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ABSTRACT 

A series of experiments have been performed to establish the 
critical parameters of aqueous solutions of uranyl nitrate and 
uranyl fluoride in which the uranium contained 98.7s U233. Solutions 
were made critical in both spherical and cylindrical gemetries with 
paraffin or water as a neutron reflector and, in two instances, with 
no reflector. The U233 concentration varied from 30 to 600 g/liter. 
The minimum critical mass observed was 590 g of U233 in the solution 
having an H:U233 ate&c ratio of 419 occupying a 10.4~in.-dia sphere. 
The minimum measured volume was 3.66 liters l n 

24 
a 6.7-in. equilateral 

cylinder containing a solution with an H:U 3 atomic ratio of 39.4. 
EMrapolated source neutron multiplication data indicate that a 
5-in.-dia cylinder can be made critical if reflected, but a &-in.-dia 
cylinder would be subcritical at all moderations. It was also found 
that 2.02 kg of U233 in an unreflected lo-in. equilateral cylinder 
is critical with a solution having an H:U233 atomic ratio of 154. An 
unreflected sphere 12.6 in, in diameter is critical with 1.14 kg of 
u233 in a solution with an H&33 ratio of'gl. Extension of the data 
to geometries other than those used elrperimentally was made by an 
empirical calculation, 
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Nuclear safety in processing plants for fissionable materials can 
be imposed by limiting equipent dimensions, batch sizes, and other 
plant variables in accordance with the results of experimental investi- 
gations of the critical parameters of the fissionable material of interest. 
meriments of this kind have been performed at Hanford1 with plutonium 
and have been in progress at Oak Ridge2 with U235 for soQpe time, but the 
unavaihbility of sufficient amounts of U233 has prohibited any study of 
this isotope.- A limited experimental program became possible, however, 
when approximately 2.5 kg of isotopically pure U233 was released to the ’ 
OREL Critical Experiments Facility in 1952. A series of critical experi- 
ments were performed in which the U233 was used in aqueous solutions con- 
tained in cylindrical and spherical vessels and reflected with paraffin or 
water. The solution concentrations varied from 30 to 600 g of U233 per 
liter of solution* It was not possible to make all of the attempted 
experiments critical because of the limited inventory of U233 or the 
limited capacity of some of the test vessels. Source neutron multipli- 
cation measurements in these subcritical experiments were extrapolated to 
give estiznates of the critical conditions. It was also possible to 
make two unreflected vessels critical. 

A sllnanary of all of these measurements and an extension of them by 
an empirical calculation has provided soape design basis for equiment for 
processing the $33 isotope. 

I l E IxmRxMENTAL lm%RA!rus AND PROCEDURE 

The uranium used in the se experiments co tained 
23 9 

. 
remainder being about equal quantities of U. and U2 
used as an aqueous solution of uranyl nitrate (UO2(NO& 

75 U233, the 
It was first 

;> and &ater as a 
solution of the more soluble uranyl fluoride (UeF2) 'm order to extend the 
measurements: to higher chemical concentrations and to reduce the neutron 
absorption. The solutions were contained in cylinders having diameters be- 
tween 4-l/2 and 12 in. and in spheres having diameters of 10.4 and 12.6 in. 
The vessels in most of the experiments had effectively infinite hydrogenous 
reflectors, but in two cases it was possible to achieve criticality with no 
reflector. The critical ass&lies were of swple geometry and relatively 
free of extrafleous neutron absorbers. 

1. F. E. Kruesi, J. 0. Erkman and D. D. Ianning, "Critical Mass Studies 
of Plutonium Solutions," HW-24512 (1952). 

2. See, for example, J. K. Fox, L. W. Gilley and D. Callihan, "Critical 
WSS Studies, Part JX, Aqueous U235 Solutions," ORAL-2367 (1958). - 
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Since ne#tron moderation was one of the principal variables investi- 
gated, the chemical concentrations of the solutions were altered in the 
course of the experiments and H:U2j3 atomic ratios were determined from 
uranium analyses. The uranyl nitrate solution was shown to contain some 
excess nitric acid, equivalent to a total ~:~233 atomic ratio of 2.66. 
Some of the properties of the solutions, including the results of spectro- 
chemical analyses for metallic impurities resulting from corrosion of the 
equipent, are given in Appendix A. 

The solXl'lt;ion vessels were constr!xted of type 3s &uxinum and coated . 
with thin layers. of either Eeresite or Unichrome to reduce corrosion. 
Neither the Heresite nor the Unichrme contains any significant neutron- 
absorbing metallic impurities, aithough Unichrome is about 30 wt$ chlorine 
and is thus a weak neatron absorber. Estimates of the effect of the 
Unichrogne on the experimental resul%x are no+&d in the recorded data. 

The cylinders having diameters less than 6.7 in. were 36 in. high, 
while those with diameters of 6.7 to 12 in. were approximateiy equilateral. 
The cylinders of larger diameter and the spheres were mounted in an outer 
cylinder of sufficient capacity to provide an effe&ively infinite water or 
paraffin neutron reflector capletely surrounding the vessel under study. 
The smaller diameter cylinders had deflectors on the sides and bottom but 
not on the top. Neoprene gaskets were used to seal the cylinder covers. 

Immediately adjacent to the periphery of each cylinder was aawater- 
filled annular section into which a cadmium sheet, normally suspended from 
a magnet, could be inserted as a safety operation. A photograph of one of 
the vessels without a reflector is shown in Fig. 1. A neutron source, 
located in the reflector region, was positioned by remote control. 

The solution flowed into the cyiinders or vessels frost a storage 
manifold which consisted of five 3-in .-dia type 347 stainless steel pipes 
mounted vertically on a bracket and spaced on &in. centers with their 
axes coplanar as shownDin Fig. 2. !Fhe five pipes were each 37 in. long 
and were connected by smaller pipes at both the top and the bottom. The 
manifold had a total capacity of 23 liters and was connected by flexible 
tubi&g and diaphragm-type valves at the top a& 5ottam of the vessel under 
test, thereby forming a closed tramfcr system. This design, which is shown 
in schematic form in Fig. 3, reduced health hazards and utilized the limited 
inventory of U233 as effectively as possible. The manifold was suspended 
from a rack which could be moved vertically by a remotely controlled motor. 
The“&bility to lower the manifold to remove solution from a test vessel 
served as an Eidditional safety. devj.ce, 

The radiation detection instrumentation was conventional and included 
four parallel channels arranged to operate the safety devices. The 
detectors in three of these channels were BF3-filled ionization chambers 
with signal mplification by dc amplifiers or vibrating reed electrcmete~s. 
The signals were observed on strip chart recorders. The fourth circuit 
consisted of an anthracene crystal and a photomultiplier tube. While 
approaching critical, the apparent neutron source multiplication was 
measured by boron-lined proportional counters. 
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Fig. 3. Arrangement of Solution Vessel and Storage Manifold for Critical Experi- 
ments with Aqueous Solutions of U233 
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In the uranyl nitrate solution experiments, the liquid level in a 
vessel was determined from an empirical calibration curve relating the 
vertical position of the manifold to the areas of the manifold and the 
solution vessel. In the uranyl fluoride solution experiments the position 
of the liquid level in a vessel was indicated by a selsyn connected to a 
motor-driven electrical contact inserted through a rubber diaphram across 
the'txbe connected to the top of the vessel. 

The procedure in these experiments was similar to that used previously2 
-with solutions of $35, although the smaller delayed neutron yield of $33 
required a more careful approach to critical. AC effort was made in each 
case to adjust the concentration in order to have the system critical when 
full l 

II 0 Exl?Em3@mrAL~~ 

The critical data obtained in these experiments are tabulated in 
Appendix B along with estimF1tes of the critical parameters derived from 
the source neutron multiplication curves of those assemblies which could 
not be made critical because of lfmitations imposed by the available 
quantity of U233 or by the capacities of the containers, The results from 
critical assemblies and from the extrapolations in which there is greatest 
confidence are smrized in Figs,, 4, 5$ and 6, 

Figure 4 is a plot of the critical mass as a function of the critical 
volume of reflected vessels. The data for uranyl nitrate and uranyl 
fluoride solutions contained in approximately equilateral cylinders can be 
represented by the same curve for the more dilute solutions, but, in the 
more concentrated range, the effect of the nitrate ion on the critical 
dimensions is measurable. This difference in critical masses at higher 
concentrations may be due to the lower hydrogen density in the uranyl 
nstrate solution, 

85 
$33 density in the two solutions is shown as a 

function of the H:U ratio in Fig. A-l in Appendix A0 

The critical volumes and critical masses measured in spheres and 
essentially equilateral cylinders, each surrounded by a neutron reflector, 
are plotted in Figs. 5 and 6, respectively, as functions of the concen- 
tration of the solutions expressed as the H:U233 atomic ratio, me curves 
in each figure have been drawn through the points describing the cylinders. . 

The two experiments without neutron reflectors used a 100in.-dia. 
equilateral cylinder and a l2.6.in, -dia sphere. The critical data for 
these two unreflected vessels are included in Appendix EL 
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TII l ACCURACYCF!EEMFJS~~ 

The results of these experiments are subject to the usual errors in 
uranium analyses and solution densities and in the calibration of the 
vessel capacities, all estimated to be 20.5%. There are, however, two 
additional sources of error which broaden the uncertainty. In the experi- 
ments in which uranyl nitrate solutions were used the indirect method of 
measuring the height, and hence the volume, of the solution in the vessels 
makes the results less certain than those from later experiments with 
uranyl fluoride in which the position of the liquid surface was measured 
directly. 

An error in the experiments with the uranyl fluoride solutions is a 
bias resulting from the properties of a corrosion-inhibiting coating 
material with which one spherical and three cylindrical vessels were lined. 
This coating was a polyvinyl chloride plastic, Unichrome, which is about 
30 wt$ chlorine. It is difficult to evaluate the increase in critical mass 
due to the absorption of neutrons by the chlorine because the effect is a 
function of geometry. It is noted in Table B-l, however, that the critical 
volume at a particular concentration (H:U233 = 74.1) in a lkm-dia cylinder 
lined with Unichrame is about the same as that in a 12.7-cm-dia cylinder 
lined with a phenol base plastic, Heresite, whereas it would be expected to 
be somewhat less. After the discovery of the chlorine impurity, one 
definitive experiment was performed to determine the effect of a Unichrome 
liner on the critical concentration of a U235 uranyl fluoride solution in 
a sphere 32 cm in diameter, A 276 decrease in the concentration was observed 
upon removal of the Unichrm. 

In summarizing the question of accuracy, it is believed that the 
results from criticaL eqeriments with uranyl fluoride in Heresite-lined 
vessels are good to - +l$; data from the saz~ vessels with uranyl nitrate 
have an uncertainty of no more than 23s. The critical mass measured in 
the 32-cm-dia sphere is high by about 2% because of a bias. The masses 
in the lk- and 17.cm-dia cylinders are too high by an amount not well 
known but probably less tb lO$. 

Extrapolations have been made of the source neutron multiplication , 
curves obtained in those tests which could not be made critical because 
of inventory or geometric limitations. The critical parameters obtained 
in this manner are given in the tabulated results with the maxima from 
which the extrapolations were made. The accuracy of these values is 
strongly dependent upon the length of the extrapolation. 



Amendix A 

Table' A-lo U233 Concentrations in Solutions 

H:U233 
Atomic Ratio 

Solution 
Density 

k/cc 1 

$33 Concentration 
4s Per Q 
of Solution 

g per cc 
of Solution 

In UO2(N4)2 Solution with WJ233 = Z66 

42.2 
5705 
6790 
04.4 

120 
145 
151 
193 
213 i ' 23-7 . 
297 
356 
379 
394 
Q5 . 
k61 
514 
582 
630 
757 

1.69? 
1.543 
~48~ 
1.394 
1,287 
1,238 
~232 
1.185 
1,165 
a.145 
10121 
9.191 
1,093 
LOgo 
~087 
10077 7 aim. 009 
10061 
~056 
10046 

0.28g 
L7,247 
0.227 
Gal97 ..- 
0.154 
0,135 
0.1~0 
c,ac7 
GO100 
0~%8 
GeQ75 ' 
OOC64 
0,061 
0,058 
0,057 
00051 
00046 
0,041 
o.og8 
0,032 

0.490 
0,381 
0,336 
0.275 
0,198 
0,167 
0.160 
00127 
0.117 
0.101 
ooc84 
o.qo 
0,067 
OS65 
0,062 
0.055 
0.049 
00044 
00040 
0,033 

3402 LB91 ';0350 o 684 
3904 1.797 003j2 0:600 
45.2 10625 03 3 '7 "!' 
45.9 106~1% 0:324 . 

0,531 
' e CL519 

47.9 . 10592 00316 0,503 
5307 1,53c Go295 a.451 

( 74.1 10388 oezgg 0,332 
153 1,199 0 0133 0.165 
154 1.138 0,133 ~165 . 
250 1.l21 oooy1 00102 
329 . 7 w 000~1 0.078 
381 . a i'op 

1’076 
30062 00067 

39@ c*o6a 0,066 
3Y6 lb r 

1x 
00 060 0.06.5 

. 419 0,063, . 0005~ 
426 1.07c 

l&y 
0.0056 ooc60 

52% Q*c&~ 0,049 
663 l.Oh-~ 0,037 0,039 
775 100~~ 000~2 0,033 

'L li 



Bible A-2. Isotopic Composition of Uranium in Solutions 

we In WNo3Jz In UO2F2 
Solution Solution ---~~- -~-~-- - -~~ _ ~~ --- 

u233 98.7 98.7 
U3 24 0.50 0.54 
u235 0.01 0.04 
$3 8 0.79 0.72 

Table A-3. Principal'kxpurities* in Solutions 

Element 
Before 
Use 

Ppm 

After 
Use 

In UO2F2 Solution 
Before After 
Use Use 

Al 
Ca 
C2 
Fe 

w3 
MO 
Na 650 

. Nl 
Sn 
!I& 

15 50 400 
300 1500 

10 15 8 
20 300 40 
10 125 0 

0 

20 70 0 
0 

150 

8000 

250 
2500 

55 
200 
100 
250 
225 

* Determined by spectrographic analysis. 
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Appendix B 

TKKJLATI0N-S CF CRITICAL DATA 

Table B-l. Critical Parameters of urayl Nitrate Solutions 

* (Hmibers in parentheses represent extrapolated values derived fra source neutron multiplication 
curves of subcritical assemblies.) 

Maximum Values of 
pu233 Critical Parameters Subcritical Assemblies 
Atore c Height Volume Mass Eeight Volume Mass 
%Lti0" Zeflector ( ) al (liters) (kg of v233) (4 (liters) (kg of u233) 

Cylinder 12.7 cm (5.0 in.) in Diamete@ 
. 57.5 Farzffin C 51 6.40 2.u 

67.0 11 C 59 7.40 2.49 
a L-.Y 1. I, 1: C 61 7.65 2.10 

145 1: C 55 6.90 1.15 
Cylinder 15.1 a (6.0 in.) in Diameterb 

57.5 Paraffin 27.9 5.00 1.91 

67.0 tl 29.0 5.20 1.75 
84.4 11 30.7 5.50 1.51 

120 11 (38.5 2 0.5) (6.9 2 0.1) 2 0.02) 36.8 6.60 1.30 
151 11 (46.8 0.5) (8.4 =c, 0.1) 

(1.37 
k (L/34 2 0.02) 45.4 8.15 1.31 

1'93 11 (73 2 2 ) (13.0 2 0.4) (1.65 2 0.08) 55.4 9.80 1.21; 
Cylinder 19.1 cm (7.5 in.) in Diameter 

57.5 Paraffin 16.3 4.65 
67.0 11 16.2 4.60 

1.77 

18.6 
1.55 

145 11 5.30 0.89 
Cylinder 20.5 cm (8.0 in.) in Diameter 

42.2 ?azfYin (16.1 k 0.2) (5.30 * OS%) (2.6 k 0.03) 14.0 4.60 2.25 
57.5 
84.4 

I20 
145 
151 
193 

tt 

0  

11 

11 

tt 

t1 

14.4 4.75 1.81 
14.7 4.85 
15.r; 5.40 

1.33 
1.07 

16.7 5.51 0.92 
16.7 5.51 0.88 
18.8 6.20 o-79 

213 tt 19.3 6.37 (21.2 0.3) (7.0 0.1) 0.75 247 11 k 2 (0.70 2 0.01) 19.9 6.56 0.66 & --- ~-I ~ ~- 
Cylinder 21.5 cm (8.5 in.) in Diameter 

21;7 
297 

356 
3?9 

Paraffin 19.4 7.00 
7.78 

0.70 
11 21.5 0.65 

Cylinder 22.9 cm (9.0 in.) in Diameter 
Paraffin . 21.3 8.75 0.62 

11 22.9 9.39 0.62 

Cylinder 25.5 cm (10.0 in.) in Diameter - 
394 Paraffin 19.3 9.82 0.63 
461 . " 22.5 ll.45 
51 4 T! (25.2 2 0.1) 0.05) 

0.63 
(12.9 f (0.63 2 25.1 12.77 ~1.63 

514 Water (25.5 t 0.1) (13.0 2 0.05). 
0.03) 

(0.64 t 0.03) 25.1 12.77 0.63 & 

582 
630 
757 

Paraffin 
tt 
'1 

21.1 
23.8 
30.4 

Cylinder 30-5 Cm (12.0 in.) in Diameter 
15.40 0.68 
17.40 0.70 
22.20 o-75 

Sphere 26-6 em (10.4 in.> in Diameter 

405 9.66 Water Full 

a~ The compositions of the solutions are given i= Appndix A. 
b. No reflector OE the top surface. 
co &prently this assedly cannot be made critical at any height. 



Tale B-2. Critical Parameters of Uranyl Fluoride Solutions 

(Nwibers in parentheses represent extrapolated values derived fram source neutron multiplication 
curves for subcritical assemblies.) 

~~ - 
Maximum Values 'of 

H:U2= Critical Parameters Subcritical Assemblies 
Atomic Height Volume Mass Height volume 
Ratioa Reflector ( 1 QI1 (liters) (kg of u233) ( 1 Qp (liters) 

Cylinder 11.2 clll (4.5 in.) in Diameterb,c 
34.2- Paraffin d 29.9 2.95 2.02 
39.4 0 d 34.9 3.43 2.07 

’ 6.9 11 d 42.6 4.19 2.18 
53.7 11 d 49.0 4.82 2.18 
74.1 t1 d 68.5 6.76 2.24 

- 
Cylinder 12.7 an (5.0 in.) in Diameterb 

34.2 Par&f in (38 2 2) (k.8 zt 0.25) (3.3 t 0.2) 23.8 2-99 2.05 
39.4 tt (11 1 t 2 ) (5.1 f 0.25) (3.1 2 0.2) 27.6 3.46 2.08 
45.9 tt (41 2 1 ) (5.2 2 0.1 ) (2.7 5 0-l) 32.4 4.07 2.11 
74.1 11 (56.5 2 0.5) (7.1 2 0.06) (2.36 5 O-02) 53.3 6.70 2.22 

Cylinder 13.7 cm (5.4 in.) in Diameterbjc 

74.1 Paraffin (48.7 2 0.5) (7.13 2 0.06) (2.37 +, 0.02) 46.3 6.77 2.25 

Cylinder 15.1 an (6.0 in.) in Diameterbrc 

74.1 Paraffin 24.0 4.31 1.43 

Cylinder 16.7 au (6.6 in.) in Diameterc 
~~- ~ ~- ~ 

34.2 Paraffin (20 2 1 ) (4.4 f 0.2 ) (3.0 +, 0.15) 13.5 2.94 2.01 
39.4 t1 (16.7 f; 0.2) (3.66 2 0.04) (2.20 f 0.03) 16.3 3.55 2.13 
45.2 tt (17.4 2 0.2) (3.79 2 0.04) (2.01 2 0.03) 16.9 3.69 1.96 
45.9 (1 16.9 3.67 1.91 
47.9 Yf (17.7 f: 0.2) (3.85 k 0.04) (1.94 +, 0.03) 16.9 3.69 1.86 
53.7 It (18.0 5 0.3) (3.93 t 0.06) (1.77 +, 0.03) 16.9 3.69 1.66 
74.1 11 (lg.1 2 0.4) (4.15 2 o-09) (1.38 !: 0.04) 16.9 3.69 1.23 

154 Paraffin 18.4 
Cylinder lg.1 cm (7.5 in.) in Diameter 

5.25 0.87 
Cylinder 20.5 cm (8.0 in.) iwDiameter -~ 

250 Paraffin -(20.2 f 0.0s) (6.66 2 0.02) (0.68 2 0.02) 20.1 6;63 0.68 

Cylinder 21.5 cm (8.5 in.) in Diameter 
329 Paraffin 

- 
(22.2 2 0.1) (8.0b 2 0.04) (0.63 2 0.05) 21.6 7.80 0.61 

Cylinder 22.9 an (9.0 in.) in Diameter 

(23.1 I 0.1) (9.47 +, 0.04) (0.61 2 0.05) 22.6 9.26 0.60 
--~ ~~__ 

Cylinder 25.5 an (10.0 in.) in Diameter 
522 Xater 
ljk Hone 

(2j.g 2 0.1) (13.18 t 0.05) (0.65 2 0.05) 25.6 13.05 0.64 
(24.0 f 0.05)(12.22 2 0.03) (2.02 t 0.05) 23.8 12.15 2.01 

Cylinder 30.5 cm (12.0 ir..) ic Diameter 
775 Paraffin 30.5 22.28 0.71; 

Sphere 26.6 an (10.4 in.) in Diameter 426 l-!&e* (9.80 2 0.10) (0.59 f 0.w Full 9.66 0.5e 
419 11 e 9.62 0.59 390 t1 f 9.28 0.61 

663 Water 
381 Xone 

Sphere 31.9 cm (12.6 in.) in Diameter 
Rill 17.02 0.66 

a. The coxzpositiozu of the solutions are given in Appendix A. 
b. NO reflector on the top surface. 
c. Vessels coated with Unichrane; masses about H high because of impurities. 
d. Apparently this Wsenrbly cannot be made critical at any height with the absence of a top reflector 

and the presence of Unichrane. 
e. There was a 40~cm3 void above the critical solution. 
f. There was a 380-d void above the crititi solution. 



Appendix C 

~!t!IM!l!ION CIF CRITICAL PAMMEXEW FOR UNREFLEXXED SYS!l!ENS 

The results frorm eqmiments performed almost &Elusively with equi- 
lateral cylinders have been extrapolated to other cylindrical geometries 
using the method developed and applied by Bell3 Do the extensive data on the 

4 critic& parameters of Uz35 solutions:- It is assumed that the age-theory 
critical eqution can be made to fit experimentai data from reflected and 
unreflected crftical assmblAes by proper choice of the extrapolation 
dAst;slsceso In this analysis the reactivity is given by: 

where 
2 L th = 

; 1 
3 

6 
'a 

b = diffusion length of thermal neutrons in water, 

c = H;U233 atcmic ratio. 

The constants used.f or the U233 solutions are as follows: 

* > 
= 00 32815759 

a ba 
7.t 27 ~6 (excspt as noted below);* 

9 = 2.33 w 
Values for the eaetrspolation distarnces for reflected and unreflected 
cylinders were derived from a ccmparison between calculated and experimental 
values of *critical volumes of equilateral cylinders. These values are t&25 QIL 
and 4.95 cm for reflected and unreflected systems, respectively, The axial . *. and radial extrapolation distances were ammkd‘ewl in calculating the 
buckling. It was found necessary to apply a multiplying factor 

k 
l.l6) to the 

ratio of the thermal absorption cross sections of hydrogen and U 33 in order 
to have both-z and the extrapolation distance as constants and still fit the 
umnyl fluoride data in the high concentration region. Itwas also necessary 
to arbitrarily WU$T the neutron age with concentration, as shown in Fig. C-l, 
to obtain agreement witW'&e data from the nitrate experiments in the region 
of low mo&eration. .‘ 

3ci CL IO Bell, t'A M&hod of CaJxtdating Critical Masses of Proton Moderated 
Assexibliee’,’ m-1548 (1953) 0 

4 . Co K,..Beek, A+ Do Callihan8 J. W. lb%xfitt, and R. L, Murray, "Critical 
Mms StudLee;, Part IIIogo K-343 (lg&)e . 
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Fig. C-i. Variation of Neutron Age (T) with the H:U233 Atomic Ratio in Uranyl Nitrate Solutions 



Since only two experimental determinations were made with unreflected 
vessels, one cylinder and one sphere, the extrapolation length adjusted to 
fit these points is hi hly uncertaine 

B 
Similar comparisions using data-for 

aqueous solutions of U 35 in spheres indicate that the extrapolkion length 
iz always higher than for cylinders unless one applies a factor (0.965) to 
II in the sphere buckling equation. If this factor is used, the extrapolation 
distance from the unreflected $33 sphere experiment agrees with that found 
with the cylinder. Figure C-2 is a plot of the calculated values of critical 
masses and volumes of unreflected cylinders using 4.95 cm for the extrapolation 
distance. These curves are only very rough approximations of these parameters 
since the supporting data are very limited. 
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