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ABSTRACT 
The early "Jemima" experiments ft,2] 

(1952-1954) have been evaluated as 
criticality safety benchmarks. The ongoing 
"Big Ten" experiment [3] (197 I-present) is 
under consideration as a benchmark. These 
two experiments differ enormously in their 
overall sizes and in the absence (or presence) 
of an external reflector. However, they s h m  
a common characteristic: the entire core, or 
the majority of it, is comprised of thin, 
alternating layers of highly enriched uranium 
and natural uranium, in order to simulate fuel 
of uniform composition and intermediate 
enrichment. 

Reference MCNP models for the 
experiments retain the heterogeneous 
compositions and include considerable 
structural detail. For comparison, 
homogenized models, which preserve overall 
volumes and the total mass of each isotopic 
species, have also been tested. Results 
indicate that (1) heterogeneous assemblies 
and their equivalent homogeneous assemblies 
differ significantly in krf, and that (2) these 
differences occur both in the absence and in 
the presence of a thick external reflector 
composed of depleted uranium. 

THE EXPERIMENTS 
The Jemima and Big Ten assemblies have 

cylindrical cores that are constructed largely 
of numerous metallic uranium disks or 
annuli. Each disk or annulus in  the core is 
composed of natural uranium or highly 

enriched uranium, 235U(93%), and each one 
is thin compared with its diameter and with 
the full length of the core. During the course 
of the experiments, two cylindrical 
assemblies, which are each subcritical in 
isolation, are placed with axes aligned, and 
are brought into end-to-end contact to form a 
single cylindrical critical assembly. In the 
event of a power failure or a fission 
excursion, the two parts could be separated 
quickly, making the assembly subcritical. 
The three critical assemblies discussed here 
are sketched in Figure 1. 

Early Jemima characteristics 

One could describe the early Jemima 
experiments (1952-1954) as slightly 
reflected. Two stacks of disks were arranged 
as coaxial vertical cylindrical columns. The 
upper uranium column, with approximately 
one third of the mass, was held by a notched 
aluminum ring suspended from a steel A- 
frame. The lower uranium column was 
supported by an aluminum ring placed on 
aluminum spacers, which rested on the 1-in. 
thick steel plate of a hydraulic lift. Only 
small portions of the surface of the uranium 
column were in direct contact with the 
support structures. 

All of the uranium disks were 10.50 in. 
(26.67 cm) in diameter. The thicknesses of 
the enriched-uranium and natural-uranium 
disks were 0.800 cm and 0.600 cm, 
respectively. Two distinct repeated disk 
patterns were incorporated in construction of 
the critical assemblies: (1) alternating disks 
(enriched-U, natural-U), called "disk pairs" 
and (2) sets of three disks (natural-U, 
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enriched-U, natural-U), called "disk triplets." 
A small circular hole (diameter 7/8 in.) was 
cut in the center of each disk to provide an 
access channel for placement of a neutron 
source near the center of the assembly. The 
small punched-out disks, called "fillers," 
could either be reinserted in the holes or 
removed. This study considers the 
configurations with the fillers inserted. In 
Reference [2] the present disk-pairs and disk- 
triplets assemblies are called Configuration 
#1 and Configuration #3, respectively. 
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Figure 1. Three Critical Assemblies. 

Darkened zones indicate highly enriched uranium. All 
lengths represented in the three sketches are drawn to 
the same scale. (A) Jemima, disk-pairs configurarion; 
horizontal arrows indicate parting plane. (B) Jemima, 
disk-triplets configuration; horizontal arrows indicate 
parting plane. (C) Big Ten, early-phase geometry. 
View is along tbe axis of the transfer bar and in a 
plane containing the cylindrical axis. Vertical arrows 
indicate the parting plane. 
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The repeated patterns were added to the 
tops of the columns until the critical height of 
the combination was reached. The precise 
condition of criticality generally did not 
correspond to an integral number of these 
units, or even to whole disks. One disk of 
natural uranium was cut into eight radial 45" 
sectors, called "pies." When the assembly 
was nearly critical, an additional disk, or 
individual pies, were placed on top of the 
upper column, as required. The critical 
assembly, "rounded" to the nearest pie, was 
recorded. In particular, the disk-pairs 
assembly became critical for 10 pairs, 1 
enriched-U disk, and 1 pie. The disk-triplets 
assembly required 12 triplets, 1 additional 
natural-U disk, and 3 pies. Figure 2 shows 
the tops of the configurations at criticality. 

Figure 2. Top Views of Two Jemima Experiments. 

(A) Disk-pairs configuration, showing one pie; (3%) 
Disk-triplets configuration, showing three pies. 
Natural uranium fills all of the zones in these 
diagrams. The scale is the same as in Figure 1. 

For the critical disk-pairs assembly, disks 
made of highly enriched uranium occumed at 
both the top and the bottom ends of the 
cylinder. (The top disk was covered by only 
one pie.) By contrast, the disk-triplets 
assembly had at least one natural-uranium 
disk at each end. This difference generated a 
substantial heterogeneous effect, as discussed 
below. 

The highly enriched uranium contained 
93.4 wt.8 23sU. The abundances of the 
other isotopes probably matched those of the 
contemporay Godiva experiment, namely 
1.0 wt.% 23 U and 5.6 wt.% 238U. The 
non-uranium impurities for Godiva totaled 
only 400 ppm; the major contributors were C 
(1 60 ppm), Si (1 10 ppm), and Fe (70 ppm). 



Figures 3 and 4 illustrate the positions 
and sizes of the aluminum support structures 
and the steel plate of the hydraulic lift. The 
experiments were conducted in the Kiva I 
assembly room with dimensions 48 x 30 x 26 
ft. high, with 8-in. thick concrete walls and 
floor, and a 3-in. thick concrete ceiling. 
Beginning at 16 ft. above the floor, glass 
brick replaced much of the concme for 7 ft, 5 
in., followed by more concrete (2 ft., 7 in.) 
to complete the 26-ft. height. The steel 
framework for the Jemima experiments was 
centered about 70 in. in frbnt of 
corrugated steel roll-up door, 
dimensions 10 ft. x 14 ft. x 0.045 in. 
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Figure 3. Jemima's Support Svuctures below the 
Uranium Column and Lower Ring. 

These illustrations have the same scale as Figure 1. 
(A) 4.0 cm below the lower surface of the bottom 
uranium disk. The central cylinder represents the 
lower (aluminum) filer suppit The three rectangles 
represent horizontal cross sections of aluminum 
spacers. 
(B) 5.0 an below the lower surface of the bottom 
disk. The central cylinder represents the lower filler 
support. The square represents the 12-in. platform 
spacer with a 10-in. circular hole cut out of the 
center. Materials in zones 1,2, and 3 are aluminum, 
void, and aluminum, respectively. 
(C) 7.0 cm below the lower surface of the bottom 
disk. The rectangle represents the 12- x 15-in. steel 
plate on top of the hydraulic lift. 
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Figure 4. Enlarged Sketch of Support Stnrctures 

below the Uranium Column; View in a Plane 
Containing the Axis of Symmetry of the Uranium 

Disks. 

Support structm are numbered as follows: 
(1) Steel top of hydraulic lift. 
(2) Aluminum platfom spacer. 
(3) Rectangular aluminum spacer (one of three). 
(4) Lower aluminum support ring. 
(5) Lower aluminum filler support. 
(6) Upper aluminum filler support 

For the Jemima experiments, the 
assembly remained subcri t ical .  
Measurements of neutron multiplications 
provided values of ( IN)  as a function of the 
mass of natural uranium on top of the stack, 
and increments in reactivity were determined 
for the addition of individual pies near 
criticality. Each curve, which contained at 
least one experimental point with M 2 200, 
was extrapolated to (1M) = 0. 

Big Ten characteristics 

Big Ten operations have experienced 
three chronological phases: early (1971- 
1980), inactive (1981-1990), and 
contemporary (1991-present). 

The Big Ten critical assembly [3] is very 
large and massive. The stationary portion, 
Section A, contains about 60% of the total 
uranium mass. Section B is mounted on a 
cart that moves along rails to make contact 
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with Section A. The assembly contains three 
distinct regions: 

(1) The core near the axis. When the Big 
Ten assembly is closed, the total length of 
this region is 26 in. (66.04 cm). The radial 
width assumes different values in three 
distinct zones. All of the core parts in this 
region are formed from uranium that is 
enriched to approximately 10.06 wt.8 in 
235U. The isotopic composition is very 
nearly uniform throughout region (1). 
Section B contains a movable 235U(10%) 
control rod aligned on the axis of symmetry. 
The assembly is the most reactive when this 
rod is fully inserted. 

(2) The volume surrounding the central 
core. This region extends outward to a radial 
distance of 10.50 in. (26.67 cm) from the 
axis. When the two sections are in contact, 
the total length of region (2) is 26 in., 
matching that of region (1). Most of this 
volume is filled by a repetitive heterogeneous 
pattern of natural and enriched uranium 
annuli, similar to Jemima. The 235U(93%) 
enriched annuli are 0.30 cm thick. The 
natural-uranium annuli are cut in 1.20-cm and 
1.50-cm thicknesses. A pair of these annuli 
combine to make a 2.70-cm-thick annulus, 
which has about nine times the mass of one 
highly enriched annulus. Therefore, the 
average uranium enrichment in the 
heterogeneous portion of the annular-core 
region is approximately 10 wt.%. The 
complete cylindrical core, consisting of 
regions (1) and (Z), is a solid heterogeneous 
cylinder of radius 26.67-cm, and length 
66.04 cm. 

The original specifications provided for 
the entire 26-in. length of region 2 to be filled 
with the heterogeneous alternating patterns of 
enriched and natural uranium annuli. 
However, Reference [3] indicates that natural 
uranium was substituted for two thin 
enriched-uranium annuli at each end of the 
core; i.e., solid natural uranium replaced two 
repetitive cycles at each end. Model 
calculations reveal that, had the original 
specifications been followed, the value of kff 
would be 1.7% higher; theoretically, such an 
assembly could have substantially exceeded 
the prompt-supercriticality threshold. 

(3) The reflector. This region is filled 
with depleted uranium [23sU(0.21%)]. It is 6 
in. (15.24 cm) thick in both the radial and the 
axial directions. The reflector extends the 
cylindrical radius of Big Ten from 10.5 to 
16.5 in. and the total length from 26 to 38 in. 
Both the A- and B-sections of the reflector 
contain six depleted-uranium control rods 
(not shown in Figure 1). They are aligned 
parallel to the axis of symmetry and are 
spaced a t  60" angles around the 
circumference. When these six rods are fully 
inserted in each section, the reflector is 
cylindrically symmetrical, and its contribution 
to the reactivity of the assembly is the 
maximum. 

A distinguishing feature of the Big Ten 
assembly is the rigid 235U(10%) uranium 
-transfer bar, which traverses the 
configuration dong the central horizontal 
diameter. Its purpose is to deliver a specimen 
to the geometric center of the assembly for 
neutron irradiation. The width of the bar is 
2.96 in., and its thickness is 0.48 in. It 
moves through a slot of dimensions 0.50 x 
3.00 in. 

Characteristics of the Big Ten and 
Jemima assemblies are compared in Table L 

Table I. Characteristics of the Jeanima and Big Ten 
Experiments. 

Jemima Big Ten 
Pairs Triplets 

overallF+mmem* 
Length (-1 15.0 25.0 96.520 
Diamm(cm) 25.670 26.670 83.820 
u Volume 0) 8.325 13.917 532.602 
Tot. U Mass tkg) 156.790 262.893 10023.5 
Avg. Dens. (kgfl) 18.834 18.890 18.820 

Disk/Annulus Dimensions 
?m.(Enr.U)(cm) 0.800 0.800 0.300 
ltl.(NaLU)(cm) 0.600 1.2m 2.7W 
OuterDiam.(cm) 26.670 26.670 53.340 

(a) For the Big Ten experiment, the depleted uranium 
reflector is included in tbese dimensions. 

(b) This value represents the thickness of two natural 
uranium disks. 

(c) ?.his value represents the combined thickness of 
one 1.2O-cm annulus and one 1 S0-m annulus. 



The Big Ten assembly contains a total of 
four isotopic mixtures of uranium. Their 
masses and locations are given in Table II. 

Table II. Uranium Masses in the Early-Phase 
Big Ten Experiments. 

Region Uranium Type Mass (kg) 

Reflector Depleted 7292.0 
Thick Annuli Natural 2167.2 
Central Core and 

Transfer Bar 10% enriched 357.1 
ThinAnnuli 93% enriched 198.3 

Total 1 0023.5 

Both sections of the Big Ten assembly 
rest on heavy steel cradles, and many steel 
objects are attached to the outer reflector. 
The experiment is located in the Kiva I 
assembly room, which is described above, in 
the section on early Jemima characteristics. 

Positive e-folding periods for neutron 
radiation buildup are measured for the 
supercritical assembly at various positions of 
the control rods. From the inhour equation, 
these data are converted to cent-reactivities. 

During the early phase of the Big Ten 
experiments, the assembly, operating in its 
most reactive mode, was capable of 
approaching a prompt-supercritical state. 
When the assembly was closed and all of the 
control rods were fully inserted, the shortest 
e-folding period of 0.382 second was 
observed [3], indicating reactivity greater 
than 85$. The ex erimental value of perf = 

that bff = (1 - $.peff)-l = 1.0062. 
(7.22M.06) x 10- s for Big Ten [4] implies 

After ten years of inactivity, the Big Ten 
assembly was reconfigured to operate at 
reduced reactivity for the contemporary 
experiments. Consequently, the "hottest" 
setting for control rods currently produces 
29-second e-folding intervals, indicating a 
19e-supercri tical state. However, available 
records of the present configuration are 
ambiguous; the total length is now 36.875 in. 

THE REFERENCE MCNP MODELS 
Jemima models 

Sensitivity studies were performed to 
derive the reference (standard) models for the 
Jemima assemblies. Effects due to imperfect 
contact between adjacent disks were 
calculated in the earliest tests. The original 
experimenters noted that a stack of 31 disks 
was 8.00 in. high, while a height of 7.95 in. 
was predicted on the basis of their known 
thicknesses. The discrepancy was a 
consequence of the uneven contacts between 
disks, resulting in an average gap of 0.004 
cm for each pair of surfaces. The spacings 
are equivalent to an overall 0.6% reduction in 
density. The models account for this known 
effect by ignoring the gaps, but increasing the 
height of each disk by 0.004 cm, and by 
reducing the densities of the disks slightly to 
conserve mass. Model calculations indicated 
changes of -0.0022 and -0.0036 in bf for the 
disk-pairs and disk-triplets assemblies, 
respectively. 

Sensitivity calculations were also 
performed for portions of the environment 
near the assembly. The MCNP results are 
summarized in Table ID, in which successive 
rows represent an accumulation of objects. 

Table 111. Calculated Effects of Jemima's 
Surroundings on Reactivity. 

Disk Pairs Disk Triplets 
TestModel ICf: A&," ICf? A&f: 

U, Imp. Cont.' 0.9863 
+ Steel Plate 0.9964 
+ Upper Ring 0.9978 
+ Lower Ring 0.9989 
+ Fil. supports 1.0010 
+ 4 Al spacers 1.0018 
+ Fe Structure 1.0033 
+ Room Run. 1.0030 

O.oo00 
0.0101 
0.0014 
0.001 1 
0.0021 
O.Ooo8 
0.0015 
-0.0003 

0.9960 
1 S O 0 0 6  
1.0021 
1.0030 
1 .W32 
1 .0041 
1.0041 
1.0051 

O.ooO0 
0.0046 
0.0015 
O.ooo9 
0.0002 
O.OOO9 
o.oo00 
0.0010 

(a) Standard deviations fell between O.OOO26 and 
0.00029. 

(b) Estimated uncertainties in di f fmces between 
calculated values of Itff are d 2  = O.OOO4, where 
a = standard deviation for the individual kcffs. 

(c) Imperfect contact between uranium disks is 
included in the zero-point model because it is a 
known phenomenon, as discussed above. 



Generally, it was found that aluminum 
and steel objects within 3 4  in. of the core 
have a substantial influence on the reactivity. 
More remote objects have a negligible effect. 

The Big Ten model 

Because the configuration of the early- 
phase experiments was based on accurately 
detailed and symmetrical specifications, the 
reference model for the Big Ten assembly is 
taken from those records, with very minute 
simplifications. In the zone of repeated 
heterogeneous patterns, the natural-uranium 
annuli were each widened by 0.001 in. (to 
allow for imperfect contact), but the enriched- 
uranium annuli were left unchanged. It was 
also noticed that the specifications made the 
heterogeneous parts in Section B fit a little 
tighter than in Section A. To account for this 
asymmetry, 0.001-in. gaps were introduced 
between repeated patterns in Section A, but 
not in B. In that way, all of the individual 
annuli of a given type were represented 
identically throughout Sections A and B. 

The Big Ten model neglects the steel 
cradles and other objects outside of the 
reflector. It assumes that the entire central 
core is completely filled with 235U( 10%). 
The result, kfi = 1.0086~.0002, is slightly 
higher than the early experimental value of kll 
= 1.0062, obtained with all of the control 
rods fully inserted. 

THE HOMOGENEOUS MCNP 
MODELS 

Jemima models 

For the homogeneous Jemima models, 
perfectly isolated uranium cylindrical 
columns (without pies on top) were assumed. 
The total mass and the total volume occupied 
by each isotopic species were conserved, and 
the diameters of both cylinders were fmed at 
26.670 cm. 

The Big Ten model 

Figures 1 and 5 show that the 
heterogeneous patterns of uranium annuli 
occupy two disconnected zones in the Big 
Ten assembly. In the present homogeneous 
model, the total mass of each isotopic 
species, and the volume occupied by each 
species, are conserved. The mixtures in both 
regions have been homogenized together, and 
both spaces are filled with the common 
material. Characteristics of the Jemima and 
Big Ten homogeneous models are 
summarized in Table N. 

9 
Section A Section B 

Figure 5. Homogenized Model for the Big Ten 
Experiment, 

The early-phase geometry is shown, as in Figure 
1(C). This view is in a plane containing both the 
cylindrical axis and the axis of the transfer bar. 
[Compare with Figure l(C).] The dashed lines and 
the shading mark the two zones that have been 
homogenized. Vertical arrows indicate the parting 
plane. 
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Table IV. Homogeneous-Core Models for 
the Early-Phase Big Ten Assembly and Two 

Early Jemima Assemblies. 

Jemima Big Tena 
Pairs Triplets 

Mixture Composition (wt.%) 
234U 0.604 0.395 0.103 
235U 55.384 36.325 10.419 
238U 44.012 63.280 89.478 

Other Core Properties 
Diameter (cm) 26.670 26.670 53.340 
Cyl. lgth. (cm) 14.902 24.912 66.040 
Density (g/cm3) 18.834 18.890 19.016 

(a) These results exclude the solid natural 
uranium volumes at the ends of the core. 

CALCULATIONS AND RESULTS 
All of the present MCNP calculations 

were carried out using continuous-energy 
ENDF/B-V cross-section data, and running 
520 generations with 10,000 neutron 
histories per generation. The first 20 
generations were excluded from the statistical 
compilations, so that each result represents a 
total of 5 million tallied histories. The 
standard deviations in keff fell between 
0.00028 and 0.00029 for the Jemima 
calculations and between 0.00022 and 
0.00024 for the Big Ten calculations. 
Results are compared in Table V. 

Table V. MCNP Results for the Jemima and Big 
Ten Critical Assemblies. 

kff 
Assembly Heter. Homog. AkefP 

Jemima Pairsb 0.9863 0.9978 0.01 18 
Jemima Tripletsb 0.9960 0.9772 -0.0188 

Big Ten 1.0086 0.9949 -0.0137 

(a) Uncertainties in the differences are fo.OOO4 for 

(b) These models contain only uranium; Le., no 
Jemima and M.0003 for Big Ten. 

support structure. When the near-environment 
is included, then kff = (1.0018, 1.0041) for the 
heterogeneous pairs and triplets, respectively. 

SUMMARY AND CONCLUSION 

MCNP calculations have been performed 
to simulate three heterogeneous, fast-neutron, 
near-critical assemblies whose cores are 
composed largely of alternating thin disks of 
highly enriched and natural uranium. 
Reliable results have been obtained for these 
models. 

The same code was then used to test the 
sensitivity of the reactivity to homogenization 
of the fuel. In each case, homogenization 
changed kff by 1-28. The size of the effect 
indicates that this method of homogenization 
is unsatisfactory as a modeling technique. 

This study also demonstrates the 
influence of a reflector. Although reflected 
neutrons generally increase the reactivity of 
an assembly (and Table I11 indicates 
consistent behavior for Jemima), it is evident 
that the thick, massive Big Ten reflector does 
not mitigate the influence of heterogeneity. 
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