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THE EFFECTS OF ENERGY SELF-SHIELDING IN REFLECTED 
AND MODERATED URANIUM METAL CRITICAL MASS CALCULATIONS 

Douglas C. Hunt and Donald C. Coonfield 

Abstract. The effects of energy shielding (i.e., flux deple
tion in high absorption energy regions) are studied on 
multigroup cross sections for enriched uranium metal 
systems by using several energy-shielding models. The 
neutron cross sections ohtnined are used in transport 
theory critical dimension calculations done with the 
Computer Code DTF-11. A 3 percent variation in slab 
thickness and 0.4 percent variation in sphere radius occur 
as the energy-shielding model is changed. Doppler 
temperature coefficients are found to be negative or zero in 
all cases with a maximum magnitude of 4.6g x w-6 °K'- 1

• 

INTRODUCTION 

The critical properties of fissile metal immersed in a 
moderator and a reflector are important in the solution of 
many nuclear safety problems. These problems include the 
safe design of process equipment for the reclaiming or 
fabrication of reactor fuel elements and the storage and 
transportation of reclaimed fissile metal under the 
maximum credible accident conditions, such as storage-area 
flooding and transport-vehicle collision. 

In this report, the effects of energy self-shielding on 
critical mass calculations of reflected and moderated 
uranium metal systems are investigated. The procedure 
is to compute shielded group-absorption cross sections, 
using several energy-shielding models and to use these 
cross sections in neutron transport-theory critical mass 
calculations. The effects of temperature change on 
the cross sections and the resultant critical masses are 
investigated; and Doppler reactivity temperature co-
efficients are calculated. · 

The critical systems studied are slabs, spheres, and spherical 
shells of 93.2 percent eniiched uranium metal internally" 
moderated or reflected by a liquid hydrocarbon, similar 
neutronically to water. The uranium absorption cross 
sections are modified in the resolved resonance-energy 
region of uranium 235 (2 3 5 U) and uranium 238 (2 3 s U) 
from 0.1 electron volts (ev) to 3000 ev. No attempt is 
made to investigate energy self-shielding above 3000 ev, 
where the effect of shielding on cross sections should be. 
small due to the high density of resonances and their 
relatively small amplitude above the potential scattering 
background. In thi3 region, infinite dilution. cross· section 
values (found by assuming that there is no neutron-flux 

depression due to resonances) are assumed. For thermal 
neutrons, the unshielded cross-section set of Hansen and 
Roach (1) 1 and the shielded set of Doyas (2) are usedin 
separate series of calculations. . 

THEORY 

Summary: 

In order to apply the multigroup method (3) to the solution 
of the Boltzmann transport equation for neutrons, it is 
necessary to obtain average cross sections .for each energy 
group. The general expression for group-averaged crqss 
sections is given by Equation 1, 

(
cl. .) =.fv d'Vj du a~ (u,x)¢(u,x) (I) 

q,J .fv dVJ;' du ¢ (u, x) 

where(~} is the average cross section Energy Group j 
Q,J 

for interaction q with material z. The quantity, ¢(u,x), is 
the neutron flux per unit lethargy as a function of'the 
lethargy (u) and of the position x within a region V while 
dV is a volume element. Since ¢(u,x) is not known, some 
approximation for it must be assumed in order to use 
Equation I. For the energy range of interest here, i.e., the 
resolved resonance region of 2 3 5 U and 2 3 8 U, the usual 
method of approximation is the use of the effective 
resonance integral ( 4 ). This approach permits the definition 
of an effective absorption cross section in terms of an 
e~sily derived parameter, i.e., the value of the flux ¢0 , 

which would exist if the resonance were absent. The 
effective resonance integral for material, z, 1;, is.defined as 
the lethargy-integrated cross section (over a resonance) 
which, when multiplied by ¢n, gives the same amount of 
absorption as actually occurs in the resonance. 

The effective absorption cross section over an energy group 
is given by Equation 2, 

L. I~ 
(a-~ ,-j) = _r_, =-J f:.,....u-.i-

1 Numerals in parentheses relate to references at end of text. 

(2) 
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where the summation is over all resonances in Energy 
Group j and D.uj is the total lethargy interval for Group j. 
To obtain the fission absorption or n, 'Y absorption cross 
sections from Equation 2, each I; in the summation is 
multiplied respectively by: 

The terms rt and r 1 are the Breit-Wig11er, partial-level 
widths for fission and gamma emission, respectively. The 
resonance integral, I; , is defined by Equation 3, 

:!lE z ( ~~ = E a ao E)l/)R (E) 
onance . 

·where a /
0

is the microscopic Breit-Wigner, resonance
absorption cross section for nuclear species Z. The 
notation, lPR (E), is the true neutron flux over the 
resonance divided by ¢o. 

Energy-Shielding Models: 

1. INFINITE DILUTION MODEL -

(3) 

In this model, cross-section sets are generated using 
Equations 2 and 3 with l/)R (E) set equal to unity. The 
formula (5) for the resonance integral is· given by Equations 
4 and 5, 

where 

In Equations 4 and 5,£0 is the energy of the resonance 
peak, k is the wave number of the incident neutron, 

(4) 

(5) 

gJ= (21 + 1)/2(21 +!)(which is a statistical spin factor 
with J being the spin of the compound nucleus and I the 
spin of the target nucleus), r z is the partial-level width for n 
neutron absorption by nuclear species Z, and rZ is the 
total absorption level width for nuclear species Z. It should 
be noted that the infinite-dilution cross sections are not 
temperature dependent since they are proportional to the 
total area under a resonance, which is not affected by 
Doppler broadening (6). 

2 

2. INFINITE HOMOGENEOUS REGION MODEL-

For this model, the neutron-flux supply to a resonance 
energy is assumed to be by scattering from h.lgher. energies. 
For resonances which are narrow with respect to the 
average neutron energy loss per collision, ¢R in Equation 2 
is given by: 

l/>R (E) = 
l:p 

l:t (E) 
(6) 

where l:p is the total macroscopic potential scattering cross 
section of all nuclides present in the mixture and l:t is the 
total macroscopic cross section (scattering + absorption) of 
all elements in the mixture. If the resonances are wide with 
respect to the average energy loss per collision, the neutron 
flux at each resonance energy is affected by the resonance 
absorption at higher energies within the resonance. Thus 
the following integral equation must be satisfied by l/)R: 

_ 1 dE' E' ~ i
ftz 

OR (E)-~ (I -az) E £' OR ( ) 

where z is the nuclear species index, 

(alpha) az = z -
(

A 1

1

):? 
Az + 

and 

Az is the mass number,· 

l:s, z (E ')] 
l:t,z(E') 

(7) 

l:s,z is the potential cross section, and 
l:t,z · is the total cross section. 

Since no restriction is placed on the moderator-to-fuel ratio 
in this model, the resonance integral will in general depend 
on the temperature of the absorbing nuclei. Hence, in all 
calculations of the infinite homogeneous-region resonance 

integral (I z} ), the resonances are assumed to have a r z · 
Doppler b;oadened profile. 

3. SCATTERING PROBABILITY MODEL-

For. the systems studied here, i.e., essentially unmoderating 
fuel regions surrounded by a moderating reflector, the 
resonance region flux comes almost entirely from neutrons 
which enter the fuel from the moderator. The resQnance 
absorption of these neutrons is of two types: those 
absorbed at the first collision and those absorbed in 



subsequent collisions. The flux of first-collision neutrons is 
flat over the resonance while the scattered neutron flux 
will be depressed. This suggests that the correct resonance 
integral should be some combination of the infinite-dilution 
resonance integral and the homogeneous-region resonance 
integral. This combination is assumed to be of the form: 

I~ 
J 

K ~ 2:: I z oo + (1 - K~) 2::: I; h 
J r,j r, J ' 

r' j 

(8) 

In Equation 8, I~ is the Group-/ effective resonance integral 

for absorbing nu6lide Z and K j is the Group-/ weighting 
factor for the infinite-dilution resonance integral part of Ij
The double index on the summation sign implit:s a 
summation over all resonances in energy Group j. The value 

of K j will depend on the ratio of the total width of the 
resonances in an energy group to the width of the energy 
group. If this ratio is nearly unity, the resonances are 
termed wide. If the ratio is much Jess than unity, the 
resonances are termed narrow. For wide resonance groups, 
K -~ is given by: 

1 

K~ = 
J 

Op, j 

I~ oo 

' 

For narrow resonances, the formula is: 

2 L:r~ 

(9) 

K~ 
J 

r' j (10) 

t:.Ej 

In Equations 9 and 10, ap,j i~ the total potential scattering 
cross section for the fuel region (averaged over all nuclear 
species), t:.Ej is the energy width of Group j, and l::iuj is the 
lethargy width of Group j. In Equation 9, the assumption 
is made that the neutrons incident on the fuel from the 
moderator must ultimately be absorbed in the fuel. Thus, 
no account is taken of the escape from the fuel of multiply 
scattered neutrons. Implicit in Equation 10, is the 
assumption that all neutrons which fall ~ithin r; of a 
resonance energy peak are absorhed, and all those which 
are incident between resonance peaks are scattered. 

In thi3 modo!, the entire temperature dependence of lj is 
contained in the infinite-homogeneous region term. 

RFP-1327 

4. COLLISION PROBABILITY MODEL-

This model is similar to the scattering probability model in 
that neutron sources from scatterings in moderator and fuel 
are considered separately. The weigh tin~ faCtors for these 

sources are the flux-depression factor (j) in the fuel and 
. 0 . . 

the collision probability in the fuel. The weighting factors 
are applied pointwise in energy instead of as an average 
over an energy group, as was done in the scattering 
probability model in Equation 8. The formulas for 4>R to 
be substituted in Equation 3 are: 

if 
f{>R (R) = ~ + PJa) 

~~ I £z z(E')] • L ~l~az) E <i>R (E ') ~~ (E') (II) 

z 

and 4> R (E) j! )+ ( p c ~p) (12) 
\ 0 ~t (E) 

for wide and narrow resonances respectively. In Equations 
11 and 12, Pc(a) is the first-flight collision probability for a 
uniform and isotropic source-density distribution of neutrons 
in the fuel and "a" is a fuel region dimension (the radius for 
spheres and the 1/2 thickness for slabs). The flux-depression 
factor is given by [ 1 - P c(a)]which assumes that a uniform and 
isotropic source-density distribution exists outside the fuel 
region. 

In this energy-shielding model as in the scattering probabil
ity model, all of the temperature dependence of the 
resonance integral is involved in the term associated with 
neutrons scattered in the fuel. 

5. THERMAL GROUP MODELS-

The effect of energy shielding in the thermal region is 
represented in two way_s: 

a. Unshielded Cross Sections ·· 

The most straightforward. way to obtain a thermal group 
cross section for a material is: (a) to assume tht: nt:ulruus 
in the region are distributed according to a Maxwell
Boltzmann energy distribution, and (b) to assume the cross 
sections have an E- 112 energy dependence in the therinai 
energy region. The average cross section is then given by: 

a= ,f1T a (KT) 
2 (13) 

where a(KT) is the cross section at temperature T. The 
absorption cross sections in this model are calculated using 
Rqutttion 13 while the scattering cross sections are assumed 
to be constant over the thermal group. 

3 
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b. Shielded Cross Sections 

The thermal neutron source for the fuel region is a · 
Boltzmann distribution with a slightly hardened epithermal 
tail. The equilibrium neutron spectrum in the fuel will be 
affected by the differential (in energy) neutron absorption 
which will further harden the then'nal-flux distribution. The 
equilibrium fuel spectrum can thus be characterized by a 
high temperature Maxwellian p~ofile. For natural uranium 
assemblies in water (7), a 450 °Kelvin (K) profile would 
seem to well represent the observed flux. For the enriched 
uranium systems considered in this report, the thermal 
neutron absorption is significantly greater and the 
equilibrium. flux must be harder. A 625 °K temperature · 
distribution is assumed by Doyas (2) . His values are used for 
the shielded cross-section set of this report. 

Since the parameter used to characterize the shielded cross 
sections is neutron temperature, no attempt has been made 
to study the effects of temperature variation on the 
thermal group cross sections. The entire temperature 
variation of the computed multiplication factor is assumed 
to come from Doppler broadening in the resolved 
resonance-ener.gy region. 

CALCULATIONAL METHOD 

Resonance Parameters: 

The quantities needed to compute the resonance integrals 
from Equation 3 aregl: E0 , r'Y, rn, rf• _and r. The value 
of K.r may be taken as 1/2 if it is assumed that the 
neutrons which enter the target nucleus are equally 
expected to have a spin of either +I /2 or -1/2. All other 
resonance parameters are obtained from Stehn, eta/ (8). 
For 2~s U, Ill resonances ranging in energy from 0.29 to 99.5.ev 
were considered. For 2 3 8 U, 156 resonances from 6.67 to 
2987.4 ev were used. The required E0 values were 
tabulated for all the resonances. The values of f-y do not 
change significantly with neutron energy; so, when 
tabulated values were not available, the following were 
used: 

< r -y> = 0.033 ev for 235u, and 

< r 'Y > == 0.025. ev for 238u 
(14) 

When values of I'n were not available, they were obtained 
from: 

- z h fn- K n E 0 , (15) 

where K z is 0.00176 (ev) 112 for 238 U and 0.00016 (ev) 112 

n 
for 235 U (9). Equation 15 assumes only s-wave 
absorption and will underestimate r n• if absorption by 

4 

higher order angular momentum neutrons were possible. 
For many resonances in 235 U, values off[ were not given, 
but the product a 0r f was listed. Using the r 'Y and r n 
values from Equations 14 and 15, f[ was then calculated 
from: 

(0.00016 E~ + 0.033)N 
rf (ev) = h (16) 

208.3 E-0 - N 

where N = a0rr For some higher energy 235 U resonances, 
the f[values given by Equation 16 were either negative or 
unreasonably large. In this case, the value of fn given by. 
Equation 15 was incorrect due to the presence of higher 
order angular-momentum neutrons .. For these resonances, 
fn is regarded as an unknown and values of r (suitably 
averaged over neighboring resonances) are assumed to be 
known. Values of rn were ueuuced from the definition of 
rand the tabulated a0f[ values. These fn values were 
then used to find rr by: 

(17) 

For all 238 U resonances, the values of r 'Y and fn were 
found using Equations 14 and 15. When no specific values 
could be found, r was obtained from its defmition. 

Calculation of Resonance Integrals: 

The infinite-dilution. resonance integrals were calculated 
using Equation 4 on a desk calculator. All other resonance 
integrals were obtained from the Rocky Flats version of 
Computer Code ZUT (10). The ZUT Code computes resonance 
integrals (using Equation 3) in both the wide and narrow 
resonance approximations (see Theory, Page 2) and 
assumes a homogeneous fuel region which may· be finite or 
infinite in extent. The fuel is assumed to contain an 
absorber and zero, one, or two admixed nonabsorbing 
moderators. The absorption and total cross sections are 
obtained in the usual manner with full account of 
interference scattering and Doppler broadening of the 
resonance cross profiles being included (5). The collision 
probabilities, needed to calculate the heterogeneous 
resonance integrals (see Equations 11 and 12), nre ohtninr.cl 
either from approximate formulas or from tables (II). 
Three collision-probability geometries may be specified in 
ZUT; spheres, infinitely lopg cylinders, and two dimen
sionally infinite slabs. The Code has been modified by 
Rocky Flats Plant pomonnol so that it gives resonance 
integrals for fission and gamma absorption, as well as the 
total resonance integral. 

A two-component fuel region, at a density of 18.19 grams 
per cubic centemeter (g/cm3 

), composed of 93.12 percent 



235 U and 6.88 percent 2 3 8 U was used in all ZUT calcu
lations. In each case, the resonance integrals were com
puted assuming one component to be the absorber and the 
other the moderator. This neglects any effect (generally a 
good approximation) due to the overlapping- of the 235 U 
and 238U resonances. The types of ZUT calculations which 
were done are given in Table I. 2 In all calculations, the · 
potential scattering cross section, a g, for 235 U was 10 
barns. For 238 U, a; was 9 barns below 100 ev,.11 barns 
from 100 to 550 ev, and 13 barns.from 550 to 3000 
ev. For each resonance, the wide resonance or integral 
values of rf>R (see Equation 7 or 11) were used. 

Method for Obtaining Group Cross Sections: 

The group resonance integral for a reaction (fission or 
gamma absorption) was computed by summing the 
associated resonance integrals over all resonances whose 
peaks were within the energy group. The group cross 
section was then obtained upon dividing by the group
lethargy width (see Equation 2). This neglects any 
contributions from resonances in adjacent energy groups, 
but includes contributions from the tails of the resonances 
(in the energy group considered) which lie outside the 
energy group. This method of group cross-section c::tlcu
lation is valid everywhere except for the 235 U resonances 
which lie below 10 ev. Below 10 ev, the resonance overlap 
effect probably causes a small error in the calculated group 
cross sections. 

Transport Theory Calculations: 

The Computer Code DTF-II was used in all criticality 
calculations. The Code has been modified by Rocky Flats 
personnel for use on the Drum-Scope operated, two-bank 
Control Data Corporation 3800. 

The DTF Code is a later development of Carlson's Sn 
method (3) which approximates a solution to the Boltz
mann transport equation by difference techniques. In this 
approximation to the equation, the energy range from 0 to 
107 electron volts (ev) is divided into 16 energy groups. 
Neutron cross-section data are input to the Code as 
averages over each of the 16 energy groups .. The Code uses 
an iterative solution technique in which convergence is 
required between the neutron scalar flux lr/>j(r)J and 
neutron sources. The scalar flux is defined by: 

2Tables appear following References. 

RFP-1327 

where 

rf> j (J..t, f) is the directional flux, 

refers to an energy group, 

n is the unit vector in the direction of 
neutron travel, 

r is the neutron position vector, and 

11 is th~ cosine of the angle between !' 
and n. 

The scalar flux is used to calculate the source function (S), 
which is composed of effects due to scattering and 
fissioning (described by the cross-section data input). After 
the source terms are calculated, they are used along with 
the initial 11 values (determined by boundary conditions) to 
compute the directional fluxes for each energy group. Each 
group is iterated until it has converged. When all groups are 
converged, the multiplication ratio (A.) is calculated by: 

L~(N+ Lgs:) 

A. (lambda)= L~(Ni +Lgs) 
where 

V - is the volume related to each of the spatial 
interVals, 

N -is the number of fission neutrons produced, 
m -(subscript) is the spatial interval index, 
S -refers to the source function, . 
g- (subscript) is the energy group index, and 
i- (subscript) implies that the number of fission 

neutrons is from the previous iteration. 

If A. is not within e (an input item) of unity, the source is 
recomputed, the fission spectrum [(x)] is multiplied by~· 
and the procedure starts again. The X-multiplication forces 
A. to unity as the process continues. For zone-thickness 
calculations, the neutron multiplication factor (keff) of the 
system is given by the product of the successive A.'s. In kef! 
calculations, keJJis given by: 

Lg x (initial) 

keff = L x (current) 
g 

In the critical-zone calculations, the fission spectrum is not 
modified. The zone thickness is modified in order to force 
/1. to unity, In both cases, a problem is terminated when A. 
is within e of unity. An e of 10"3 was used in all problems 
done for this report, and uniform fission densities of one 
neutron per cubic centimeter for each spatial interval were 
assumed as the initial source guess. 

Table II lists the specifications for the materials used in the 
DTF calculations. All cross sections except those for 

5 
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uranium in the resolved resonance and thermal energy 
ranges were those of Hansen and Roach (1). The mesh 
specifications (angular and spatial) are included in the 
tabulation of the computed critical dimensions which are 
contained in Table Von Page 14. 

RESULTS 

The resolved resonance region cross-section sets for 23 5 U 
and 238U are tabulated in Table III. The sets are given 
according to the problem types defined in Table I and to 
the energy-shielding models described in the Theory 
Section, Page 1. The thermal group cross-section sets are 
given in Table IV, Page 14. 

The results of the DTF calculations for the various energy 
shielding models are given in Table v: For comparison 
purposes, the experimental critical dimensions (12) are given 
in Table VI. In Figures 1 and 2, graphs of the critical 

. sphere radii and critical slab thicknesses, respectively, versus 

the degree of resonance region energy shielding are shown. 
The plots are given for the thermal group cross-section 
models both at temperature (T) equal to 300 °K. 

The effects on .critical dimensions due to the temperature 
variation are plotted in Figures 3 and 4. The plots are 
shown for spheres and slabs respectively and are parametric 
in the thermal group cross-section model. 

Table VII lists the Doppler temperature coefficients 
obtained from calculations using several of the energy
shielding models. The coefficients are calculated by finding . 
kef[ for the T,;,o, o·K critical assembly and then calculating 
keff for the same dimension system, but using resonance 
region cross sections for a higher temperature. The average 
Doppler temperature coefficient is calculated as the ratio of 
the difference in kef[ between the two temperatures to the 
associated temperature difference. The variation of the 
Doppler coefficients with the degree of energy shielding 
(from Table VII) is shown for spheres and slabs in Figures 
5 and 6, respectively. · 

FIGURE 1. Critical Sphere Radii versus Energy-Shielding Model at 300-Degree Kelvin Temperature. 
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FIGURE 2. Critical Slab Thickness versus Energy-Shielding Model at 300-Degree Kelvin Temperature. 

FIGURE 3. Effect of Temperature on Critical 
Sphere Radii; Collision Probability Model. 
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DISCUSSION AND' CONCLUSIONS 

The trends observed in the behavior of the critical 
dimensions, as the resonance-energy absorption cross 
sections are varied, have several causes. With respect to the 
238 U absorption, decreases in the energy shielding or 
increases in temperatur'e, with the associated increase in the 
absorption cross section, will always decrease the reactivity 
of the system. This is due to both the increased absorption 
probability at resonance and thermal energies and the 
decreased resonance escape probability for moderating 
neutrons. Lessening the energy shielding or· increasing the 
temperature for 235U absorption will also decrease the 
system reactivity by lowering the resonance escape 
probability. For 2 3 5 U resonance absorption, increases in 
the absorption cross sections may cause either an increase 
or decrease in reactivity. For resonance energy groups with 
small alpha (capture to fission ratio) values, increases in 
reactivity occur. For those groups with large alpha values, 
the opposite is true. In addition, the value of alpha may 

FIGURE 5. Average Doppler Temperature, Coefficient versus Energy· 
Shielding Model for Sphe.res;. , Temperature, 0 to 300 Degr~es Kelvin. 
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change as the energy-shielding model or the temperature is 
changed. If the change gives greater alpha values, the 
system becomes less reactive, and conversely. The geometry 
of the· fissile material is another factor. For reflected · 
spheres, about 20 percent of the reactivity is in the 
resonance and thermal energy regions. For reflected slabs, 
it is about 40 percent. Thus, changes in resonanc.e and 
thermal cross sections usually have a greater effect on slab 
,geometries. 

The effects of self-shielding on the sphere and slab critical 
dimensions (see Table III and Figures I and 2) illustrate 
these· trends. As the degree of resonance region shielding 
decreases· fr~m the infinite homogeneous region model, the 
system reactivitY, increases. This is due to the increased 
absorption in the low alpha value resonance-energy groups · 
(groups 13 and 15). As the shielding increases further, this 
effect saturates. The increased alpha values in groups 10, 
11, and 12, as well as the increased 238U absorption, cause 
the reactivity to decrease as the infinite .. dilution model is 

FIGURE 6. Average Doppler Temperature Coefficient versus Energy
Shielding Model. for Sllibs;. , Temperature, 0 to 300 Degrees Kelvin. 
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approached. The changes with thermal group model are 
always in the same sense (Figures I and 2); i.e., the 
shielded cross sections cause systems to be less reactive 
than the infinite dilution or unshielded cross sections. This 
is due to the lower alpha value and higher total absorption 
cross section (see Table IV) of the unshielded set relative 
to the shielded one. The difference in sensitivity to the 
energy-shielding model as the fuel region surface-to-volume 
ratio changes is clearly shown in Figures I and 2. For slabs, 
a thickness variation with the energy-shielding model of 
approximately ± 3 percent is observed. For spheres, the 
radius variation is only± 0.4 percent. 

The temperature coefficient results (see Figures 3, 4, 5, 6, 
and Tables V and VII) also illustrate the trends discussed 
earlier. In each energy-shielding model (except the infinite 
dilution model), the total 235 U absorption probability 
increases with temperature and the alpha values increase 
with temperature. This causes the systems to always 
become less reactive with respect to Doppler broadening as 
the temperature is increased. The fuel surface~to-volume 
effect·is also shown by the slab Doppler coefficients being 
always a factor of about three larger than the sphere 
coefficients. 

Two principal conclusions may be drawn from the study: 

I. Considerable care must be exercised in the calculation of 
group cross sections for highly undermoderated systems 
in the resolved resonance and thermal energy regions. 

2. For undermoderated systems any temperature coeffi
cient, with respect to Doppler broadening in the 
resolved resonance region, will be negative. 

With respect to the most suitable energy-shielding model 
for metal-system criticality calculations, the infinite 
dilution cross-section set is recommended, if suitably 
corrected for resonance overlap. The 238 U infinite 
dilution set of Table III is preferred as is the 235 U 
infinite dilution set of Hansen and Roach (I) in energy 
groups 13 through I6. For 235 U in groups 10, II, and 
12, the infinite dilution set of Table III is recom
mended. The selection of the infinite dilution set is 
made since the source of neutrons to the fuel-at
resonance energies is primarily from neutrons which 
made their last collision in the reflector and hence have 
no flux depression at resonance energies. 
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Type 
Number 

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
II 
12 
13 

14 
15 
16 
17 
18 
Hl 

20 

Region 

Fissile 

Moderator 
and 

Reflector 

RFP-1327 
TABLE I. The ZUT Problem Types and Descriptions. 

•a Absorber Temperature 
(Centimeters) Geometry (Uranium) Moderator (OK) 

6.85 Sphere 23Su 238u 0 

j j ' ' 
ISO 
300 

2J6u 23Su 0 

' • ISO 
300 

0.9 Slab 23Su 238u 0 

j j 
t • ISO 

300 
238u 235u 0 

t ' 
150 
300 

~ 

Infinite 235u 238u 300 

j Region t + 
+ 

0 
2:38u 235u 300 

' ' 0 
20.55 Sphere 235u 238u 300 

2.7 Slab ' ' + 
?.n.~s SPI!~re 238u 235u 

2.7 Slab • ' 
*The ii is a characteristic dimension of a finite fuel region. For spheres, 

it refers to the radius and for slabs to the half thlckn~::ss. 

TABLE II. Densities Used in DTF Computations. 

Density 
(grams per 

cubic 
Material (i) centimeter) •Nuclear Density 

Uranium (U) 18.1 N235 = 0.0432005 

(93.12 percent 235u) 
and 

6.88 percent 23 8 u N2J8 0.0031517 
Oil 0.024 Ncarbon 0.0010318 

(Hydrogen .= 1.8~) Carbon Nhydrogen 0.0018758 
Oil 0.88 Ncarbon 0.0383558 

(Hydrogen = 
1.82) Carbon · .Nhydrog~::n 0.0697344 

*The value, Ni, multiplied by 1024 is the number of atoms pt:r cubic centimeter of material i· 
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... TABLE III (Continued) 

14 23su 10 4.5416 4.3718 14.5416 1.524 
11 3.7263 4.0464 13.7263 1.238 
12 1.7523 1.8818 11.7523 1.263 
13 0.5226 0.7217 10.5226 0.760 
15 0.0756 0.1361 10.0755 0.350 

15 238u 8 0.6938 0.0 13.6938 
9 1.2775 0.0 12.2775 

10 1.0135 0.0 10.0I3S 
11 O.JSSS 0.0 9.3555 
12 0.1696 0.0 9.I696 

I6 ·238u 8 0.5576 0.0 13.5576 
9 0.9087 0.0 II.9087 

10 0.8093 0.0 9.8093 
11 0.3SI9 0.0 9.3519 
12 0.1689 0.0 9.I689 

17 ns 0 10 5.9993 5.4517 15.9993 1.674 
I1 4.94I6 5.3142 I4.94I6 1.259 
12 3.2098 3.6346 I3.2098 l.I469 
I3 I.7800 2.80:26 11.7800 0.543 
IS 1.2096 2.I773 1I.2096 0.350 

I8 23Su IO 7.St"25 6.6288 17.SI25 1.754 
11 6.6145 7.0647 16.6145 1.275 
I2 4.9136 5.6408 I4.9I36 l.1I7 
I3 3.2960 5.3061 13.2960 0.509 
IS 2.7I99 4.8957 I2.7I99 0.350 

19 238u 8 0.7085 0.0 13.7085 
9 1.3839 0.0 I2.3839 

IO '1.5990 0.0 IO.S990 
11 l.OI 54 0.0 10.0I 54 
12 l.JS77 0.0 10.3577 

20 238u 8 0.7305 0.0 I3.7305 
9 1.5289 0.0 I2.5289 

IO 2.2067 0.0 11.2067 
11 1.7176 0.0 10.717fi 
I2 2.7017 0.0 Il.7017 

Scattering 23su 10 16.93 15.06 26.93 1.732 
Probabilit~ 11 27.I2 28.74 37.18 1.293 
(T = 300 K) I2 I8.I8 20.SI 28.I8 I. I 54 

I3 19.323 31.444 29.323 0.493 
IS 96.41 I86.79 I 06.4I 0.254 

238u 8 0.6966 0.0 13.696 
9 1.299 0.0 12.299 

IO l.I11 0.0 10.11I 
11 0.511 0.0 9.5 II 
12 0.60I 0.0 9.60I 

Scattering 23su IO I6.675 I4.844 26.675 1.730 
Probability 11 27 .I 57 28.769 37.157 1.294 
(T = ·0°K) 12 I8.I95 20.526 28.I95 I. I 54 

13 I9.323 31.449 29.323 0.493 
15 96.41 I86.79 I06.41 0.254 

238 11 8 0.56I7 0.0 I3.56I7 
9 0.93I2 0.0 11.9312 

10 0.908I 0.0 9.908I 
11 0.508 0.0 9.5080 
I2 0.60 0.0 9.6000 

Infinite 23Su 10 97.02 84.20 I07.02 I.800 
Dilution II 87.81 92.78 97.81 1.300 

I2 64.29 72.77 74.29 1.I47 
13 27.53 44.86 37.53 0.49I 
15 44.I8 79.56 S4.I8 0.349 

238u 8 1.002 0.0 13.002 
9 5.462 0.0 I6.462 

IO 23.02 0.0 33.02 
11 27.01 0.0 37.01 
I2 54.7 0.0 63.7 

a Refers to types as defined in Table I. 

b The description of the energy group numbers and boundaries is given in the work. of Hansen and Roach (1). 

c Uranium 23S or 238. 
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TABLE IV. Thermal Group Crqss-Section Sets. 

Type Nuclide a a vaf at •a . . 
·~· 

· ai+1~i ai+2~i ai+J-+i ai+4~i ai+5~i a 
(alpha) 

Shielded 235u .. :400.32 818.95 414.28 13.963 0.016163 0.0 0.0 0.0 0.0 0.188 
238u 1.7476 2.33 X 10-6 ' 10.06 8.3124 0.009654 0.0 0.0 0.0 0.0 

Unshielded235 u . •611.0 1264.2 621.0 10.0 0.04 0.0 0.0 0.0 0.0 0.174 
238u, 2.44 0.0 11.44 9.0 0.05 0.0 0.0 0.0 0.0 

*All cross sections are given in barns. The i subscript is the energy group index. 

TABLE V. Calculated Critical Dimensions. 

bcritical 
Resonance Region Temp

0
erature Thermal Group · Dimension 

Cross-Section Model ( K). Cross,Section Model a Geometry (centimeters) 

clnfinite Dilution Unshielded Sphere 6.6317 
(Hansen and Roach) Unshielded Slab. , 1.8i33 

Shielded Sphere 6.6428 
Shielded Slab 1.8368 

Infinite Dilution Unshielded Sphere 6.7165 
Unshielded· Slab 2.0167 

Shielded. Sphere 6.7275 
Shielded Slab 2.0378 

Infinite 0 Unshielded Sphere 6.7366 
Homogeneous 300 Unshielded Sphere 6.7389 
Region 0 Unshielded Slab '2.0759 

300 Unshielded Slab 2.0767 
0 Shielded Sphere 6.7520 

300 Shielded Sphere 6.7536 
0 Shielded Slab 2.1070 

300 Shielded Slab 2.1088 

Scattering 0 Unshielded Sphere 6.6867 
Probability 300 Unshielded Sphere 6.6906 

0 Unshielded 4-cm Shell 7:3664 
300 Unshielded 4-cm Shell 7.3674 

0 Unshielded 12-cm Shell d13.8737 
300 Unshielded 12-cm Shell dl3.8687 

0 Unsliielded Slab 1.9555 
300 Unshielded Slab 1.9610 

0 Shielded Sphere 6.6947 
300 Shielded Sphere 6.6996 

0 Shielded 4-cm Shell 7.3793 
300 Shielded 4-cm Shell 7.3803 

(Gonti:t:~ued) 
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.... 

Collision 
Probability (CP) 
Tobie I, Types 1 to 6 

CP 
Types 17 and 19 

CP 
Types 18 and 20 

CP 
Types 7 to 12 

CP 
Types 18 and 20 

CP 
Types 9 and 12 

Geometry 

Sph'i're 

TABLE V (Continued) 

0 Shielded 12-cm Shell 
300 Shielded 12-cm Shell 
0· Shielded Slab 

300 Shielded Slab 

0 Unshielded Sphere 
150 Unshielded Sphere 
300 Unshielded Sphere 

0 Shielded Sphere 
150 Shielded Sphere 
300 Shielded Sphere 

300 Unshielded Sphere 
300 Shielded Sphere 

300 Un~hielded Slab 
300 Shielded Slab 

0 Unshielded Slab 
150 Unshielded Slab 
300 Unshielded Slab 

0 Shielded Slab 
150 Shielded Slab 
300 Shielded Slab 

300 Unshielded 4-cm Shell 
300 Shielded 4-cm $hell 

300 Unshielded 12-cm Shell 
300 Shielded 12-cm Shell 

a The shells are specified by the inner radius values. 

b The quoted critical dimension for spheres is the radius, for shells the 
outer radius, and for slabs the thickness. All DTF problems were 
done in the s4 approximation with 10 uniformly spaced points in 
each material region. 

c The resonance region uranium-2 38 cross sections are from the 
infinite dilution model. 

d The apparent positive temperature coefficient indicated by these 
results is fictitious and disappears when a smaller source convergence 
precision (€) is used. 

TABLE VI. Experimental Critical Dimensions. 

Dimension 

4-cm Inner Radius Shell 
12-cm Inner Radius Shell 
Slab 

Rndiu& 
Outer Radius 
Outer Radius 

Thickness 

a. Obtained from an s16 DTF cal-culation .with infinite dilution cross 
stlciluns. In tlach material region, <! ~ spatial lntervais were: used. 

Value 
(centimeters) 

6.!3~ ± 0.0~ 
7.40 ± 0.05 

13.75 ± 0.05 
a1.71 58 

RFP-1327 

dl3_8941 
dl3.8887 

1.9817 
1.9830 

6.6806 
6.6838 
6.6843 
6.6943 
6.6963 
6.6967 

6.7018 
6.7153 

2.031!7 
2.0666 

2.0131 
2.0176 
20186 

2.0371 
2.0420 
2.0425 

7.4041 
7.4Jqq 

13.9224 
13.9460 
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Resonance Region Thermal Group 
Cross-Section Model Cross-Section Model 

Collision Unshielded 

Probability Unshielded 

Table I, Unshielded 

Types I to 6 Shielded 

Shielded 

Shielded 

Collision Unshielded 

Probability Unshielded 

Table I, Unshielded 

Types 7 to 12, Shielded 

Shielded 

Shielded 

Infinite Unshielded 

Homogeneous Unshielded 

Region Shielded 

Shielded 

Unshielded 

Unshielded 

Shielded 

Shielded 

Scattering Unshielded 

Probability Unshielded 

Unshielded 

Unshielded 

Un3hicldcd 

Unshielded 

Unshielded 

UnshiP.Iiteil 
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TABLE VII. Calculated Temperature Coefficients. 

Temperature· 
(oK) 

0 

ISO 

300 

0 

ISO 

300 

0 

fso 

300 

0 

ISO 

300 

0 

300 

0 

300 

0 

300 

0 

300 

0 

300 

0 

300 

0 

300 

0 

300 

Critical Dimension 
. at 0 °K 

Geometry (centimeters.) 

Sphere 6.6806 

Sphere 

Sphere 

Sphere 6.6943 

·Sphere 

Sphere 

Slab 2.0131 

Slab 

Slab 

Slob 2.0371 

Slab 

Slab 

·Sphere 6.7366 

Sphere 

Sphere 6.7520 

Sphere 

Slat? 2.0759 

Slab 

Slab 2.1070 

Slab 

Sphere 6.6867 

Sphere 

4-<:m Shell 7.3664 

4.:Cm Shell 

12-<:m [;hell 13.0737 

12-<:m Shell 

Slab 1.9463 

Slab. 

Multiplication 
Factor 

0.999847 

0.999621 

0.999S78 

0.999971 

0.999747 

0.999704 

0.999S30 

0.998827 

0.998686 

0.999285 

0.998S91 

0.9984SS 

0.999650 

0.999575 

0.999669 

0.999594 

0.999539 

0.999341 

0.999450 

0.999255 

0.999644 

0.999582 

0.999301 

0.999190 

0.990690 

0.998547 

0.998680 

0.998524 

Average Temperature 
Coefficient 

(oK-1) 

-l.s96 J!: 1o·6 

-0.287 x 1o-6 

-1.493 X 10·6 

-0.287 x 1o-6 

-4.68 X 10-6 

-0.93 X 10"6 

-4.62 x 1o-6 

-0.91 x 1o-6 

-o.2s x 1o-6 

-0.24 X 10"6 

-0.66 X 10·6 

-0.6S X 10·6 

-0.20 X 10·6 

-0.36 X 10·6 

-0.50 x 1o-6 

·-0,52 X 10·6 

GPO 862-372. 




