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The emanation of thoron (Rn 220) from sintered UO2 powders and 
plates was measured as a function of temperature. The uranium 
oxide samples were indexed with radiothorium by coprecipitation 
and coevaporation techniques. The emanation measurements were 
performed in a flow system, using an alpha scintillation detector 
and a helium-hydrogen carr ier gas mixture. Both the radiothorium 
concentration (5 to 100 /J,c/g UO2) and the uranium oxide density 
(71 to 99 percent TD) were varied. The surface areas and densities 
of the UO2 plates were measured by krypton gas adsorption and 
liquid immersion techniques, respectively. 

Assuming a diffusion mechanism, diffusion coefficients for thoron 
in sintered UO2 were calculated as a function of temperature. The 
data were represented by an equation of the form, D = D o e x p 
(-Q/RT). An apparent increase in both activation energy (Q) and DQ 
with density was observedfor the 1100tol450°C temperature range. 
For some samples the thoron emanating power could be measured 
at temperatures as low as 400°C. Log D versus l / T plots from 
400 to 1450°C gave intersecting straight lines with different acti­
vation energies. One intersection occurred near the Tammann 
temperature. The emanation of Rn220 from UO2 apparently involves 
several types of diffusion processes 

THE EMANATION OF RADON-220 FROM SINTERED UO2 POWDERS AND PLATES 

J. C. Clayton and S. Aronson* 

I. INTRODUCTION 

Isotopes of the rare gases krypton and xenon are produced within the uranium dioxide lattice by ura­

nium fission, and evidence indicates that the release of these fission gases from UO2 is due to diffusion 

through the lattice (Reference 1). Most experimental work on the diffusion of rare gases from UO2 has 

involved the use of-irradiated samples (Reference 1); however, the mobility of noble gases in UO2 may 

also be studied by use of the natural decay products of thorium which are available commercially and 

which are readily incorporated in oxide structures in trace amounts. One of these compounds (Th228) 

upon radioactive Q!-decay yields thoron, an isotope of radon, as a second daughter. This product is a 

gas, and its release from UO2 should correlate with that of the fission gases xenon and krypton. 

In this investigation sintered UO2 powders and plates were homogeneously indexed with radiothori­

um, and the amount of the resulting thoron gas evolved was measured as a function of temperature. This 

study was undertaken in order to compare Rn^^O release rates and diffusion coefficients with those of 

the fission gases. The emanation technique, besides permitting the use of unirradiated samples, allows 

considerable flexibility in measuring the effects of composition and structure of a ceramic body on ra re 

gas release. 

* Present Address: Brookhaven National Laboratory, Upton, Long Island, N.Y. 



n . THEORY OF THE EMANATION PROCESS 

The fraction of radioactive mert-gas atoms formed in a solid that escapes from the solid is called 

its emanating power. Hahn (Reference 2) was the first to correlate the emanating power and the struc­

ture of a solid. The theory and methods of measuring emanating power are well known (References 3 

to 7), requiring only brief explanation in this report. 

A highly emanating standard of known emanating power (barium stearate) is compared with the UO2 

sample in two ways: 

(1) The relative rates of formation of inert gas in the standard and UO2 are determined by meas­

urement of their beta activities in sealed containers after radioactive equilibrium has been at­

tained 

(2) The relative rates of escape of the thoron gas from the standard and UO2 are determined in a 

flow system: 

Eg 
-—— = (Aa,/A|3)3/(Ac^/A|3)uo2 (1) 

UO2 

where 

A (J = the alpha activity measured m the flow system 

A ^ = the measured beta activity 

E = the emanating power 

The inert-gas atom may escape from the solid either by recoil (Ej^) or by diffusion (Ep), so that the 

total emanating power is 

E = E R + E D (2) 

Because the recoil fraction varies negligibly with temperature, the two factors can be separated by con­

sidering the room temperature emanating power as the recoil contribution and subtracting this from 

measurements obtained at higher temperatures to determine the diffusion contribution. 

The contribution of the emanating power depends on the rate of diffusion of the emanation to the sur­

face of the solid particle (EJQ). In the case of spherical particles it is related to the inert-gas diffusion 

coefficient (D) by the following equation: 

D = Ar2ED^/9 (3) 

where 

A = decay constant, 1.27 x 10"^ sec~l for thoron 

r = particle radius, cm 

Ej3 - emanating power due to diffusion 

D = inert-gas diffusion coefficient, cm2/sec 

However, high density plates, whose roughness factors (ratio of gas adsorption to geometrical sur­

face areas) approach unity, cannot be approximated as a collection of spherical particles. In this case 

the mert-gas diffusion coefficient is evaluated by the equation 

D = E D 2 t2 x/4 (4) 

where 

t = plate thickness, cm 

2 



The diffusion coefficients for thoron in sintered UO2 powders and plates were calculated by means of 

the above equations. 

HI. EXPERIMENTAL 

A. Sample Preparation and Fabrication 

The Th228 ^as incorporated into the uranium oxide samples by two techniques. Tracer amounts 

(5 to 100 /x c/g UO2) of radiothorium were added to uranyl nitrate solutions which were converted into 

UO2 by either a coprecipitation or a coevaporation procedure. The indexed UO2 powders were homoge­

nized by annealing them in hydrogen for 40 hours at 1750°C. A portion of each annealed UO2 prepara­

tion was reserved for emanation measurements. The remaining powder was ground, agglomerated with 

an organic binder, pressed into plates, and sintered m hydrogen at 1400 to 1750°C. The barium stearate 

standard was prepared by adding a hot sodium stearate solution to a barium chloride solution containing 

radiothorium (Reference 8). The preparation, indexing, and fabrication procedures are described m de­

tail in Appendix A. 

B. Characterization of Sintered Plates 

A sintered oxide plate contains both open (connected) and closed (unconnected) pores. The total 

volume can be considered as the sum of the open pore volume, the closed pore volume, and the volume 

of the solid. The percent theoretical density (percent TD) of the UO2 plates was determined by using a 

water-immersion technique. The amount of open porosity was measured by placing the wafer m a vac­

uum system, evacuating, and adding water. The water is assumed to enter all of the open pores. The 

plates are blotted dry and reweighed. This weight minus the weight m air is a measure of the open pore 

volume. 

Since the rates of thoron emanation are proportional to the surface areas of the solids, surface area 

measurements by gas adsorption techniques were made on the sintered UO2 plates. The low-tempera­

ture adsorption of krypton and ethane on low and high density compacts, respectively, was measured 

volumetrically (Reference 9). 

The microstructure of selected sintered oxide plates was determined by using techniques described 

in Reference 10. Samples were mounted in a plastic medium (epoxy resin), polished with abrasives, 

and chemically etched (H2SO4-H2O2 solution). The polished and etched sections were viewed and photo­

graphed with bright field-reflected illumination. Because of the hazardous nature of the emitted thoron 

gas, all of these operations were performed remotely in a hot cell. 

Thoron emanation measurements were performed on 15 separate sintered UO2 plates whose phys­

ical properties are listed m Table 1. The beta activities, measured under standardized conditions, are 

included as a measure of the amount of incorporated radiothorium. The "particle" radii were calculated 

from the surface to volume ratios of the plates. 

C. Emanation Measurements 

The emanation measurements were performed m a flow system (Reference 11 and Figure 1) using 

an alpha-scintillation detector and both pure helium and helium-hydrogen mixtures as car r ier gases. 

The UO2 samples, contained in alumina boats, were placed m a zircon tube and heated in a silicon car­

bide furnace. Temperatures were measured with platmum/platinum-lO percent rhodium thermocouples. 

The thoron activity was recorded automatically. The calibration of the apparatus, type and manufacturer 

of the commercial equipment used, and further details of the measurements are given m Appendix B. 
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TABLE 1, PHYSICAL PROPERTIES OF SINTERED UO2 PLATES 

% T D 

70.7 

70.9 

71.1 

71.1 

75.8 

78.6 

79.2 

79.9 

80.5 

82.6 

83.5 

84.9 

98.6 

98.9 

98.9 

Open Po ros i t y 
(%) 

28.4 

28.4 

28,0 

28,0 

23.2 

19.9 

19.6 

19.7 

19.1 

15.7 

14.6 

11.8 

0 

0 

0 

^ Activity 
( c / m / g X 10-5) 

1.08 

1.08 

1.08 

1.08 

1.08 

1.54 

1.54 

1.87 

1.87 

6.56 

6.56 

1.54 

23.4 

23.4 

23.4 

r 
(M) 

3.5 

3.5 

3.9 

3.9 

8.6 

10.5 

10.8 

11.7 

12.2 

14.0 

15.0 

16.1 

. . . . 

GAS OUTLET 

2nS SCREEN 

ZIRCON TUBE 

He-Ha CARRIER GAS 

IV. RESULTS 

A. Thorium X Rejection 

Figure 1. Schematic of Emanation Apparatus 

RECORDER 

RATE METER 

AMPLIFIER 

To calculate valid thoron diffusion coefficients from emanating power measurements, the radiotho­

rium source compound must be homogeneously distributed throughout the whole solid, and this distr i­

bution should remain uniformly constant. In addition, the immediate precusor of thoron, thorium X 
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(Ra224)^ should retain this uniform distribution. However, it has been observed that in many solids, 

including UO2, the thorium X becomes non-uniformly redistributed at high temperatures (References 

12 through 15). This phenomenon has been termed THORIUM X REJECTION by Bevan (Reference 12) 

and is an experimental factor limiting the quantitative application of thoron emanating power measure­

ments to the study of diffusion problems. It is detected by high temperature isothermal increases in 

the thoron emanation with time followed by an excess surface activity at lower temperatures which de­

cays near room temperature with the half-life of thorium X. 

In the preliminary studies on sintered UO2 powders and plates, pure helium was used as the car­

rier gas and thorium X rejection occurred. Definite increases in thoron emanation with time for the 

higher temperature isotherms were found as illustrated in Figure 2. In addition, the UO2 samples oxi­

dized slightly as indicated by color changes and weight increases on removal from the furnace after a 

heating run. With a helium-(5, 10%) hydrogen carr ier gas mixture, the emanation of thoron was con­

siderably lower than when helium alone was used. It is seen in Table 2 that this resulted in lower cal­

culated diffusion coefficients and activation energies. Besides eliminating oxidation the addition of hy­

drogen to the helium carr ier gas was also found to reduce drastically the amount of thorium X build-up 

on the UO2 sample surfaces for the higher temperature isotherms. Only slight amounts of thorium X 

rejection were observed at 1450°C for the lowest density (71 to 76 percent TD) UO2 plates and some of 

the sintered powder preparations. For these reasons the helium-hydrogen carr ier gas mixture was 

used in all subsequent work. 

200 

125 

50 

25 

I480°C 

1425°C -

I3I5°C 
» ® 

I200°C 

9 « 
I150°C 

10 15 
TIME, MINUTES 

20 

Figure 2. Isothermal Increase of Thoron 
Emanation with Time 

25 

B. Emanation Measurements 

1. Sintered UO2 Powders 

Since previous thoron emanation measurements 

from metal oxides, including UO (References 1, 5, 

and 12 through 22), were performed on powder sam­

ples, sintered UO2 powder preparations were used 

for the initial experiments. The powders were first 

heated in hydrogen for 40 hours at 1750°C to stabi­

lize the particle size distribution. The reproduc­

ibility of the emanation method was tested by meas­

uring the same sample several times. In most 

cases the first measurement on a sample showed 

a greater amount of thoron evolution at the higher 

temperatures. This resulted in higher calculated 

high-temperature diffusion coefficients and activa­

tion energies than in subsequent runs. A small 

peak in the thoron emanation versus temperature 

curve was frequently observed around 600 to 900°C. 

Similar peaks were found by Anderson, et al., (Ref­

erence 13) for superstoichiometric UO2 powders 

and were attributed to the reduction of UO2+X to 

UO2.0. 

The thoron emanating power of a series of UO„ 

powder preparations was measured, and diffusion 
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coefficients w e r e calculated with Equation (3). An average pa r t i c l e rad ius of 5 m i c r o n s has been found 

to be a reasonable e s t ima te for s im i l a r l y s in te red oxide powders (Reference 19). 

TABLE 2. THE E F F E C T OF EXCESS OXYGEN ON DRn220 IN SINTERED UO2 PLATE 

% TD Sample Carrier Chemical Reaction 

78.6 UO2.O plate Helium Oxidation (weight gain) 

78.6 Oxidized UO2.0 pl^te He, 5% H2 Reduction (weight loss) 

78.6 UO2.0 plate He, 5% H2 None 

79.2 UO2.0 plate Helium Oxidation (weight gain) 

79.2 Oxidized UO2.0 plate He, 5% H2 Reduction (weight loss) 

79.2 UO2.0 plate He, 5% H2 None 

Temperature 
CO 

1100-1450 

1100-1450 

1100-1450 

1100-1450 

1100-1450 

1100-1450 

D (cm2/sec) 

1 X 1 0 - 1 4 - 2 X 10-12 

7.5 X 10-16 - 3 X 10-13 

2.7 X 10-15 _ 5 X 10-14 

3 X 1 0 - 1 4 - 2 X 10-12 

4.5 X 10-15 - 3 X 10-12 

2.5 X 10-15 - 3 X 10-14 

Q 
(kcal/mole) 

75 

80 

39.5 

82.5 

60.6 

35 

The diffusion coefficients calculated from both 1-hour i so the rmal and continuous emanat ing power 

data a r e compared in Tables 3 and 4 over the t e m p e r a t u r e range 1000 to 1450°C. Only for the 1450°C 

i so the rms was t he re a noticeable i n c r e a s e in the thoron emanat ion from some of the UO2 p o w d e r s . The 

init ial emanat ing power values at 1450°C was used for these powders . Because this was the highest t e m ­

p e r a t u r e studied, thor ium X reject ion should not have appreciably affected the calculated values of the 

diffusion coefficients. 

TABLE 3 . 

P r e p a r a t i v e Method 

Coprecipi tat ion 

Coprecipi tat ion 

Coprecipi tat ion 

THE ISOTHERMAL EMANATION OF Rn220 FROM U02 POWDERS 

i3 Activity 
( c / m / g ) 

1.00 X 105 

1.87 X 105 

1.21 X 106 

1250°C 

2.1 X 10-14 

1.2 X 10-15 

3 . 5 x 1 0 - 1 6 

D (cm2/sec ) 
1350°C 

2.7 X 10"14 

2.3 X 10-15 

6.3 X 10-16 

1450°C 

4.8 X 10-14 

4.7 X 10~15 

2.1 X 10-15 

Q 
(kcal /mole) 

31.4 

38,3 

53.8 

TABLE 4. THE CONTINUOUS EMANATION OF Rn220 FROM UO2 POWDERS 

D (cm^/ sec ) 

P r e p a r a t i v e Method 
(3 Activity ( c / m / g ) 

Q (kcal /mole) 

T e m p e r a t u r e (°C) 

1000 

1100 

1200 

1300 

1400 

1450 

Coprecipi tat ion 
1.54 X 105 

48,7 

1,1 X 10-15 

2.1 X 10-15 

5,8 X 10-15 

2.0 X 10-14 

5.3 X 10-14 

7.8 X 10-14 

Coprecipi ta t ion 
6.56 X 105 

36,3 

1.4 X 10-16 

2.0 X 10-16 

4.7 X 10-16 

1.1 X 10-15 

2.3 X 10-15 

2.9 X 10-15 

Coprecipi ta t ion 
6.56 X 105 

30.2 

1.6 X 10-16 

3.9 X 10-16 

8.8 X 10-16 

1,7 X 10-15 

2.9 X 10-15 

3.5 X 10-15 

Coevaporat ion 
2.34 X 106 

53,2 

4,6 X 10-16 

1,4 X 10-15 

5,3 X 10-15 

3,0 X 10-14 

7.1 X 10-14 

8,5 X 10-14 

Reproducible data were obtained from a p a r t i c u l a r powder batch, but both calculated D values and 

activation ene rg ies var ied from p repa ra t ion to p repa ra t ion . The different diffusion coefficients a r e mos t 

likely the resu l t of differences in the average pa r t i c l e s ize of the var ious p o w d e r s . The var ia t ion in ac t i ­

vation ene rg ies is in ag reement with prev ious s tudies on r a r e gas diffusion in UO2 powders l i s ted in 

Table 5 and can be a t t r ibuted to differences in pa r t i c l e s ize dis t r ibut ion, pa r t i c l e shape , and amounts of 

exces s oxygen. These fac tors will be d i scussed in a l a t e r sect ion of this r e p o r t . 
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TABLE 5. SUMMARY OF RARE GAS DIFFUSION STUDIES IN UO2 POWDERS 

Gas 

Rn-220 

Rn-220 

Rn-222 

Xe-133 

Xe-133 

Xe-133 

Xe-133 

Xe-133 

Kr -85 

Kr -85 

Kr -85 

Kr -85 

He 

Low Density UO2 P l a t e s 

Q 
(kcal /mole) 

30-54 

80-85 

59.0 

46.0 

34.0 

48.9 

40, 120 

50, 70-80 

46.9 

65.5 

73.8 

70-80 

46.0 

T e m p e r a t u r e Range 
(°C) 

1000-1450 

1150-1300 

800-1400 

1000-1500 

550-1150 

750-1150 

1000-1500 

600-1200 

800-1500 

1000-1500 

1000-1500 

1000-1450 

700-1000 

Reference 

13,19 

20,21 

23 

24 

25 

26 

27 

28 

29,30 

29,30 

31 

30,1 

In previous diffusion studies sintered UO2 bodies have been considered as equivalent to an assembly 

of uniform spherical regions (References 1, 23, 26, 30, and 32), The controlling parameter is thus the 

radius of an equivalent hypothetical sphere and is calculated from the equation 

r = 3 / Sd (5) 

where 

r = radius of equivalent sphere, cm 

S = surface area, cm2/g 

d = density 

The surface areas of four sintered UO2 plates were directly measured by krypton gas adsorption, and 

the areas are plotted as a function of density m Figure 3. The surface area values for the remainder of 

the low density samples were interpolated from the curve in Figure 3. Photomicrographs of four oxide 

plates (71, 76, 79, and 85 percent TD) are shown in Figures 4 and 5. The decrease in pore volume with 

increasing density is apparent. It can also be readily seen that the assumption of an assembly of uniform 

spheres is incorrect and that the preparations instead contain pores of varying amounts, shapes, and 

sizes. These factors do not necessarily invalidate the quantitative application of the spherical model so 

long as the results are applied to bodies prepared by fabrication processes similar to those used for the 

present preparations. 

Approximately 60 thoron emanation versus temperature curves were obtained on 12 low density 

sintered UO2 plates. Some typical plots are shown in Figure 6. Diffusion coefficients were calculated 

with Equation (3); the particle radius values were calculated from Equation (5) and the surface area 

curve m Figure 3. The reproducibility and applicability of the emanation method to sintered bodies was 

tested by measuring each sample several times. In all cases the first measurement of a UO2 plate 

showed a greater amount of thoron emanation, especially at the higher temperatures. As shown in Table 

6, this resulted m higher calculated diffusion coefficients and activation energies than m subsequent 

runs. In addition, a small peak m the thoron emanation versus temperature curve was frequently observed 
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in the initial measurement around 600 to 900°C in­

dicating that even these hydrogen-sintered UO2 

bodies contain traces of excess oxygen which notice­

ably influence their emanation behavior. 

Neglecting the results of the first measurement 

on each sample, diffusion coefficients for Rn220 m 

low density UO2 plates were calculated from both 

isothermal and continuous heating curves. The data 

obtained from 1-hour isotherms are given in Table 

7. Isotherms at 1250, 1350, and 1450°C showed an 

essentially constant amount of thoron gas evolved 

at each temperature for the higher density (78 to 

85 percent TD) plates, but there was a noticeable 

steady increase in the thoron emanation at 1450°C 

for the lower density (71 to 76 percent TD) plates. 

The initial emanating power values at" 1450°C were 

used for these latter cases. 

Because the isothermal measurements showed that emanation equilibrium was very quickly attained 

at each of the temperatures studied, the use of the more convenient continuous heating technique seemed 

justified. The extensive data acquired over the temperature range 1100 to 1450°C are tabulated m Ap­

pendix C. The calculated diffusion coefficients varied from 0.2 x 10-14 to 3 x 10-14 cm2/sec at 1100°C 

to 0.2 X 10-13 to 4 X 10-13 cm2/sec at 1450°C. No noticeable effect of radiothorium concentration on 

the emanation data is observed. However, both the isothermal (Table 7) and continuous heating meas­

urements (Appendix C) indicate an over-all increase of activation energy with density. These emanation 

data were coded for CURF 1, a least squares fitting program for the Philco-2000 computer (Reference 

33). Least squares analyses were performed on both the isothermal and continuous heating data points 

relating the variation with temperature of the diffusion coefficient of Rn220 m low density UO2 plates. 

Over the temperature range 1100 to 1450°C the diffusion coefficient was represented by an equation of 

the form, D = DQ exp (-Q/RT). The results of the machine computations are given in Table 8 and plotted 

m Figures 7, 8, and 9. The apparent increase in both activation energy (Q) and DQ with density is clearly 

seen. Fair agreement was obtained between the isothermal and continuous heating data. From an over­

all least squares analyses of all the data points (Figure 9) the diffusion coefficient for Rn220 m sintered 

low density (71 to 85 percent TD) U02 plates can be represented by the equation, 

D = 1 x 10-8 exp (-39,500/RT) 

In some cases emanation measurements could be made on the sintered UO2 powders and low density 

plates at temperatures as low as 400°C. Some typical results for the low density analyses are presented 

in Table 9, Log D versus l /T plots for the 80 percent TD case (Figure 10) over the temperature range 

400 to 1450°C gave three straight lines which intersected at temperatures of about 1100°C (T*) and 750°C 

(T**). Activation energies for these temperature ranges are listed in Table 10. This behavior is very 

similar to that of thoron m most oxide powders, including UO2 powder (References 1, 13, 14, and 19), 

and the data are compared with some previous emanation work in Table 11. In addition, two intersecting 

straight lines on a log diffusion coefficient versus temperature plot have been found for the diffusion of 

Kr85 and Xel33 from irradiated UO2 (References 1, 31, 32, and 35). In all cases a high activation energy 

(40 to 89 kcal/mole) for diffusion is observed at high temperatures; at low temperatures a much lower 

energy (8 to 38 kcal/mole) is observed. 
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Figure 3. Surface Area of Sintered UO2 
Plates as a Function of Density 
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The several straight lines and different acti­

vation energies have been interpreted as repre­

senting at least two independent diffusion process­

es with a transition taking place m the vicinity of 

the Tammann temperature (References 1, 13, 14, 

and 19). The Tammann temperature has been de­

fined as the temperature at which the diffusion co­

efficient IS 10-14 to 10-17 cm2/sec or a tempera­

ture equal to 0.5 times the melting point on the 

Kelvin scale (Reference 1). If Oi represents the 

ratio of the absolute temperature of an ionic solid 

to its melting point on the Kelvin scale, surface 

mobility of lattice units is believed to become ap­

preciable at above Oi= 0.3, whereas lattice dif­

fusion requires a = 0.5 (the Tammann temperature) 
"lOOO 1100 1200 1300 1400 ISOO 

TEMPERATURE,°c Or higher (References 1 and 36). The closeness 
„ r, r^, „ J. A t i- with which the T* and T** temperatures (mter-
Figure 6. Thoron Emanation Activity ^ * 

from Low Density UO2 Plates section of straight lines on log D versus l / T plot) 

approach these ratios (Table 5), the diffusion coefficient values of 1 x 10-15 to 3 x 10-15 cm2/sec at T*, 

and the different activation energies observed for the high and low temperature ranges, all suggest that 

the emanation of thoron from sintered low density UO2 plates involves lattice diffusion at a of about 0.5, 

diffusion in a surface layer for 01 between 0.3 to 0.5, and a possible third process m which the thoron 

escapes through such crystal defects as pores and cracks of molecular dimensions (References 13, 14, 

18, and 19). 

TABLE 6. REPRODUCIBILITY OF THE EMANATION OF Rn220 FROM UO2 PLATES 

D (cm2/sec) 

% T D 

r(iLi) 
Run No. 

Q (kcal/mole) 
Temperature 

CC) 

1100 

1200 

1300 

1400 

1450 

1.9 

2 .7 

4 .7 

7.7 

1.5 

7 5 . 7 5 
8.6 
1 

39 .8 

X 10" 

X 10" 

X 10-

X 10-

X 10" 

14 

14 

14 

14 

13 

7 .5 

1.3 

2 .4 

4 . 5 

7 .3 

7 5 . 7 5 
8.6 
2 

33 .9 

X 10-

X 10" 

X 10-

X 10" 

X 10-

15 

14 

14 

14 

14 

7 .6 

1.4 

2 .6 

5.0 

7.7 

7 5 , 7 5 
8,6 
3 

34 ,3 

X 10-

X 10-

X 10" 

X 10" 

X 10-

15 

14 

14 

14 

14 

1.1 

3 .8 

2 .0 

9 ,5 

1.5 

79 .9 
11 ,7 

1 
7 1 . 5 

X 10-

X 10-

X 10-

X 10" 

X 10-

•15 

15 

14 

•14 

•13 

2 .7 

8 .1 

2 .5 

5.5 

7,5 

79 ,9 
11 .7 

2 
4 6 , 2 

X 10" 

X 10-

X 10-

X 10-

X 10-

•15 

•15 

14 

•14 

•14 

2 . 3 

7.7 

2 .6 

5 .3 

7.0 

79 .9 
1 1 . 7 

3 
47 .2 

X 10-

X 10-

X 10-

X 10-

X 10-

15 

15 

14 

14 

•14 

3. High Density UO2 Plates 

When the sintered UO2 bodies approach the theoretical density, a diffusion model based on geometric 

dimensions is more exact than the equivalent sphere treatment. The surface areas of the as-smtered 

high density UO2 plates were measured by ethane gas adsorption and were found to correspond to the 

geometric areas (roughness factor of about one). Photomicrographs of a tjrpical 99 percent TD UO2 

plate are given in Figure 11. For the most part cross-sections of these samples showed dense, large 

grains with very little porosity (Figure l lA) , but there were a few isolated areas that contained notice­

able porosity (Figure IIB). 
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TABLE 7. THE ISOTHERMAL EMANATION OF Rn220 FROM LOW DENSITY UO2 PLATES 

/3 D (cm2/sec ) 
r Activity Q 

% TD (M) ( c / m / g ) 1250°C 1350°C 1450°C (kcal /mole) 

70.7 3.5 1.08 X 105 9.7 x 10-15 1,5 x 10-14 2.7 x 10-14 30.7 

70.9 3.5 1.08 X 105 8.9 x 10-15 1.4 x 10-14 2.9 x 10-14 33,6 

71.1 3.9 1.08 X 105 1.2 x 10-14 2.0 x 10-14 4,3 x 10-14 37.3 

71.1 3.9 1.08 X 105 1.1 X 10-14 2.O x 10-14 4,2 x 10-14 36,3 

75.8 8.6 1.08 X 105 2.5 x 10-14 5.5 x 10-14 1,1 x 10-13 39.5 

78.6 10.5 1.54 X 105 7.3 x 10-14 1.7 x 10-13 3.1 x 10-13 37.5 

79.9 11.7 1.87 X 105 1.5 x 10-14 4.1 x 10-14 7.1 x 10-14 41.2 

80.5 12.2 1.87 X 105 1.7 x 10-14 4,9 x 10-14 §.9 x 10-14 42,4 

82.6 14.0 6.56 x 105 2.2 x 10-14 5.9 x 10-14 1,2 x 10-13 42,0 

84.9 16.1 1.54 X 105 3.2 x 10-14 9.4 x 10-14 2.4 x 10-13 51.4 

TABLE 8. LEAST SQUARES ANALYSES OF THORON EMANATION DATA FROM UO2 PLATES 

Range 
(% TD) 

71 

76 

79 

80 

83-85 

71-85 

99 

71 

76-79 

80 

83-85 

71-85 

99 

Do 

2.2x10-10 

4.5x10-10 

6.5x10-9 

5.0x10-8 

7.2x10-7 

7.5x10-9 

0,13 

2.9x10-10 

1.5x10-8 

2.0x10-8 

2.2x10-7 

1.2x10-8 

4.9x10-5 

Q 
(kcal /mole) 

30.8 

30.4 

35.2 

45.8 

53.1 

39.0 

80.0 

31.2 

38.8 

42.4 

48.2 

40.0 

51.5 

Std E r r o r 
Deviation (cr) 

Continuous Heating 

0.27 

0.11 

0.51 

0.90 

0.19 

0.68 

0.40 

Max Abs 
E r r o r (/i) 

(1100-1450 

0.82 

0.17 

0.11 

0.16 

0.45 

1.27 

0,94 

I so the rms (1250-1450°C) 

0.18 

0.53 

0.13 

0.27 

0,63 

0.25 

0,29 

0,56 

0,22 

0,39 

1.09 

0.51 

Number of 
Specimens 

°C) 

4 

1 

2 

2 

3 

12 

3 

4 

2 

2 

2 

10 

3 

Number 
of Runs 

6 

2 

13 

3 

5 

29 

8 

4 

2 

2 

2 

10 

3 

Number 
of Po in t s 

30 

10 

65 

15 

25 

145 

40 

12 

6 

6 

6 

30 

9 

The thoron emanat ing power of the th ree high density UO2 p la tes was m e a s u r e d , and diffusion co ­

efficients were calculated with Equation (4). Again the f i rs t m e a s u r e m e n t on a sample showed a g r e a t e r 

amount of thoron emanat ion, consequently, a higher apparent activation energy for the high t empera tu re 

reg ions . The effect was genera l ly not as pronounced as for the s in te red UO2 powders and low density 

p la tes but does indicate that even the high density hydrogen-s in te red UO2 wafers (as p repared) contain 

t r a c e s of e x c e s s oxygen. To tes t th is hypothes is , four hydrogen-s in te red (1750°C), 95 pe rcen t TD U02 

pel le ts were r e - h e a t e d in hydrogen for 4 hours at 1500°C and then exposed to the a tmosphere at room 

t e m p e r a t u r e . The outer surface (es t imated to be<^0.008 cm) of the compacts was dissolved off in hot 

phosphoric acid under an argon a tmosphere , and the solutions were polarographica l ly analyzed for U(VI). 

The amount of U(VI) m e a s u r e d in th ree of the samples cor responded to O/U ra t ios of 2.002 to 2.003. 
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13.0 

Figure 7. Variation of D with Temperature: 
Continuous Heating Curves 

Diffusion coefficients for Rn220 in high den­

sity UO2 plates calculated from both 1-hour iso­

thermal and continuous heating curves are com­

pared in Table 12. In contrast to the measure­

ments on sintered UO2 powders and low density 

plates where the recorded isotherms showed an 

essentially constant unvarying evolution of thoron 

gas at each temperature, the high temperature 

isothermal gas evolution from the high density 

samples was, at t imes, in spasmodic spurts. This 

effect may have been caused by the closed pores 

present in the samples (Figure IIB), Excess 

thoron gas could accumulate in these closed pores, 

and at the higher temperatures any pore move­

ment to the surface or, more likely, to grain bound­

aries could result in a temporary enhanced gas 

release. 

No over-all increase in thoron emanation with time, corresponding to thorium X rejection, was 

noted, but the recorded curve was jagged and jerky. Consequently, diffusion coefficients calculated from 

the isothermal data can only be regarded as estinaates. The continuous heating curves, however, were 

smooth and reproducible. Both the isothermal and continuous heating measurements yielded thoron dif­

fusion coefficients and activation energies that were higher than those obtained for the sintered UO2 

powders and low density plates. The calculated diffusion coefficients varied from 0.8 x 10-13 to 4.7 x 

10-13 cm2/sec at 1200°C to 0.9 x lO-H to 1.5 x lO-H cm2/sec at 1450°C and agree with estimated val­

ues found previously in sintered high density UO2 grains (References 13 and 19). In this connection other 

workers (Reference 34) have reported orders of magnitude increases (10-14 to 10-13 and 10-12 cm2/sec) 

in the 1400°C diffusion coefficient of Xel33 in lightly irradiated UO2 bodies with an increase in the fab­

ricated density from. 91 to 97 percent TD. Least squares analyses performed on the data are compared 

-12.5 

-13.0 

-14,0 

-14.5 
5.75 

A 71 % TD 
B 76-79 %TD 
C 80%TD 
D 83-85%TD 

1 
6.00 6.25 

iC/TPK) 
6.75 

Figure 8. Variation of D with Temperature: 
Isothermal Data 

o -13.5 
o 

A ISOTHERMS 

B CONTINUOUS HEATING 

6.5 
IO*/T{°K) 

Figure 9. Variation of D with Temperature: 
Over-all Least Square Lines 
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TABLE 9. THE DIFFUSION OF Rn220 FROM LOW DENSITY UO2 PLATES 

% T D 
r (M) 

T e m p e r a t u r e 
CC) 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1450 

79.9 
11.7 

3.9 X 10-18 

2.5 X 10-17 

4.7 X 10-17 

7.0 X 10-17 

1.5 X 10-16 

5.0 X 10-16 

1.3 X 10-15 

2.7 X 10-15 

8.1 X 10-15 

2.5 X 10-14 

5.5 X 10-14 

7.5 X 10-14 

80.5 
12,2 

1.6 X 10-17 

2.6 X 10-17 

4.2 X 10-17 

7.4 X 10-17 

1.6 X 10-16 

4.5 X 10-16 

1.4 X 10-15 

2.9 X 10-15 

8.8 X 10-15 

2.7 X 10-14 

5.8 X 10-14 

8.0 X 10-14 

82.6 
14.0 

1,4 X 10-17 

3,3 X 10-17 

5.1 X 10-17 

6.8 X 10-17 

1.2 X 10-16 

3.2 X 10-16 

1.3 X 10-15 

2.8 X 10-15 

9.0 X 10-15 

3.1 X 10-14 

8.0 X 10-14 

1.1 X 10-13 

83.5 
15.0 

1.8 X 10-18 

1.4 X 10-17 

2.9 X 10-17 

3.9 X 10-17 

6.4 X 10-17 

1.9 X 10-16 

7,9 X 10-16 

1.6 X 10-15 

8.8 X 10-15 

4.2 X 10-14 

1.1 X 10-13 

1.5 X 10-13 

84.9 
16.1 

1.0 X 10-17 

1.5 X 10-17 

2,9 X 10-17 

6.6 X 10-17 

2.1 X 10-16 

5.1 X 10-16 

9.2 X 10-16 

2.7 X 10-15 

9.7 X 10-15 

3.4 X 10-14 

8.7 X 10-14 

1.3 X 10-13 

with the r e s u l t s f rom the low density UO2 p la tes in Table 8 and plotted in F igure 12. The apparent in­

c r e a s e in both activation energy and D Q value with density is again indicated. Over the t e m p e r a t u r e 

range 1200 to 1450°C the diffusion coefficient for Rn220 in s in te red high densi ty UO2 p la tes can be r e p ­

re sen ted by the equation, 

D = 0.13 exp (-79,960/RT). 

The high activation energy c o m p a r e s favorably with that found for the r e l e a s e of the fission gase s Xe 

and Kr from i r r ad i a t ed high densi ty (>^v^95 pe rcen t TD) s in te red UO2 m a s s e s l i s ted in Table 13. 

T,''C 
1200 1000 800 600 

10" 

10-

\ 

' 4 7 . 2 KCAL 

\ 28.1 KCAL 

7.4 KCAL 

0.6 0.8 1.0 

IO' /T(»K) 

1.2 1.4 

In gene ra l , thoron evolution from the high 

densi ty UO2 p la tes could not be m e a s u r e d below 

1200°C because of the sma l l sur face a r e a of the 

samples . In a few c a s e s m e a s u r e m e n t s were 

made at t e m p e r a t u r e s a s low as 1000°C, and two 

in te rsec t ing s t ra igh t l ines were obtained on a log 

diffusion coefficient v e r s u s r ec ip roca l t e m p e r a ­

t u r e plot. The r e s u l t s a r e compared with some 

B r i t i s h s tudies on high density s in te red UO2 

g ra in s in Table 14. The data a r e l imited and 

show sca t t e r , but the l ines do in t e r sec t nea r the 

Tammann t e m p e r a t u r e {a = 0.45 to 0.50). Th i s , 

plus the fact that two different activation energ ies 

were observed , conf i rms the r e s u l t s found for 

the s in te red UO2 powders and low densi ty p la tes 

in indicating that the emanat ion of Rn220 from 

UO2 involves at l eas t two types of diffusion p r o c ­

e s s e s . 

F igure 10. Variat ion of D with T e m p e r a t u r e 
in an 80 P e r c e n t TD UO2 P la te 
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TABLE 10. THE EMANATION OF Rn220 FROM SINTERED LOW DENSITY 
UO2 PLATES, 400 TO 1450°C 

% TD 

79.9 

79.9 

80.5 

82.6 

83.5 

83.5 

84.9 

T* \ 
T** f 

r 
(M) 

11.7 

11.7 

12.2 

14.0 

15.0 

13.0 

16.1 

T* 
(°K) 

1383 

1373 

1385 

1359 

1340 

1350 

1323 

D at T* 
(cm2/sec ) 

3.0 X 10-15 

2.1 X 10-15 

3.4 X 10-15 

2.4 X 10-15 

1.3 X 10-15 

1.5 X 10-15 

1.3 X10-15 

in te rsec t ion of s t ra ight line 

Ql (Above T*) 
(kcal /mole) 

47.2 

46.2 

44.7 

49,5 

57.2 

53.2 

52.0 

Q2 (Below T*) 
(kcal /mole) 

28.1 

26.9 

29.3 

30.9 

31.8 

30.5 

19.9 

X** 

(°K) 

1025 

1010 

1037 

1049 

1064 

1055 

926 

D at T** 
(cm2/sec ) 

8.5 X 10-17 

6.2 X 10-17 

9.4 X 10-17 

8.4 X 10-17 

5.8 X 10-17 

6.5 X 10-17 

4.7 X 10-17 

Q3 (Below T**) 
(kca l /mole) 

7.4 

9.0 

7.9 

5.6 

7.6 

5.3 

11.7 

TABLE 11 . SUMMARY OF THORON EMANATION STUDIES ON OXIDES 

Oxide 

F e 2 0 3 

C r 2 0 3 

AI2O3 

UO2 

Th02 

T* 

T* 
(°K) 

910 

1110 

1198 

1363 

1473 

in tersec t 

a 

0.51 

0.51 

0.52 

0.45 

D at T* 
(cm2/sec) 

0.6 X 10-14 

1.7 X 10-14 

2.8 X 10-14 

2 X10-15 

0.44 

ion of s t ra igh t l ines on 

Ql (Above T*) 
(kcal /mole) 

42.2 

49.5 

60.6 

50 

Q2 (Below T*) 
(kcal /mole) 

8.4 

12.7 

7.4 

28 

61,3 31.5 

log D v e r s u s l / T plot 

Reference 

16, 18 

16, 18 

18 

- — 

12, 15 

V. DISCUSSION 

Although these m e a s u r e m e n t s have been made on m a t e r i a l s undamaged by i r rad ia t ion , they should 

none the l e s s be useful in de termining which fac tors govern r a r e gas diffusion in slightly i r r a d i a t e d UO2. 

The profound i n c r e a s e in the gas diffusion r a t e s caused by even t r a c e s of e x c e s s oxygen has been well 

documented (References 1, 13 , 19, 23 , 25, 26, 27, 31 , 32, and 37 to 40). The var ia t ion in activation e n ­

ergy for the diffusion of thoron in UO2 powders i s not s u r p r i s i n g , espec ia l ly in view of the r e s u l t s of 

prev ious r a r e gas diffusion s tudies (Table 5). UO2 powders usual ly have a wide pa r t i c l e s ize d is t r ibut ion, 

vary in shape, and a r e ve ry suscept ible to oxygen pickup even at room t e m p e r a t u r e . Fine powders can 

s in te r readi ly during a diffusion anneal. These fac tors have recent ly been reviewed by Matzke and 

Lindner (Reference 27) who used them to in te rp re t the apparent act ivation ene rg i e s for Xe l33 in UO2 

powders (50 to 80 kca l /mole ) . 

Both the i so the rma l and continuous heating emanat ing power data indicate an i nc r ea se in activation 

energy and Do with densi ty for the diffusion of Rn220 in s in te red UO2 p la tes . This may be due to unap­

prec ia ted and uncontrol led exper imenta l and ma te r i a l v a r i a b l e s , e .g. , the different methods of inco rpo­

ra t ing the rad io thor ium in the UO2 samples (coprecipitat ion v e r s u s coevaporat ion). T rea tmen t of the 

low density p l a t e s as an assembly of uniform sphe res is over simplified. The photomicrographs (F ig ­

u r e s 4 and 5) show that these oxide p la tes have a r a t h e r b road gra in s ize dis t r ibut ion and many of the 

g ra in radi i a r e considerably s m a l l e r and l a r g e r than the f ict i t ious, ideal r ad ius calculated from the 
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Figure 11. Microstructure of a 98.9 Percent TD UO2 Plate (500X) 



TABLE 12. THE EMANATION OF Rn220 FROM HIGH DENSITY UO2 PLATES 

% T D 

98.6 

98.6 

98.6 

98.9 

98.9 

98.9 

98.9 

98.9 

98.6 

98.9 

98.9 

1200°C 

8.3 x 10-14 

2.1 X 10-13 

4.7 X 10-13 

3.4 X 10-13 

2.9 X10-13 

1.2 X 10-13 

2 . 4 x 1 0 - 1 3 

3.2 X 10-13 

1250°C 

1.9 X 10-13 

3.5 X 10-13 

7.2 X 10-13 

5.6 X 10-13 

4.9 X 10-13 

2.7 X 10-13 

4.2 X 10-13 

4.9 X 10-13 

1.7 X 10-12 

2.2 X 10-12 

2.6 X 10-12 

1300°C 1350°C 

Continuous Heating 

4.6 X 10-13 

7.2 X 10-13 

1 . 4 x 1 0 - 1 2 

1.2 X 10-12 

9.7 X 10-13 

6.3 X 10-13 

9.7 X 10-13 

1.0 X 10-12 

1.1 X 10-12 

1.7 X10-12 

3.0 X 10-12 

2.6 X 10-12 

2.1 X 10-12 

1.4 X 10-12 

2.0 X 10-12 

2.3 X10-12 

I so the rms 

3.5 X 10-12 

6.6 X 10-12 

6.4 X 10-12 

1400°C 

2,9 X 10-12 

4.8 X 10-12 

5.6 X 10-12 

5.3 X 10-12 

6.0 X 10-12 

2.8 X 10-12 

4.0 X 10-12 

5.9 X 10-12 

1450°C 

1.5 X 10-11 

8.5 X 10-12 

9.0 X 10-12 

1.2 X 10-11 

1.4 X 10-11 

1.5 X10-11 

1.1 X 10-11 

1.3 X 10-11 

1.1 X 10-11 

2.1 X 10-11 

1.6 X 10-11 

Q 
(kcal /mole) 

83.2 

86.0 

64.0 

79.3 

88.0 

77.6 

75.0 

72.1 

53.8 

57.9 

49.8 

surface area measurements. In addition, none of the grain boundary area is measured by the gas ad­

sorption (BET) technique, and these short-circuit diffusion paths would further complicate the model. 

Finally, there is the possibility of some thoron adsorption and surface retention at the lower tempera­

tures. However, the good agreement between the isothermal and continuous heating measurements on 

the low density plates tends to support the applicability of the equivalent sphere model. The observed 

increases in activation energy and Do values 

- 1 0 . 5 

11.0 

- 11.5 

q 

• 1 2 0 

•12.5 

•13.0 

A ISOTHERMS 

B CONTINUOUS HEATING 

5.5 6.0 6.5 

l O ' V T r K ) 

7.0 7.5 

Figure 12. Variation of D with Temperature 
in a 99 Percent TD UO2 Plate 

with density may, therefore, be real. Finally 

the high activation energy (80 kcal/mole) found 

for thoron diffusion in the 99 percent TD UO2 

plates is in good agreement with previous 

studies on rare gas diffusion from irradiated 

high density UO2 masses (Table 14). The r e ­

sults of this investigation, therefore, supple­

ment previous experimental work on the evo­

lution of fission gases from, slightly irradiated 

UO2. 

VL SUMMARY AND CONCLUSIONS 

1) Both oxidation and thorium X rejection 

occurred in UO2 powders and plates 

when pure helium was used as the car­

r ier gas. The addition of hydrogen to 

the helium eliminated oxidation and 

drasticallj' reduced the amount of tho­

rium X build-up on the UO2 sample 

surfaces. In the helium-hydrogen car­

r ier gas mixture thorium X rejection 
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TABLE 13. SUMMARY OF RARE GAS DIFFUSION 
IN SINTERED HIGH DENSITY UO2 

STUDIES 

Gas 

Rn-220 

Rn-220 

Xe-133 

Xe-133 

Xe-133 

Xe-133 

Xe-133 

Kr -85 

Kr -85 

K r - 8 5 

Kr -85 

Xe-Kr 

Q 
(kca l /mole) 

80.0 

80-85 

71.7 

76.0 

90,120 

83-115 

92.0 

67.0 

58.5 

65.5 

70-80 

^ 7 0 

T e m p e r a t u r e Range 
(°C) 

1200-1450 

1150-1300 

800-1300 

1000-1450 

1000-1500 

1200-1550 

1000-1600 

800-1450 

1100-1575 

1000-1500 

1000-1450 

900-1900 

Reference 

13, 19 

30 

1 

26 

38 

41 

1 

35 

29, 30 

31 

37 

TABLE 14. THE EMANATION OF Rn220 FROM SINTERED 
HIGH DENSITY UO2,1000 TO 1450°C 

{°K) 

1428(1) 

1377 

1429 

1510 

1524 

(1) Refe] 

a 

0.47 

0.45 

0.47 

0.50 

0,50 

fences 13 a 

D at T* 
(cm2/sec) 

'v>3 X 10"13 

2.0 X 10-14 

3.5 X 10-14 

4.2 X 10-13 

4.2 X 10-13 

ind 19 

Ql (Above T*) 
(kcal /mole) 

80-85 

77.6 

83.2 

79.3 

88.0 

Q2 (Below T*) 
(kcal /mole) 

40 

44.9 

45.6 

25.1 

31.0 

was not observed until 1450°C and then only in the lowest density (71 to 76 percen t TD) UO2 plates 

and some of the powder p repa ra t i ons . E x c e s s oxygen was found to i nc r ea se the thoron diffusion 

r a t e s in s in te red UO2 powders and p la tes . 

Low density UO2 p la tes were cons idered equivalent to a collection of s p h e r e s for diffusion coef­

ficient calculat ions. An apparent i nc r ea se in both activation energy and DQ with density was ob ­

served. Good agreement was obtained between the i so thermal and continuous heating data. F r o m 

an o v e r - a l l l eas t squa re s ana lys is of all the data points the diffusion coefficient for Rn220 in 

s in te red low density (71 to 85 percen t TD) UO2 p la tes can be r e p r e s e n t e d by the equation, 

D = 1 X 10-8 exp (-39,500/RT), over the t e m p e r a t u r e range 1100 to 1450°C. 

F o r the very high density (99 pe rcen t TD) UO2 p la tes a diffusion model based on geomet r i c 

dimensions was used. Both the i so the rmal and continuous heating m e a s u r e m e n t s yielded higher 

thoron diffusion coefficients, and activation ene rg i e s then were found for the s in te red UO2 

powders and low density p la tes . Over the t e m p e r a t u r e range 1200 to 1450°C, the diffusion c o ­

efficient for Rn220 in s in te red high density UO2 p la tes can be r e p r e s e n t e d by the equation, 

D = 0.13 exp (-79,960/RT). 



4) For some samples the thoron emanating power could be measured at temperatures as low as 

400°C. Log D versus l / T plots from 400 to 1450°C gave three intersecting straight lines. A 

high activation energy was observed at high temperatures and at lower temperatures, lower 

energies. The lines intersect near the Tammann temperature and indicate that the emanation 

of Rn220 from UO2 involves several diffusion processes. 



APPENDIX A. SAMPLE PREPARATION AND STANDARDIZATION 

The uranium oxide samples were indexed with Th228 by two techniques. In both processes tracer 

amounts (5-100 /i c/g UO2) of radiothorium were added to uranyl nitrate solutions. In a coprecipitation 

procedure the uranium was precipitated as ammonium diuranate, ignited to U3O8 in air at 500°C, and 

reduced with hydrogen to UO2 at 800°C. In a coevaporation method the thorium-uranyl nitrate solution 

was evaporated to uranyl nitrate hexahydrate which was pyrolyzed to UO3 in electrically heated (200 to 

400°C) porcelain ware. The coarse UO3 was milled for 16 hours in a Zircaloy-2 ball mill. The milled 

UO3 was placed in platinum boats and reduced with hydrogen to UO2 at 800°C. Both types of tagged UO2 

preparations were further homogenized by annealing them in hydrogen for 40 hours at 1750°C. After 

being lightly ground in a mortar and pestle, the coprecipitated oxide preparations were mixed with one 

w/o Carbowax 20M (polyethylene glycol) and pressed into plates at 20 to 30 tsi. The green compacts 

were sintered in hydrogen at 1400 to 1750°C and the low density (71 to 85 percent TD) plates resulted. 

The oxide powder prepared by coevaporation was milled for 20 hours with uranium slugs in a rubber-

lined metal mill. The comminuted powder was agglomerated with the organic binder, pressed into 

plates at 15 tsi, and sintered in hydrogen for 16 hours at 1750°C to produce the very high density (99 

percent TD) wafers. 

The barium stearate standard was prepared by adding a hot sodium stearate solution (6 g sodium 

stearate/250 ml water) to a barium chloride solution (2 g BaCl2 • 2H2O/IOO ml water) containing radio­

thorium (Reference 8). The precipitate was filtered, washed with distilled water, and dried in a vacuum 

oven at 55°C for 36 hours. The relative rates of formation of thoron gas in the barium stearate and 

each UO2 powder preparation was determined by measurement of their beta activities in sealed aluminum 

containers after radioactive equilibrium had been attained (References 5 and 7), A beta-proportional 

counter with a 113 mg aluminum absorber and a Bi210 standard was used. The relative rates of escape 

of the thoron gas from the barium stearate and UO2 were then determined in the flow system and the 

emanating power of the UO2 was calculated with Equation (1). At least 4 weeks (more often longer) 

elapsed between a heating run on a particular sample. 
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APPENDIX B. EMANATION APPARATUS 

A schematic diagram of the continuous flow apparatus is shown in Figure 1. The UO2 samples, 

contained in alumina boats, were placed in a zircon tube which in turn was enclosed in a silicon carbide 

furnace. The furnace was a Brinkmann-Heraeus, Type S 40/3; its temperature could be varied manually 

with a powerstat and regulated to within ± 1°C with a Bristol pyrometer controller. A heating rate of 

0,5°C/minute was used for the 950 to 1450°C temperature range. Temperatures were measured with 

platinum/platinum-10% rhodium thermocouples. A metal adapter on the furnace tube permitted the in­

sertion of thermocouples directly above the UO2 samples. These inner thermocouples were encased 

in ceramic protection tubes which were gas-tight up to 1500°C. The zircon tube immediately led to a 

zinc sulfide alpha scintillation probe (Baird-Atomic Model 870) which was entirely encased in an outer 

metal covering to prevent the escape of any radioactive species from the system. The alpha probe was 

connected to a Baird-Atomic, Inc., regulated high voltage power supply (Model 318) and a general pur­

pose amplifier (Baird-Atomic Model 412). The alpha activity was counted with a precision dual-purpose 

ratemeter (Baird-Atomic Model 412) which simultaneously provided both logarithmic and linear read­

ings. A time constant of 30 sec and a signal of 20 mv was used for most of the measurements. The 

alpha activity was plotted as a function both of high voltage and carr ier gas flow rate. The optimum 

voltage and gas flow rate were found to lie on a plateau where the alpha activity was relatively insensi­

tive to changes in either of these factors. Helium-(5, 10%) hydrogen mixtures were used as carr ier 

gases and the flowrate was controlled with a Brooks Rotameter. A by-pass line allowed the "active 

deposit" background to be measured after each run without interruption of the gas flow. 
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APPENDIX C. THORON DIFFUSION COEFFICIENTS IN LOW DENSITY UO2 PLATES 

^ 
Density 
(% TD) 

70.7 

70.7 

70.9 

70.9 

71.1 

71.1 

75.8 

75.8 

78.6 

78.6 

78.6 

78.6 

78.6 

79.2 

79.2 

79.2 

79.2 

79.2 

79.2 

79.2 

79.2 

79.9 

79.9 

80.5 

82.6 

83.5 

83.5 

84.9 

84.9 

r 
(M) 

3,5 

3.5 

3.5 

3.5 

3.9 

3,9 

8.6 

8.6 

10.5 

10.5 

10.5 

10.5 

10.5 

10.8 

10,8 

10.8 

10.8 

10.8 

10.8 

10.8 

10.8 

11.7 

11.7 

12.2 

14.0 

15.0 

15,0 

16.1 

16.1 

Activity 
( c / m / g ) 

1.08x105 

1.08xl05 

1.08xl05 

1.08xl05 

1,08x105 

1.08x105 

1.08x105 

1.08x105 

1.54xl05 

1.54x105 

1.54x105 

1.54x105 

1.54x105 

1.54x105 

1.54x105 

1.54x105 

1,54x105 

1.54x105 

1.54x105 

1,54x105 

1,54x105 

1,87x105 

1,87x105 

1,87x105 

6.56xl05 

6.56xl05 

6.56xl05 

1.54x105 

1.54x105 

1100°C 1200°C 

4.1x10-

3.1x10-

4.0x10-

2.8x10-

2.9x10-

2.7x10-

7.5x10-

7.6x10-

2.0x10-

1.8x10-

7.1x10-

5.7x10-

7.2x10-

8.4x10-

3.0x10-

1.8x10-

1.7x10-

2.6x10-

1.5x10-

1.9x10-

2.8x10-

2.7x10-

2.3x10-

2,9x10-

2.8x10-

1,6x10-

2.2x10-

3.5x10-

2,7x10-

-15 

-15 

-15 

-15 

-15 

-15 

-15 

-15 

-14 

-14 

-15 

-15 

-15 

-15 

-14 

-14 

-14 

-14 

-14 

-14 

-14 

-15 

-15 

-15 

-15 

-15 

-15 

-15 

-15 

6.8x10-

5.6x10-

6.6x10-

4.9x10-

5,3x10-

5.3x10-

1.3x10-

1.4x10-

4.9x10-

4.9x10-

2.0x10-

2.2x10" 

2.2x10-

3.4x10-

6.0x10-

4.2x10-

4.2x10-

9.0x10-

8.3x10-

7,6x10-

9.8x10-

8.1x10-

7.7x10-

8.8x10-

9.0x10-

8.8x10-

7.6x10-

1.3x10-

9,7x10-

-15 

-15 

-15 

-15 

-15 

-15 

-14 

-14 

-14 

-14 

-14 

-14 

-14 

-14 

-14 

-14 

-14 

-14 

-14 

-14 

-14 

-15 

-15 

-15 

-15 

-15 

-15 

-14 

-15 

D (cm2/ sec ) 

1300°C 1400°C 

1.1x10-

8.9x10-

1.1x10-

8.0x10-

1,1x10-

1,2x10-

2.4x10-

2.6x10-

9.3x10-

1.1x10-

4.0x10-

5,6x10-

5.2x10-

7.9x10-

1.0x10-

8.3x10-

7.8x10-

1,6x10-

1,7x10-

1.5x10-

1.8x10-

2.5x10-

2.6x10-

2.7x10-

3.1x10-

4.2x10-

3,0x10-

4.0x10-

3.4x10-

-14 

-15 

-14 

-15 

-14 

-14 

-14 

-14 

-14 

-13 

-14 

-14 

-14 

-14 

-13 

-14 

-14 

-13 

-13 

-13 

-13 

-14 

-14 

-14 

-14 

-14 

-14 

-14 

-14 

2,0x10-

1,5x10-

2,0x10-

1.4x10-

2.2x10-

2,8x10-

4.5x10-

5.0x10-

2.5x10-

1.5x10-

6.5x10-

8.5x10-

8,0x10-

1.5x10-

2,0x10-

1.6x10-

1,4x10-

2.6x10-

2.4x10-

2,3x10-

2,8x10-

5,5x10-

5.3x10-

5.8x10-

8.0x10-

1.1x10-

7.1x10-

9.3x10-

8,7x10-

-14 

-14 

-14 

-14 

-14 

-14 

-14 

-14 

-13 

-13 

-14 

-14 

-14 

-13 

-13 

-13 

-13 

-13 

-13 

-13 

-13 

-14 

-14 

-14 

-14 

-13 

-14 

-14 

-14 

1450°C 

3.3x10-14 

2.4x10-14 

3.5x10-14 

2.2x10-14 

4.8x10-14 

6.4x10-14 

7.3x10-14 

7.7x10-14 

4,2x10-13 

1.7x10-13 

8,3x10-14 

1.2x10-13 

1.0x10-13 

1.9x10-13 

3,3x10-13 

2.3x10-13 

2.0x10-13 

3.8x10-13 

3.1x10-13 

2.9x10-13 

3.4x10-13 

7.5x10-14 

7.0x10-14 

8.0x10-14 

1.1x10-13 

1.5x10-13 

9.7x10-14 

1,3x10-13 

1.3x10-13 

(kcal /mole) 

27.7 

25.1 

25.3 

27.4 

40,6 

41.6 

33.9 

34.3 

39.5 

27.6 

31.0 

35,2 

32.9 

34,9 

33,2 

33.7 

32.2 

33.9 

32.2 

30,7 

25,5 

46.2 

47.2 

44.7 

49.5 

57.2 

53.2 

49.0 

52.0 
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