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ABSTRACT 
Post-irradiation anneal experiments have been used to determine 

the release of iodine and tellurium from lightly irradiated UO^ 
samples maintained at stoichiometry. The applicability of the equi­
valent-sphere model of diffusion to release of fission gases has been 
tested. 

Diffusion coefficients and activation energies have been evaluated. 
The diffusion coefficient of Te 132 at 1400*C was found to be of an 
order-of-magnitude larger than that of I 131. This result may be of 
importance for an understanding of the pellet-cladding interaction and 
for a better evaluation of the source term for fission-product release 
under accident conditions. 

Qualitatively, the influence of the stoichiometry on the release 
of Xe 133, I 131, and Te 132 has been established. 
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I. INTRODUCTION 
The release of volatile fission products from irradiated fuel is 

of importance for a better understanding of pellet-cladding inter­
action and for a better estimation of release rates during normal 
nuclear power plant operation and in accident situations. 

From a safety point of view, iodine release evaluation appears to 
be of primary interest for two reasons: 

(1) radioiodine is expected to be a major contributor to public 
radiation exposure in the event of an atmospheric release. 

(2) current regulatory accident analysis procedures focus mainly 
on iodine. 

As data on xenon and tellurium were also available from the same 
set of experiments, attention was also focused on these radionuclides. 

The diffusion of rare gases in U0- has been the subject of a 
large number of experimental investigations. Notwithstanding this 
effort, reliable values for the diffusion coefficients at temperatures 
of interest (>1000*C) are still unavailable. Lawrence (1) has re­
viewed the literature through 1977 and has identified variables which 
appear to exert large effects on the release of the rare gases. (At 
the present time, differentiation between the release properties of 
krypton and xenon has not been possible and the data on rare gas 
release have been treated as a single set.) With respect to post-
irradiation anneal experiments, the following variables were 
identified; 
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1) stoichiometry of the UOg chosen for the experiment 
2) carrier gas composition. Depending on the environment, it is 

possible that a significant change in stoichiometry could 
occur during the course of measurement. In many experiments, 
the U0- is heated in a furnace and the released volatile 
fission products (trace quantities) are conducted to a collec­
tor by flowing helium, hydrogen or a mixture of these. In 
others, heating took place in a vacuum. 

3) the density and form of the solid (i.e., single crystal, 
sintered, fused, powdered) 

4) burnup. 
Measurements on fission gas release during the course of irradia­

tion in-reactor are considerably more complex and subject to additional 
variables that can affect the rate of release of volatiles. Lawrence 
[1] indicates that data from such in-core experiments depend upon the 
power rating and, possibly, vaporization for those experiments of long 
duration. 

All of these factors have not been controlled or precisely defined 
in most experiments. For the data reviewed by Lawrence, derived 
diffusion coefficients for xenon at a standard temperature of 1400*C 
show about six orders of magnitude variation. Through a search for 
correlations based on the variables noted above, Lawrence (1) was able 
to account roughly for the effects due to burnup and stoichiometry. 
Unfortunately, even with these corrections on the data from post-
irradiation anneal experiments (thought to be subject to fewer 
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uncertainties than the in-core results), the data set still showed 
very large scatter. Treating the data as a set normally distributed 
in the logarithm of the diffusion coefficient, the one sigma limits 
covered a range of two orders of magnitude. 

A very few sets of data exist on iodine and tellurium. Turnbull 
et al. [2] studied in-pile release of iodine, whereas Peehs et al. [3] 
examined iodine and cesium behavior in post-irradiation anneal experi­
ments. In both cases, the amount of iodine released from a fuel sample 
was evaluated by measuring the activity of 1-130 or 1-129 trapped by a 
charcoal filter in Ref. 2 or by a liquid-nitrogen cooled surface in 
Ref. 3. 

As iodine is very active chemically it is quite difficult to 
insure complete collection of the volatilized material. As a result 
we have chosen to measure the fraction of a particular fission product 
retained in a specimen following an anneal. The method is based on 
the assumption (proven experimentally) that once released, no fission 
products return to the specimen. Thus the fractional release is one 
minus the fraction retained. 
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II. EXPERIMENTAL 
1. Experiment General Description 

Samples were prepared from depleted UOg pellets sliced into small 
wafers. Before the irradiation, they were reduced to stoichiometry 
(0/U • 2.00) by heating for 3 hours at 1750*C in the presence of H-
at a pressure of 1 atm. After reduction and before irradiation, sam-
pies were kept under vacuum (10 Torr). To avoid oxidation, the 
samples were irradiated under an inert atmosphere. Samples were 
placed into sealed plastic bags filled with helium. The "Lazy Susan" 
capsules used for the irradiations in the IICB TRIGA nuclear reactor 
were also filled with helium. 

As relative measurements were to be accomplished, wafers were 
irradiated in pairs. In the following discussion the wafer which is 
annealed is called the "sample" and the other is called the "standard". 
Sample and standard were placed very close together during irradiation 
in order to receive the same flux and hence the same fission product 
production. Depending on the weight of the samples, the irradiation 
time varied from 10 to 25 minutes in order to produce roughly the same 

12 number of fissions (5 x 10 fissions) and to obtain approximately 
2 uCi of I 131 after 8 days of cooling following irradiation. 

Irradiated wafers were kept in the reactor pool for 1/2 hour and 
then, when the dose-rate was down to 300 mrem/hr at 1 foot, transferred 
a shielded glove-box. Argon flow was maintained in the glove-box to 
avoid oxidation of wafers during the cooling period. 
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After 8 days, sufficient decay had occurred and the dose-rate was 
reduced to 20 mrem/hr at one inch. Handling could then take place: 

- count both sample and standard with the Ge(Li) detector. 
- insert and heat up the sample in the furnace, usually under 

flowing H~ (at temperatures ranging from 1400 to 1700*C) 
for times between 1 hr and 9hrs). 

Two methods were used to evaluate the fractional release: 
131 133 132 

- direct measurement: comparison of I , Xe , Te activi­
ties in the sample before and after annealing. 

131 133 132 
- relative measurement: comparison of I , Xe , Te activi­

ties of the standard to that of the sample after heating. 
2. Apparatus 

Figure 1 depicts the overall system which was used for wafer 
reduction and irradiated sample annealing. The gas lines were 1/4 inch 
O.D. stainless steel tube. Only owagelock-type fittings were used for 
connecti'ons. During reduction or annealing, hydrogen was passed 
through a liquid nitrogen-cooled activated charcoal trap. For anneal 
experiments, H- was passed through a charcoal filter cooled by refrig­
erated methyl alcohol before exhausting into the reactor vent system. 

Shown in Fig. 2 is a detailed view of the Brew furnace. The U0 2 

specimens were placed inside a molybdenum crucible which was 2.5 cm 
O.D. and 15 cm long. A tungsten wire sample holder was designed to 
accommodate several wafers in an upright position. During reduction 
or annealing hydrogen was fed at the top of the crucible. Zirconium 
chips were placed above the specimen as shown in Fig. 2 in order to 
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decrease the oxygen concentration, as Zr is a strong oxygen getter at 
high temperature. In addition the Zr acts as a radiation shield and 
as a trap for reactive fission products released from the specimen. 

The entire furnace was contained in a bell jar which was under 
vacuum during operation (to prevent oxidation of the furnace heat­
ing element). A pressure of 10 Torr could be obtained using a 
15 cm diffusion pump. During furnace operation a pressure of (5-10)x 
10 torr could be maintained. The temperature was measured by a 
W3%Re - W25%Re thermocouple adjacent to the crucible. Because the 
thermocouple was located outside of the crucible (see Fig. 2) 
calibration with a thermocouple placed inside the crucible was 
necessary. Figure 3 shows the calibration curve. 
3. Specimen Preparation 

Depleted (JO- pellets (0.2% U-235) 1.05 cm in diameter, 1.5 cm 
high with a 0.5 cm diameter hole in the center were provided. Disks 
0.6 to 1.4 mm thick were sliced from the pellets. 

Single crystal U0 2 pellets were provided. These were sliced 
into 1 mm thick wafers. 

As mentioned before, oxide stoichiometry appears to be a very 
sensitive parameter for fission gas release [1]. Reduction of speci­
mens may be accomplished in hydrogen, but this technique requires 
removal of oxygen and water [4]. A H- stream of 5 cc/s was main­
tained. For these conditions, the stoichiometric state should be 
reached after 3 to 4 hrs at 1750*C. Higher temperatures should not be 
used for grain growth may then occur, or reduction to U0_ could 
take place. 
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4. Irradiation 
Irradiations were performed in the UCB TRIGA reactor in Lazy Susan 

capsules. The number of fissions F may he easily computed for each by: 

F » q x o- x N f x t x V x t (1) 

q » enrichment 
af » fission cross section 

3 N - number of atoms/cm 
12 2 i =• thermal neutron flux =• (4.5 * .5) x 10 n/cm -s 

V » volume of specimen 
t » irradiation time 

5. Gamma-Detection 
A Ge(Li) detector was used. Before the beginning of the set of 

experiments, amplifiers were adjusted to get the best possible resolu­
tion, which was 2 kev at 1-333 Mev. Then an energy calibration with 
known radionuclides was performed. As release evaluations were accom­
plished only with relative measurements, careful attention was given 
to the position of sample and standard in front of the detector. For 
this purpose a rack with 30 different numbered positions and a sample 
holder were designed to insure that sample and standard were counted 
at exactly the same position in front of the detector. 
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III. DATA ANALYSIS 
1. Spectroscopy 

After samples had been irradiated, radioactive decay of selected 
Y-rays peaks was followed and half-lives computed. With a listing of 
the major peaks in irradiated U0~ given in [5], identification of 
nuclides present was possible. These are shown in Table 1 and are 
also plotted in Figs. 4 and 5. 

For accurate peak area determination, two conditions should be met: 
1) The peak must be clean: No other peak at the same energy for 

the time period of interest. Fortunately, this was the case 
for the 364 keV line of I 131, the 81 keV line of Xe 133 and 
the 772.7 kev line of I 132. But, for example for the period 
from 8 to 28 days after irradiation, data from the 228.2 keV 
line of Te 132 and the 668 keV line of I 132 were useless. 
In order to evaluate peak areas in these cases, sophisticated 
spectrum analysis would have been required. 

2) Precursors of the nuclide of interest should have either a 
short half-life (then release of the daughter can be meas­
ured) or a long half-life (then release of the precursor can 
be determined) compared to the daughter's. 

Chains of interest are the following: 



12 

Table 1: Irradiated U0- peaks. 

Channel 
number 

Energy 
keV 

Nuclide 
and 

half life 
Relative intensity 
after 21d (peak max 
height/Background) Remarks 

150 81 Xe 133(5.35d) 1.7 
449 228.2 Te 132(78.3h) 5.4 + not clean 

(Np 239 peak) 
551 276.6 Np 239(2.35d) 5.8 
657 328.7 La 140(12.78d) 6.0 
731 364.5 I 131(8.04d) 11.2 
985 487 La 140 18.9 
1006 497 Ru 103(39.4d) 11.1 
1360 668 I 132 5.0 « not clean 
1477 724 IT 95(64d) 16.0 
1545 756.7 IT 95 20.0 
1564 765.8 Nb 95(35d) 13.6 « daughter 

of the 
65d IT 95 

1578 773 I 132 7.0 
1667 815.7 La 140 « not clean 

(Tc 96) 
3290 1596 La 140 140.0 
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Mass 131: 
Te 131m 
.30 hr" 

Eight days after irradiation, growth of I 131 from decay of Te 131m 
is not significant. Therefore, I 131 can be used directly to study 
iodine diffusion. 

Mass 132: 
Te 1 3 2 — 

72 h 
•I 132 
2.28 h 

Precursors of Te 132 have negligibly short half lives. If counting 
is performed - 12 h after an anneal, the I 132 is in secular equilib­
rium with the remaining Te 132. Hence the difference in the activity 
of I 132 before and after annealing becomes a direct measure of the 
release of tellurium from the specimen. 

Mass 133: 
I 133 — 
20.9 h 

•Xe 133 
5.25 d 

Eight days after irradiation, all precursors of I 133 have decayed 
and the contribution of this nuclide to the growth of Xe 133 will not 
be significant. Measurement of the 81 keV transition from Xe 133 
decay will be a direct measure of xenon in the specimen. 

Mass 140: 
Ba 140 — 
12.79 d 

-*la 140 
40.3 h 
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Ba and La, which are less volatile fission products than I, Te and 
Xe, are not expected to escape from the sample in this range of temper­
ature. Therefore, lines due to Ba 140 or La 140 decay have been used 
as reference lines. Ten days after irradiation La 140 will be in 
secular equilibrium with Ba 140 and then both La 140 and Ba 140 may be 
used for this purpose. 
2. Fractional Release Evaluation 

An anneal was performed with two irradiated samples and an 
unirradiated sample between them. As this experiment demonstrated 
that once released, no fission products return to the specimen, the 
fractional release is one minus the fraction retained: 

f * 1 - R (2) 

f = fractional ralease 
R » fraction retained in the.sample 

R may be determined by using two methods: 
a. Direct measurement. 

R is the ratio of the fission product peak of interest after 
annealing to that before annealing divided by an 
experimentally-determined correction coefficient (COR) and 
corrected for decay. COR includes the effect of the non­
uniform and asymmetric distribution of fission products 
produced by fission (see Appendix) 
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S a 1 
R . ̂  x exp (- .693 x t/P) x ̂  (3) 

S > net count under the peak of interest after annealing. 
S b » net count under the peak of interest before annealing, 
t > time between the two countings. 
P • half-life of the nuclide. 

COR - correction coefficient. 
Relative measurement. 
R is the ratio of the fission product peak of interest for 
the sample to that of the standard after annealing, divided 
by COR. In this case, the correction coefficient includes 
the effect of the asymmetric, nonuniform distribution and the 
thickness difference between sample and standard (see 
Appendix). 

Sl 1 
R - jt x exp (± .693 x t/P) x ̂  (4) 

S, » net count under the peak of interest for the sample 
after annealing. 

S- » net count under the peak of interest for the standard, 
t » time between the two countings. 
P » half-life of the nuclide. 
± : + when sample is counted after standard. 

- when sample is counted before standard. 
COR » correction coefficient. 

Associated errors on these ratios are estimated in the Appendix. 
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IV. RESULTS 
Sample characteristics are given in Table 2. Thicknesses and 

weights have been measured, irradiation times reported and the number 
of fissions computed from Eq. (1). 

In Table 3 results from eight anneals are reported. Anneal II was 
performed under partial vacuum. The results demonstrated that even 
with the oxygen getter action of the zirconium chips, samples were 
oxidized (they were reddish at the end of the anneals). The same 
observation applies to anneal VI. As shown by Lawrence [1] stoichi-
ometry is a very influential parameter, at least on the xenon release 
rate. Therefore results from anneals II and VI should be used with 
care. Neither can results from anneal IV be trusted since a jump to 
1650*C occurred during the first two minutes of the experiment. At 
1500*C only anneals III and V are considered acceptable. 
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Table 2: Sample characteristics. 

Sample* 
Number 

Thickness 
mm * .1 

Weight Irradiation 
mg * .2 Time, min 

Number 
of 

Fissions 
x 1 0 " 1 2 Utilization 

2S 
3 

.69 

.61 

459.4 

404.5 
18.0 

5.0 
4.4 

Anneal II , III 
Anneal I 

4S 
5 

.94 

.99 
623.0 
643.6 

8.5 
3.2 
3.3 Anneal II, III , IV 

6S 
7 

1.00 

.98 

671.5 

648.7 
12.0 

4.8 
4.7 Anneal IV, V 

8S 
9 

.89 

.94 
594.7 
621.4 

13.0 
4.6 
4.8 

Anneal V 
Anneal III, IV 

10 1.02 667.9 no irradiation Anneal II 
IIS 

12 
.48 
.43 

332.0 
303.0 

18.0 
3.6 
3.3 Anneal V 

13S 
14 

.94 
1.07 

624.6 

708.2 
12.0 

4.5 

5.1 Anneal VI 
15S .84 561.8 4.4 
16 .84 565.0 13.0 4.4 Anneal VII 
ml .91 322.0 2.5 
17S 

18 

.86 

.79 

580.1 

526.3 
14.0 

4.9 
4.4 

Anneal VIII 

m2 n.a. 98.9 i 

*S following sample number denotes a standard for the following sample; 
ml and m2 are single crystal specimens. 
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Table 2, continued 

Number 
of 

Sample* Thi ckness Weight Irradiation Fissions 
Number mn l ± .1 mg ± .2 Time, min x 10-12 Utilization 

19S .58 394.4 
20.0 

4.6 
20 .56 376.5 4.4 Anneal IX 
m3 .61 193.8 1.5 
21S .60 405.7 | 20.0 n.a. 

Anneal X 
22 .45 302.5 1 n.a. 

*S following sample number denotes a standard for the following sample; 
m3 is a single crystal specimen. 
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Tabltj 3: Experimental results. 

Anneal Anneal 
Time hr 

Temperature 
•c 

Samples 
Annealed 

Fractional Release of 
Number 

Anneal 
Time hr 

Temperature 
•c 

Samples 
Annealed I 131 Te 132 Xe 133 

IIa 1 1535 5 15.2 * 2.5 16.2 * 2.5 12.2 * 2.5 
2 14.0 * 2.0 20.0 * 2.0 12.0 * 3.0 

III 1 1530 5 19.5 * 3.5 n.a. 14.0 ± 4.5 
2 17.5 * 3.5 n.a. n.a. 
9 2.0 ± 1,0 7.5 ± 1.0 1.5 ± 1.5 

IVb ' 2 1535 7 9.0 ± 1.0 14.0 * 3.5 3.9 ± 1.0 
9 11.7 * 1.0 27.5 ±3.5 n.a. 

V 2 1530 7 14.6 * 1.0 15.0 * 1.0 4.0 * 1.0 
12 4.0 * 1.0 10.25 * 1.0 4.0 * 2.0 
8 4.0 * 1.0 n.a. n.a. 

VIC 9 1450 14 18.0 * 3.0 21.2 * 2.0 20.0 * 2.0 
VII 1 1630 16 8.0 * 0.4 22.0 * 2.0 n.a. 

ml 1.0 * 1.0 2.25 ± 1.65 n.a. 

VIII 1 1700 18 
m2 n.a. • .a. n.a. 

IX 7.3 1450 20 5.5 ± 1.0 9.5 ± 1.0 3.0 * 2.0 
X 1.5 1650d 22 7.4 ± 1.5 18.4 * 1.4 n.a. 

m3 0.6 * 0.5 2.8 * 0.8 n.a. 

a: Anneal performed under partial vacuum; samples were reddish after heating, 
b: A jump to 1650"C occurred during the first two minutes of the anneal, 
c: Samples were reddish at the end of the anneal; probably oxidized, 
d: Thermocouple changed; calibration curve of Fig. 3 cannot be used. 
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V. DISCUSSION OF RESULTS 
1. The Equivalent Sphere Model 

Fission product gases are released by a combination of mechanisms: 
- diffusion in the lattice to grain boundaries. 
- diffusion through the grain boundaries or other channels 

leading to open surfaces. 
Booth [6] postulated that xenon migration in sintered U0 2 could be 
modeled as an assembly of spheres communicating with the atmosphere 
through such channels. The radius of the equivalent sphere is denoted 
by "a". In polycrystalline specimens the equivalent radius does not 
correspond to any physical dimension characterizing the specimen. It 
is smaller than the gross dimension (i.e., the half-thickness of the 
wafer used in the present test) but larger than the grain size. Only 
in the case of single crystals does diffusion occur to the external 
surface of the solid. 

By using Ficks law: 

aC n 1 3 i J. 3C \ 
T t - D 7 - 3 F l r Tr) 

and the initial boundary conditions: 
C(r,0) . C Q 

C(a,t) =. 0 
C = fission product concentration 
D - effective diffusion coefficient. 

The fractional release can be expressed by [7]: 
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f . o / ? - 3 © 
where f 1s the fractional release expressed by 

r 4*r2 C(r ,t)dr 
f - 4 ,3-

Solving (5) f o r ^ : 

(5) 

„ fi-/iTi 
• T - J a (6) 

In its simplest form, the equivalent sphere model implies that 
over dimensions large compared to the grain radius, the concentration 
gradient of the diffusing species is constant. Hence, for large enough 
samples with uniform initial concentrations of the diffusing species, 
annealing would yield a uniform decrease in concentration through the 
sample, as opposed to the large gradients expected for diffusion in 
single crystals. More realistically, so long as the transport of the 
diffusing species through grain boundaries is sufficiently unimpeded, 
concentration gradients would be small compared to those obtained with 
single crystals. 

For the present experiments where gamma ray measurements are 
performed to define fractional releases, uniform sampling of the emis­
sion from all segments of the specimens is perturbed by attenuation due 
to the high Z of uranium. For the 773 keV line from decay of I 132m 
this is negligible and for the 364 keV line from I 131 the attenuation 
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is small enough to permit a fairly uniform sampling of the specimens. 
However, for the 81 keV line from Xe 133 decay, the mean free path in 
the U0- corresponds to 10-20% of the thickness of the specimens and 
hence a large bias in favor of concentration changes at the surface is 
inherent in a direct application of the counting data. 

In the present experiments, no measurements of the concentration 
profiles of the volatile species remaining in the samples after anneal 
have been performed. The ratios of gamma ray intensities before and 
after anneal have been used directly to examine the extent to which 
release follows a diffusion model and to derive values for diffusion 
parameters of each species. This is equivalent to the interpretation 
of the data in terms of the equivalent sphere model. While the bias 
introduced for tellurium and iodine will not be severe, the neglect of 
concentration gradients will result in overestimates of the release 
fractions for xenon, which translates into deduced diffusion 
coefficients that are too large. 

2 
The effective diffusion coefficient D/a may be computed from 

Eq. (6) by using the fractional release data given in Table 3. 
Results obtained for D/a for all acceptable anneals are listed in 
Table 4. 
2. Square-root-of-t Law 

For small fractional release (f < 20X) corresponding to short 
annealing time, i.e., 

Dt . ~l « 1 
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Table 4: Effective diffusion coefficients. 

Anneal Sample D/a x 10 , s 
Number Number I 131 Te 132 Xe 133 

III/V 9/8/12 (1.1 - 2.2) 11 - 17 0.5 - 2.2 
VII 16 14 - 18 110 - 160 n.a. 
VIII 18 140 - 180 850 - 1000 21 - 44 
IX 20 0.6 - 1.2 2.5 - 3.9 0.03 - 0.2 
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the last term of Eq. (5) may be neglected and the fractional release 
expressed as: 

1 - /E — I" /DtV 
/T 17/ 

1/2 

The fractional releases of I 131 and Te 132 during anneals III and 
V from samples 9, 12 and 8 were used to test this prediction (Table 5). 
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Table 5: Test of square-root-of-t law 

Sample No. 
Anneal 
time 
in hrs 

f / / T (h" 1' 2) 

I 131 Te 132 

9 

12 
8 

1 

2 

2 

2.0 * 1. 
2.8 * .7 
2.8 ± .7 

7.5 ± 1. 
7.3 ± .7 

NA 

Within the large uncertainties, the data are consistent with 
diffusion model predictions. Oue to the small release fractions, 
useful data was not determined for Xe 133. 
3. Temperature Dependence of the Diffusion Coefficient 

p Table 4 gives D/a for different temperatures. These data are 
plotted in Arrhenius fashion in Fig. 6. 

Classical diffusion coefficients are known to have the following 
temperature dependence: 

D . D Q exp (- q/RT) 
Q =• activation energy in kcal/mole 
R » universal gas constant » 1.987 cal/mole K 

It appears from Fig. 6 that the effective diffusion coefficient 
has the same behavior as the classical diffusion coefficient. The 
activation energies derived from these data are: 
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xai.e?!0-6742 

Fig. 6. Effective diffusion coefficients of iodine, telluriim and 
xenon in lightly-irradiated 00 ?. 
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For I 131 Qj - 140 * 10 kcal/mole 
For Te 132 Q T e - 155 ± 25 kcal/mole 
For Xe 133 Q X e - 140 * 40 kcal/mole 

According to Lawrence [1], the activation energy for xenon diffu­
sion in UO- varies from 36 kcal/mole to 140 kcal/mole as the stoichi-
ometry is decreased from 2.12 to 2.00. Thus the release rate of xenon 
is a good indicator of excessive sample oxidation. 

Turnbull [2] found an activation energy of 35 kcal/mole for iodine 
diffusion and 30 kcal/mole for xenon diffusion. Such a low activation 
energy for xenon diffusion indicates, according to Lawrence, that the 
U0- used was oxidized. As it has been proved in this study that the 
stoichiometry strongly influenced the release of iodine as well, a 
comparison with Turnbull results is difficult. 
4. Equivalent Sphere Radius 

To determine the effective diffusion coefficient from results 
given above, the equivalent radius must be measured. 

A simple method to estimate the radius of the equivalent sphere is 
to anneal a single crystal at the same time as a polycrystal and com­
pare the releases from the two samples. In general, the short-time 
fractional release from a body of arbitrary surface-to-volume ratio 
(s/v) is 
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For an equivalent sphere of radius a, s/v » 3/a. For a single 
crystal disk of thickness 1, s/v » 2/L. The equivalent sphere radius 
is then given by: 

3 f s 
a-l-^L (7) 

P 
f » fractional release from the single crystal 
f » fractional release from the polycrystal 
I » thickness of the single crystal (Table 2) 

Using the data from Table 3 for anneals VII and X, Table 6 shows 
the equivalent sphere radius for I and Te at -1650*C. 

Table 6: Equivalent sphere radii. 

Anneal No. a in unt 

I 131 Te 132 
VII 190 ± 100 150 ± 60 

X 120 ± 120 230 ± 100 

Although the equivalent sphere radius is not identical to the 
grain size, these two quantities are related [2]. Sintered U0-
usually has a grain size of d * 5 »m. Growth of the grains may be 
derived from Fig. 14-13(b) and Eq. (14.47) from Ref. 7: 



31 

1450*C, 
d-dQ 

^7" 0.2% 

1500*C, 
d-dQ 

0.5% 

1600*C, 
d - d 0 

2.0% 

1700*C, 
d-d 0 

1 - M 

0 
18,08 

17S0*C, 
d . d o 

30.0% 

Since the samples were reduced for 2-3 hrs. at 1750*C prior to 
irradiation, grain sizes during the anneals are probably of the order 
of 10 urn. As the temperatures of the anneals were below 1750*C, grain 
growth may be neglected. 

For polycrystalline specimens with an average grain size of 10 urn, 
Turnbull [2] found an equivalent sphere radius of 60 pm for a lightly 
irradiated sample. This is - 1/4 to 1/2 of the values in Table 6. 

Using results from Tables 5 and 6, diffusion coefficients at 
1400*C can be evaluated by interpolation 

for I 131 D 1 4 Q 0 . (6 ± 4) x 1 0 " 1 7 m 2/s 
for Te 132 D 1 4 0 Q > (1.7 ± 0.7) x 10" 1 6 m 2/s 
for Xe 133 D 1 4 Q 0 - (1.1 ± 1) x 10" 1 7 m 2/s 

As aiscussed in the introduction, comparing these results with 
previous measurements is difficult. Considering the data reviewed by 
Lawrence [1], no single experiment of a comparable nature appears to 
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be included. As a result, the best that can be done appears to be a 
comparison with Lawrence's evaluation of data taken in post-irradiation 
anneal experiments on sintered and fused U0 2 samples. Treating these 
data statistically (after correction for the correlations found with 
burnup and stoichiometry), Lawrence reports an average value for 
O x (1400) of 5.5 x 10 m /s with one sigma limits of 5.4 x 10 and 

1Q 9 

5.6 x 10 m I s , respectively (see Fig. 7). The result obtained 
from the present experiment lies at the upper limit of this range 
within errors. However, the value D„ (1400) determined in this 
study is in good agreement with the value from the recommended data 
set reviewed by Matzke [8], 

For iodine, much less experimental data is available. The in-core 
experiments of Friskney and Turnbull [2] seem well documented and after 
correction for the difference in equivalent sphere radius between their 
work and the present experiments, one derives a diffusion constant of 
about 3.8 ± 3.3 x 10 m /s at 1400'C. Although the mean values 
suggest the present result is a factor of about 1500 larger, such a 
comparison is highly misleading due to the large uncertainties which 
allow the ratio of the two values to be completely uncertain. 

The diffusion constant for tellurium is the first reported to our 
knowledge. 
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Fig. 7. Diffusion coefficient of xenon in U0 at ll*00°C. 
References for the various experiments summarized here 
are given by Lawrence [l]. 
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VI. CONCLUSION 
1. An experimental method to measure releases of I 131, Te 132, 

Xe 133 from lightly irradiated U0 2 samples had been developed. 
It can provide accuracies of about ± \% in fractional releases of 
I and Te. 

2. The equivalent sphere model appears to be adequate to describe 
release kinetics. The results are not in agreement with the 
iodine release model proposed by Malen [9] in which iodine release 
occurs only as a result of moving grain boundaries. 

3. Release of Xe 133 and I 131 are very sensitive to stoichiometry. 
The result for xenon release is constant with previous findings. 

4. By using single crystal specimens, effective diffusion 
coefficients and activation energies for I 131, Te 132 and Xe 133 
have been found. Although comparison with literature results is 
difficult, the diffusion coefficients found here tend to be larger 
than the average values reported. 

5. Of principal importance is the result that the release rates both 
I and Te from OTU appear higher than for xenon over the 
temperature range 1400"-1700*C. 
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APPENDIX: FRACTIONAL RELEASE EVALUATION AND ASSOCIATtO ERRORS 
1. Peak Areas Determination and Statistic Errors 

Background under each peak was evaluated by applying a linear 
approximation between the mean count numbers before and after the peak. ' 

Peaks areas were evaluated by summing all channel counts that were 
significantly higher tlian background in the vicinity of the peak. 

Error calculation on the peak areas were performed as follows: 
N « total counts under the peak 
B » total background counts under the peak 
S * net counts of the peak (S * N - B) 

Then standard deviation or S, a , is given by the error propaga­
tion theorem. 

2 2 . 2 °s ' °n + °B 
o s . (N + B ) 1 / 2 - (2N - S ) 1 / 2 

2. Correction Coefficient Determination (COR) and Errors 
It appears very quickly that a correction coefficient (COR) should 

be introduced to correct for different "changes in parameters when 
either the direct method or the relative method are used. 

a. Non-uniform distribution of fission product. In these 
irradiations, sample and standard were placed next to each other. 
Therefore, for thick specimens (thickness _> 1mm), flux depression 
occurred during irradiation (due to U 238 absorption). The assumption 
of uniform fission product distribution is no longer acceptable. 

After a thick irradiated sample was counted from one side, it was 
reversed, exposing the other side to the detector, and counted for the 
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same time. After correction for decay, ratio of the peaks was com­
puted. Figure 8 displays the results for sample No. 8. The solid 
line is an interpolated curve between the data. This curve demon­
strates that the distribution of fission product is nonuniform and 
asymmetric for thick samples. This does not alter results on fission 
product release, but complicates data analysis. 

If accurate results are needed, the two sides of a sample should 
be distinguished or the flux depression reduced by use of thinner 
specimens. 

b. Differences between standard and sample. Standard and sample 
do not have always the same thickness. A correction for thickness 
difference must be introduced in the evaluation of the fractional 
release. As the attenuation of y-rays in U0 2 depends on the energy, 
this correction depends also on the energy of the -r-<"ay observed. 
Ref. 10 gives half thicknesses (d,,,) for different energies, 

for 81 keV (Xe 133) d 1 / 2 - 0.02 cm 
for 364 keV (I 131) d 1 / 2 = 0.2 cm 

The ratio of the height of a peak of the sample to that of the 
standard before annealing may be expressed, assuming a uniform dis­
tribution of fission products, as: 

f l (-x>dl/2) J 2 i l £ dx 
R -A: 

/V^dx 
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Fig. 8. Ratio of the intensities of various fission product gamma 
ray peaks measured from the two faces of a sample, one 
of which had been shielded during irradiation by another 
sample. 
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e 1 - thickness of the standard, 

e, » thickness of the sample 

1 - exp [-log(2e 1/d 1 / 2J] 
R * 1 - exp L-log(Ze 2/d 1 / 2)j < 

The solid line in Fig. 9 is R versus energy from Eq. (9) for 
e, » 0.89 mm and e- - 0.94 mm. 

The combination of these two effects (different thickness and 
non-uniform distribution) will not be determined theoretically but 
rather pragmatically as follows: 

c. Correction coefficient evaluation. As the two effects 
described above were often combined, correction coefficients have been 
evaluated each time by using the spectra themselves. Ratios of non­
volatile fission product peaks (e.g., La 140) have been computed for 
the two spectra considered. After plotting these ratios versus peak 
energies the correction coefficient (COR) may be easily interpolated 
for different energies. An example of such a calculation is given in 
section 4. Errors have been placed on these correction coefficients. 
These errors are of the order of the statistical error. 
3. Fraction Retained (R) Evaluation ar-d Errors on R 

If the direct method is used (see Sec. III.2): 

Sa 1 
Eq. (3): R . ̂  x exp (-.693 xt/P) x ^ 
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Fig. 9- Ratio of the intensities of fission product gamma ray peaks from 
tvo wafers, one 0.89 mm thick and the other 0.9^ mm thick. 
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dR 
IT* 

2 2 -,w 
A d [exp(-.693 t/P)] M dCOR 

dP EOT" 

dR IT 

dP 

v/ « 
1/2 

. .693 t „ dP . dCOR 
—p~ X F - + rar 

-p- may be evaluated from the data given in Ref. 10. It is 
usually of the order of 5 x 10" . 

If the relative method is used: 

Eq. (4): R < ji- x exp ± (.693 x t/P) x ^ 

dR 
IT W 'ft 

2-\ 1/2 
«. dCOR-. .693 t „ dP 

rar —r~ *v 
The error on the exponential term had been neglected for in this 

case t « P and therefore 1 x $- is negligible: 

dR 
W 

1/2 

^ *iv . dCOR 
m~ 

4. Practical Example of Fractional Release and Error Determination 
In this section, release of I 131 from Sample No. 12 during anneal 

No. IV (2 hrs. under H-) is computed. Peak areas are given and 
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results are called "Spectrum Analysis". Results with error calculation 
are denoted as "Data Interpretation." 
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SPECTRUM ANALYSIS 

SAMPLE No. 11 DATE: 9/13 9:05 COUNTED DURING: 8000s POS:09 
CHAN ENER. ELEMENT N S s/S 
556 276.6 Np239 1,012,680 913,880 .001 
667 329.7 Np239 151,920 111,920 .004 
736 364.5 1131 151,329 104,070 .005 

3291 1596.0 Lal40 70,320 69,130 .004 

SAMPLE No. 12 OATE: 9/13 12:05 COUNTED DURING: 8000s P0S:09 
CHAN ENfrt. CLEMENT N s/S RATIO 
556 276.6 Np239 927 ,600 851 ,700 .001 .967 
667 329.7 Np239 138,280 102. ,280 .004 .948 
736 364.5 1131 130. ,140 91, ,570 .005 .891 

3291 1596.0 Lal40 63, ,430 62. ,430 .004 .909 

N = total counts 
S = net counts 

RATIO: ratios of peak areas for sample (No. 12) and standard (No. 11) 
after correction for decay. 

For I 131 COR = .925 ± 0.01 (by interpolation using the two Np 239 
peaks and the La 140 peak) 
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SPECTRUM ANALYSIS 

SAMPLE No. 12 DATE: 9/9 10:20 COUNTED DURING: 8000s P0S:25 
CHAN ENETT ETLTNT S 5 s75 
556 276.6 Np239 966,200 886,270 .001 
660 328.7 Lal40 43,320 18,060 .015 
736 364.5 1131 68,080 42,544 .008 

3291 1596.0 Lal40 23.9J0 23,420 .007 

SAMPLE No. 12 DATE: 9/10 12:10 COUNTED DURING: 8000s P0S:25 

CHAN 
556 
660 
736 

329T 

£N£R. 
276.6 
328.7 
364.5 

15^53 

ELENT 
Np239 
Lal40 
1131 
Lal4"0 

N 
760,200 
37,610 
57,700 
23,340 

S s/S 
647,906 .002 
17,495 .014 
37,563 .008 
22,890 ~ffiT 

RATIO" 
1.004 
1.027 
1.037 
1.036 

N * 

S -

tota l counts 

net counts 

RATIO = ratio of peak areas for sample No. 12 before and after heating 
after correction for decay 

For I 131 COR * 1.01 ± .01 
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OATA INTERPRETATION FOR I 131 SAMPLE No. 12 ANNEAL V 

RELATIVE METHOD 
SAMPLE No. 11 DATE: 9/13 9:05 
SAMPLE No. 12 DATE: 9/13 12:05 

TIME DIFFERENCE: 3.Oh 

S n » 104,070 
S 1 2 » 91,570 »-(decay correction) S 1 2 =. 92,744 

R « ( S 1 2 / S n ) / COR - .891 / .926 = .962 dR/R - .005 2+.005 2 + .02 » .027 

.949 > R > .975 

DIRECT METHOD 

SAMPLE No. 12 DATE: 9/10 12:10 
SAMPLE No. 12 DATE:' 9/9 10:20 

TIME DIFFERENCE: 25.8h 

BEFORE: SB = 42,544 
AFTER: SA = 37,563 »-(decay correction) SA = 41,205 

R = (SA/SB)/C0R . .969 / 1.01 = .9594 dR/R =. .008Z+.0082 + .003 + .02 » .034 

.942 > R > .976 
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5. Improvements in the Experimental Method 
a. Asymmetric fission product distribution. The most difficult 

problem encountered was the asymmetric fission product distribution. 
This difficulty may be eliminated by: 

- irradiating sample and standard with a very large gap. As 
the neutron mean free path in the reactor was 2.5 cm, at 
least a 5 cm gap is necessary to achieve a symmetrical 
distribution. This method was tested satisfactorily with 
samples No. 19, 20, 21, and 22. 

- counting one side for the half of the counting period then 
reversing the specimen and counting the other side for the 
other half. 

- choosing thinner samples in order to reduce the flux 
depression. However practical thicknesses of the samples are 
limited by the cutting machine and the specimen brittleness 
during handling. A thickness of 0.5 mm is the limit for this 
kind of experiment. 

b. T-ray absorption. The thinner the sample, the smaller is the 
attenuation of -r-rays and the better are the statistics. This remark 
is specially true for low energy peaks such as the 81 keV Xe 133 t ray. 

c. Heating time. The relative error on the fractional release 
may be dramatically reduced by increasing the heating period. This 
also reduces the error due to ramping the temperature. From practical 
considerations, heating times are limited to 12 hr as no automatic 
control of temperature was available. 
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