Ridge National Laboratory) are given in Tables D.1 through D.5 where 
real time zero for the decay is the beginning of channel 59, 59, 60, 58, and 58, respectively for Figure D.1 
to D.5.  In these tables, the first column lists the time channel number, and the second column lists the 
data. Handwritten numbers in the data files are the background-subtracted data. The time width of the 
channels was 0.25 μs. The tables are copies of the original paper printout and have not been retyped 
(hence the table lower quality).
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Table D.1. Rossi alpha data for unreflected configuration. Time zero for the measurement is the 

beginning of channel 59.
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Table D.2. Rossi alpha data for 0.5 in. thick reflected configuration. Time zero for the measurement is 
the beginning of channel 59.
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Table D.3. Rossi alpha data for 1 in. thick reflected configuration. Time zero for the measurement is 
the beginning of channel 60.
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Table D.4. Rossi alpha data for 2 in. thick reflected configuration. Time zero for the measurement is 
the beginning of channel 58.
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Table D.5. Repeated measurement Rossi alpha data for 2 in. thick reflected configuration. Time 
zero for the measurement is the beginning of channel 58.






