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1. Introduction 
A series of experiments was performed at Los Alamos Critical Assembly Facility in the early 
1950s to determine the critical mass of highly-enriched uranium (HEU) (between 93.5 wt.% and 
94 wt.% 235U) spheres surrounded by thin reflectors of various materials. The objectives of these 
experiments were (1) to obtain a precision graph of the critical mass of highly-enriched uranium 
metal spheres as a function of reflector thickness and (2) to generate transport cross sections 
for the reflector material. 

The various reflector materials were approximately two- and four-inch thicknesses of copper, 
cast iron, nickel, nickel-copper-zinc alloy, thorium, tungsten alloy, and zinc. The experiments 
were evaluated and were found to be acceptable for use as criticality safety benchmarks. 
Complete evaluation of these experiments will be published in the 2007 Edition of the 
International Handbook of Evaluated Criticality Safety Benchmark Experiments [1] under the 
Identifier HEU-MET-FAST-085. A description of the experiments and evaluation of the 
experimental results are provided in this paper. Comparisons of calculated keff values obtained 
by using ENDF/B-VI.6 and ENDF/B-VII neutron cross section data libraries are also provided. 
The benchmarks are intended to be used by Criticality Safety specialists to validate their 
methods, codes, and nuclear data. 

2. Description of Experiments 
The thirteen configurations were as follows: 

 Two with 1.98- or 4.158-inch-thick copper reflectors; 

 Two with 2.0- or 4.0-inch-thick cast iron reflectors; 

 One with a 1.945-inch-thick nickel reflector; 

 Two with 1.88- or 2.02-inch-thick nickel-copper-zinc alloy reflectors; 

 One with a 1.81-inch-thick thorium reflector; 

 Two with 2.0- or 4.0-inch-thick tungsten alloy reflectors; 

 Two with 2.0- or 4.075-inch-thick zinc reflectors; 

 One with a 2.0-inch-thick tungsten alloy reflector surrounded by a 2.0-inch-thick cast iron 
reflector.

All configurations were subcritical with measured multiplications ranging from 20 to 162. 

Report LA-2203, the initial reference for the configurations considered in this evaluation, 
describes experimental procedures, equipment, and materials used in the experiments. It also 
tabulates the critical mass values and uncertainty effects on keff values obtained for all thirteen 
configurations in this evaluation. However, LA-2203 recorded measured critical mass values 



that were adjusted to the “standard” HEU enrichment and density of 93.5 wt.% and 18.8 g/cm3,
respectively.

LA-3067-MS summarizes hundreds of Los Alamos experiments for the purpose of retrieving 
original critical mass values. All thirteen configurations described in LA-2203 are also reported 
in LA-3067-MS.

LA-4208 presents reevaluated critical specifications for many Los Alamos fast-neutron systems, 
including three in this evaluation: both copper-reflected and nickel- reflected experiments. LA-
4208 states, “Only the systems reflected by nickel and copper have been selected for review, 
the first because of an error in quoted density of nickel and the others to illustrate the influence 
of detailed accounting of gaps between shells, and of effective densities.” The results 
represented “small overall changes”. 

All experiments were performed using the Comet universal assembly machine at Los Alamos 
Critical Assembly Facility. The upper hemisphere of the reflector was mounted on a hydraulic 
piston, which was attached to an A-frame secured to the Comet vertical supports. The lower 
hemisphere containing the HEU was seated on a hollow aluminum cylinder that was fixed to the 
platen adapter on top of the hydraulic ram. 

The HEU assemblies used for this series of measurements were solid hemispheres and nesting 
shells. The hemispheres contained a central source cavity large enough to accommodate the 
mock fission-neutron source. These assemblies were duplicated with identical pieces of natural 
uranium for use in determining an unmultiplied count. The mock fission-neutron source was 
centered in the HEU sphere for all tests. Four boron-lined neutron counters, in long counter 
geometries, monitored the neutron flux. 

Neutron multiplication data were obtained first by taking unmultiplied counting rates and then 
the multiplied counting rates for each given geometry. With the source in place, the unmultiplied 
count was taken using the natural uranium mockup components. Next, the natural uranium 
components were replaced with the HEU assemblies, and a multiplied count was obtained. The 
ratio of the multiplied count to the unmultiplied count determined the neutron multiplication (M). 

The top reflector on the hydraulic piston was lowered before the ram could be raised. Next, the 
lower hemispherical reflector containing the HEU sphere was raised in preset steps toward the 
stationary top reflector. A progressive plot of 1/M versus separation distance (distance between 
parting surfaces of the top and bottom reflector) permitted safe closure of the assembly. With 
the assembly closed, multiplication values were determined. Additional multiplication 
measurements were obtained by varying the mass of the HEU sphere. An extrapolated critical 
mass was calculated for each of these experiments. For the 4.158-inch-thick copper-reflected 
experiment, both cast iron experiments, the 2-inch-thick tungsten alloy experiment and the 2-
inch-thick tungsten alloy surrounded by a 2-inch-thick cast iron reflector experiment, the values 
were plotted on a 1/M versus HEU mass curve. Then the delayed critical value was calculated 
by extrapolation. For all the other experiments, the critical radii and, subsequently, the 
corresponding critical masses were determined by the Serber relation: 

S = (1/M) / (r/ro)

Where r is the observed radius, ro is the critical radius, and (1/M) is the reciprocal multiplication. 
The constant S was assumed to be approximately 1.15.

LA-1356DEL states: 

From bare HEU sphere measurements S=1.14 whereas for thick-reflector 
measurements on the Topsy critical assembly machine at Los Alamos S=1.16. Review 



of previous measurements on intermediate reflector thicknesses (primarily natural 
uranium) in LA1114 and LA1155 indicated a value of S 1.15.

Multiplication changes associated with additions of the HEU filler pieces to the central source 
cavity provided corrections to extrapolate the measured multiplication to a filled cavity. However, 
LA-3067-MS states that both nickel-copper-zinc-alloy experiments and the tungsten alloy 
surrounded by cast iron experiment were uncorrected for a 0.05-inch3 central source cavity. LA-
2203 also states that the 2-inch-thick tungsten alloy experiment and the tungsten alloy 
surrounded by cast iron experiment had a central source cavity of 0.375- by 0.45-inches in 
diameter (approximately 0.05 inch3).

The experimenters also corrected for the effect of filling gaps within the core and between the 
core and the reflector. The computations used to arrive at these corrections were not stated. 

The tungsten alloy is described as 90 wt.% tungsten, 7.0 wt.% nickel, and 3.0 wt.% copper. The 
nickel-copper-zinc is described as 40 wt.% copper, 32 wt.% nickel, and 28 wt.% zinc [2, 3]. 

The HEU material data comes from LA-4028. The HEU hemispherical shells used in these 
experiments were part of an extensive set fabricated for the measurements of bare and 
reflected HEU spheres. The Godiva-shell experiment (see ICSBEP identifier HEU-MET-FAST-
001) used some of the same shells as in these experiments. LA-4028, describing the Godiva 
experiments, states “the material density, 18.806 ± 0.008 g/cm3, is the average measured by 
liquid immersion for some of these shells and a number of similarly fabricated parts.” LA-4028
also lists major trace impurities of carbon (~160 ppm), silicon (~110 ppm), and iron (~70 ppm) 
for the HEU. It contained 1.02% 234U and 0.0% 236U.

3. Evaluation of Experimental Data 
The critical specifications presented in LA-3067-MS were used to prepare the benchmark 
models used in this evaluation. It is the most recent compilation and includes previous 
reevaluations and data for all experiments in this evaluation. 

Idealized configurations of homogeneous spherical cores and reflectors are used to establish 
benchmark models, except in four reflector configurations, i.e. both those with nickel-copper-
zinc alloy, the 2-inch-thick tungsten alloy, and the 2-inch-thick tungsten alloy surrounded by 2-
inch-thick cast iron, where LA-2203 and LA-3067-MS indicated uncorrected central source 
cavities. In these configurations, the central source cavity was included in the benchmark 
model.

Although the experiments were not brought to the delayed-critical state, the experimenters 
estimated the uncertainties in the extrapolation from the assembled masses to the reported 
critical masses. These uncertainties, along with other potential uncertainties in the basic 
material data and dimensions estimated in this evaluation, are used to derive corresponding 
uncertainties in the predicted values of keff. The main concern is the low multiplication achieved 
for some of the configurations; however, the experimenters have attempted to consider this in 
their specified uncertainties in critical mass. 

3.1 Sensitivity Studies 
Sensitivity studies were performed to determine the effect on the value of keff of various 
uncertainties in the reported experimental data. The three-dimensional Monte Carlo code, 
MCNP5, was utilized for the calculations. When performing the sensitivity studies, elemental 
cross-section data were used for the reflector materials. Isotopic continuous-energy ENDF/B-VI 
cross-section data were used for HEU. The MCNP ENDF/B-VI cross-section library does not 



include cross-section data for the elemental forms of all of the reflector materials; however, the 
cross-section data used in the base and perturbed models were always identical. 

In each uncertainty study, excluding those for reflector impurities, there are positive and 
negative perturbed models. In most cases, the maximum keff from the nominal model was used 
and scaled appropriately. Often parameter variations were increased beyond the estimated 1
level in order to obtain meaningful results. Calculated values were then scaled back to the 1
level.

Uncertainty analyses for six different parameters were evaluated: namely, extrapolation to 
uranium critical mass, uranium density, 235U enrichment, reflector density, reflector thickness, 
and reflector impurities. Uncertainty in cast-iron alloying elements and central cavity size were 
also considered when appropriate. The effects of slumping and of 234U and 236U concentration 
were also considered, but results were deemed negligible. 

In addition to the idealizations made by the experimenters, two simplifications were made to the 
benchmark models that resulted in a small bias and additional uncertainty. First of all, since 
impurities in core and reflector materials are only estimated, they are not included in the 
benchmark models. Secondly, the room, support structure, and other possible surrounding 
equipment were not considered in the model. Bias values that result from these two 
simplifications were determined and associated uncertainty in the bias values were included in 
the overall uncertainty in benchmark keff values. 

Uncertainties in all parameters were carefully considered and estimated by gathering 
information from many other experiments performed during the same time period. The total bias 
values and total uncertainty due to the uncertainty analysis and associated bias uncertainties 
are shown in Table 1.
Table 1. Benchmark-Model Biases and Uncertainty 

Reflector/ 
Thickness (inch) Total Bias Total Uncertainty 

Copper/1.980 +0.0011 ±0.0028 
Copper/4.158 +0.0011 ±0.0030 
Cast Iron/2.00 +0.0013 ±0.0038 
Cast Iron/4.00 +0.0014 ±0.0046 
Nickel/1.945 +0.0011 ±0.0049 

Ni-Cu-Zn-alloy/1.88 +0.0013 ±0.0028 
Ni-Cu-Zn-alloy/2.02 +0.0011 ±0.0035 

Thorium/1.81 +0.0015 ±0.0022 
W-alloy/2.00 +0.0012 ±0.0028 
W-alloy/4.00 +0.0009 ±0.0041 

W-alloy/2.00 & Cast Iron/2.00 +0.0012 ±0.0063 
Zinc/2.00 +0.0011 ±0.0037 
Zinc/4.075 +0.0014 ±0.0037 

The uncertainty in extrapolated critical mass was the dominate uncertainty. Because of this, the 
sensitivity study was run using both elemental and isotopic cross-section data for the reflectors. 
The 2-inch-thick tungsten alloy surrounded by a 2-inch-thick cast-iron reflector experiment had 



the largest uncertainty in critical mass, which accounts for its larger than average total 
uncertainty.

4. Results and Conclusions 
Sample calculations were performed to verify the results of the experiments. Calculations were 
performed using both MCNP5 and KENO-V.a Monte Carlo neutron transport codes. MCNP5 
results were calculated for both ENDF/B-VI.6 and ENDF/B-VII.0 cross-section data. KENO-V.a 
results were obtained using standard KENO 238-Group ENDF/B-V cross-section data.  

A few deviations from the benchmark model were necessary. First, there are no ENDF/B-V or -
VI cross-section data available for zinc. For MCNP, ENDL92/LLNL-X cross-section data were 
used. For KENO, the zinc-reflected configurations were not calculated. Zinc is often replaced by 
copper for small amounts of zinc, but since zinc is either an alloying element or is used by itself 
in these cases, this was not done. Also, there are no cross-section data for tungsten-180, so the 
atom percent abundance was calculated in proportion to the other naturally occurring tungsten 
isotopes.

The results of these calculations are shown in Table 2, and a graphical representation is shown 
in Figure 1. 
Table 2. Sample Calculation Results 

Reflector/ 
Thickness (inch) 

MCNP
(Continuous Energy 

ENDF/B-VI.6) 

MCNP
(Continuous Energy 

ENDF/B-VII.0) 

KENO
(238-Group 
ENDF/B-V) 

Copper/1.980 0.9967 ±0.0003 1.0002 ±0.0001 0.9911 ±0.0001 
Copper/4.158 1.0007 ±0.0003 1.0044 ±0.0001 0.9959 ±0.0001 
Cast Iron/2.00 0.9901 ±0.0003 0.9939 ±0.0001 0.9948 ±0.0001 
Cast Iron/4.00 0.9927 ±0.0003 0.9929 ±0.0001 1.0034 ±0.0001 
Nickel/1.945 0.9983 ±0.0003 1.0016 ±0.0001 0.9979 ±0.0001 

Ni-Cu-Zn-alloy/1.88 0.9973 ±0.0003 0.9964 ±0.0001 - - 
Ni-Cu-Zn-alloy /2.02 1.0017 ±0.0003 1.0012 ±0.0001 - - 

Thorium/1.81 1.0022 ±0.0003 1.0007 ±0.0001 1.0015 ±0.0001 
W-alloy/2.00 1.0105 ±0.0003 1.0138 ±0.0001 1.0102 ±0.0001 
W-alloy/4.00 1.0132 ±0.0003 1.0169 ±0.0001 1.0137 ±0.0001 

W-alloy/2.00 & Cast 
Iron/2.00 1.0116 ±0.0003 1.0153 ±0.0001 1.0119 ±0.0001 

Zinc/2.00 1.0124 ±0.0003 1.0059 ±0.0001 - - 
Zinc/4.075 1.0157 ±0.0003 1.0079 ±0.0001 - - 



Figure 1. Experimental, Benchmark, MCNP, and KENO keff.

In all configurations containing tungsten alloy, the calculated results are more than 1% above 
the benchmark-model keff values. It can be seen when comparing to the data from Highly
Enriched Uranium Metal Cylinders Surrounded by Various Reflectors, that this trend for larger 
calculated results than the benchmark model is directly proportional to the tungsten thickness. 
This trend is most likely due to deficiencies in the tungsten cross section data. 

In the zinc-reflected configurations, the ENDF/B-VI (and endl92/LLNL for zinc) results are over 
3  above the benchmark model. The ENDF/B-VII cross-sections calculated the 2-inch-thick 
reflected experiment within 2  and the 4.075-inch-thick reflected experiment within 3 . The 
deviation in the zinc-reflected experiments is probably due to the lack of newer zinc cross-
section data. 
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