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DifFUSION OF XENON IN URANIUM MONOCARBIDE 

Hagai Shaked 

Inorganic Materials Research Division 
of Lawrence Radiation Laboratory 

and Department of Nuclear Engineering 
University of California 

Berkeley, California 

November 7, 1962 

ABSTRACT 

The lattice diffusion coefficient of Xe 133 in cast uranium mono

carbide was measured iri postirradiation anneal experiments in the 
0 0 

temperature range 1000 C to 2000 C. This was the first time that 

diffusion coefficient of Xe 
133 

in UC was measured above 1400 o C, and 

it was found that the diffusion coefficient o.f specimens consisting of 

large grains (7 00 to 1000 microns) was best approximated by 

D = (1.17 ± 0.16)1 o-6 exp [- 5490~ \~200 l 
in the range 1000°C to 2000°C. · (The units of Dare cm2/sec, and 

RT is in units of cal/mole.) Specimens with small grains (20 to 150 
0 

microns) exhibited the same diffusion coefficient above 1500 C. Below 
0 

1500 C results with small-grained specimens varied widely, indicating 

dependence on grain size and; hence, existence of appreciable grain

boundary diffusion. 

The specimens, which were 5 X 5-mm cylinders, were irradi

ated in evacuated pyrex capsules in the Livermore pool-type reactor, 

at levels ranging between 6x1o
14 

and 3Xl0 15 n/cm
2

. After irradiation 

each specimen, contained in a tungsten cup, was annealed isothermally 

in an induction chamber for about 12 hours. Xe 
133 

released from the 

annealed specimen was adsorbed on charcoal at liquid nitrogen tem

perature. The charcoal was continuously monitored with a scintilation 

detector during the anneal. Total Xe 
133 

content of the specimen was 

determined by melting the specimen and collecting the xenon on the 

same charcoal trap. 
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In ~alculating D the ''conventional" a:nalysis, which has been 

applied in previous experiments and in which a uniform concentration 

of Xe 
133 

at the start of the anneal is assumed, was replaced by a new 

analysis. In the new analysis account was taken of the nonuniformity 

in the concentration of Xe 
133 

at the start of the anneal due to the re

coil release during irradiation prior to the anneal. Diffusion coeffic

ients obtained in this experiment are lower by one order of magnitude 

than those obtained by Lindner arrl Matzke for UC particles, and higher 

by two-and-a-half to three orders of magnitude than those obtained by 

Auskern and Osawa for UC powders. Values of D obtained here are 

of the same order of magnitude as obtained for the diffusion of Xe 
133 

in urania. 

• ! 

Y' 

17 
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L · INTRODUCTION 

A. · Fission Gas Release iri Nuclear Fuels 

The combined fission yield of stable and long-life isotopes of 

the noble gases xenon and krypton is 25 to 30o/o. At a typical irradia

tion level of 10,000 MWD/ton of U0
2 

every 1 cc of fuel produces 3 cc 

of these gases at normal temperature and pressur~. If all this gas 

were released to the fuel-cladding gap, a severe increase in pressure 

could result. El It is for this reason that the ability to retain fission 

gas must be included in the criteria for a good nuclear fueL 

Several mechanisms are responsible for this release. 

a.· Diffusion. Whether by lattice or grain-boundary diffusion, the 

rate of release is determined by the diffusion coefficient D, where 

D =DO exp (- E/RT). (I-1} 

Hence, release is highly dependent on temperature. Derivation of 

Eq. (I-1) and discussion of the various types of diffusion can be found 
. . 1 .. h 1· Ll 1n vanous p aces 1n t e . 1terature. 

b. Pores and GJZ.acks. Owing to temperature transients, closed pores 

and cracks may open up, or open pores and cracks may close, hence 

affecting the release. 

c. Closed Pores. 
L2 ' 

It has been found that closed pores migrate up 

a temperature gradient. Such a pore containing fission gas causes a 

burst of fission gas upon reaching an inner surface of the fuel body. 

d. Knock out. A fission product at rest within the fuel may be 

knocked out by an energetic fission product. L 2 

e. ' Knock in. A fission product that already has been released to 

a pore or to the fuel-cladding gap may be knocked back into the fuel by 

t . f' . d L2 an energe 1c 1Ss1on pro uct. 

f. Fission RecoiL A fission product born close enough to the fuel 

surface may escape by fission recoiL This mechp.nism is discussed 

in Appendix A. 

In this investigation we are concerned only with diffusion. Be

cause the fission recoil affects the diffusion results, a solution to the 

fission-recoil problem is presented in Appendix A. 
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B. Experimental and Theoretical Work to Date 

Fission-gas release has been measured in many experiments 

Uo Bl d h . b . . Th . c;>n · 2 - an ot er uran1um- eanng spec1mens. . ese exper1ments 

can be classified into three types: 

a. Postirradiation anneal, in which a previously irradiated speci

men is vacuum-annealed isothermally; the amount of ga;;es released 

is measured as a function of time. 

b. Irradiation of a fuel· specimen in an operating reactor; released 

gas is continuously collected and measured while the specimen is being 

irradiated. 

c. Irradiation of a fuel specimen inside a sealed capsule; the amount 

of gas within the capsule is collected and measured after the irradiation. 

We are concerned here only with the postirradiation-anneal 

type of experiment. 

The theoretical analysis for this type of experiment, as well as 

results of numerous experiments on uo2 specimens, is described in 

h 1
. Bl 

t e 1teratt,tre. 

We mention here the only two published postirradiation-anneal 

experiments on uranium monocarbide. Lindner aqzl"Ma:tzke used small 

particles of UC obtained by crushing arc-cast UC, and covered the 
o L4 

temperature range 800 to 1300 C. Auskern and Osawa used very 

fine powder (0.26 to 0.28 m
2
/g) and covered the temperature range 

lOOOto 1400°C.A2 

In analyzing the results of postirradiation anneal with powder 

or sintered specimens, a ''spherical model"B 5 has been -used. It is 

assumed in this model that the specimen consists of many spheres in 

which the concentration of fission gas at the end of irradiation is uni

form. With the notation 

ac -.,.--
a'x 

c. 
X c ' XX 

etc. 

the Xe 
133 

concentration C inside a sphere of radius a at time t 

after anneal started is given by 
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c =Dr c + ~ c j 
t L rr. .r r 

for r <a, 0 < t, (I-2a) 

C(r, 0) = c
0

, for r <a, (I- 2b) 

C(a,t)=O, for O~t. (I-2c) 

It is assumed, thena that the collection of spheres can be 

represented by a single "average" sphere of radius a. We define a 

fractional release f as the ratio of the total amount of gas released 

in time t to the total amount of that species present in the specimen 

at t = 0. The fractional release, f, is then calculated from the solu

tion of Eqs, (I-2): 

6 1/2 2 
f :::::: J7 2 'T , T = Dt/ a , 

'IT 

for r < 0. 01, (I- 3) 

where a is the radius of the average sphere and is determined from 

the total (measured} surface area of the powder. This model has 

seemed to apply very well in many individual experiments. However, 

comparison between the different experiments shows a very wide 

spread in the results. B
1 

There are three basic reasons for this 
I 

spread: 

a. There are differences in the methods of preparation and the 

histories of the specimens used in different experiments. This is a 

very important factor, since diffusion processes are in general ex

tremely sensitive to impurities and to imperfections in crystal struc

ture. 

b. A gas -adsorption method is used to measure the surface area of 

the powder. It is possible that the surface area available for adsorption 

is different and not in a constant ratio to the surface available for 

d "ff . . L4 
1 USlOn. 

c. The results are extremely sensitive to the distribution of grain 

size,. in the case of large fractional release (as shown in Appendix F). 



I. c -4-

C. Objective and Approach in this Research 

The objective of this research is to obtain the lattice diffusion 

ff . . f X 133 . UC . h 1000° t 2000oC coe 1c1ent or e 1n 1n t e temperature range o . 

The diffusion coefficient is calculated from the measured 

fractional release in a postirradiation anneal. Specimens used are 

cast uranium carbide right cylinders, 0. 5 X 0. 5 em. Grain size in 

~orrie ;specimens is varied intentionally by high-temperature vacuum 

·. • anneal prior to irradiation in order to investigate and isolate the 

effect of release via grain-boundary diffusion (see Section IV. D). 

In the analysis it is assumed that release is from external 

surface area only (i.e., no pores or cracks). The fractional release 

is calculated by taking into account the nonuniform Xe 
133 

concentration 

at the end of irradiation (see Section III. B). · This nonuniformity is 

'due to the escape of some Xe 
133 

by fission recoil during irradiation 

(Appendix A). 

or 

The nonrecoil fractional release is 

f . = (6/TI
1

/
2

) r
1
/

2 
for 7 < 0.01 

nr 
(I-4) 

The fractional release with recoil as used in this analysis is 

f = (3/ii-
1
/

2
) [ 1 + ~ (r)] 'T 

1
/ 2 for T < 0.01 

f 
r:=-nr. 

= 1 + ~ 
-2- for r < 0. 01 . 

(I- 5) 

(I-6) 

An analytical expression for the recoil correction factor ~ is derived 

in Appendix B. The value of ~ is zero at the start of the anneal and 

asymptotically approaches unity as anneal time increases. 
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· IL EXPERIMENTAL PROCEDURE 

A, Introduction · 

A specimen of uranium monocarbide is given a short irradia

tion at low temperature. Then~ l.t is vacuum annealed (in the apparatus 
- 0 . 0 

shown in Fig. 5) at some fixed temperature between 1000 c·and 2000 C. 

The anneal time is about 12 hours, and during this time fission gases 

are released from the specimen; some of these gases are ads~:>:rbed on 

a charcoal tr11p at liquid nitrogen temperature.· Xe 
133 

is one isotope 

among those cqlh,;cted on the charcoal trap. (The silver trap was 

introduced' to stop isotopes of iodine, in particular the high-fission

yield I
131

.) The Xe
133 

has a very high fission yiel~ of about 6.5%; it 

is a gamma emitter with a photopeak at 81 keV and with a half life of 

5 days. 

A Nai crystal-photomultiplier tube-preamplifier-pulse-height-
13'3 

analyzer system is adjusted to count the Xe photopeak · Rise in 

X 
133 . . "h . . h h 1 . d d d . h e act1v1ty w1t tlme 1n t e c arcoa trap 1s recor e ur1ng t e 

133 
anneal. · In order to calculate fractional release, the total Xe 

initially in the specimen must be known, so the specimen is later 

melted, the total Xe 133 is adsorbed on the same trap, and its activity 

is recorded.· Every postirradiation anneal run (i.e .. , every specimen) 

yields a single point in Fig, 23. 

B. Preparation, Analysis, and Handling of the Uranium 

Carbide Specimens 

The uranium monocarbide specimens were obtained from 

Battelle Memorial Institute. After arrival at this Laboratory, speci

mens were stored in vacuum desiccators,. and were not exposed to air 

except for periods of the order of several minutes during transfers. 

The following specifications were supplied by Battelle.Memorial 
. . D1 

Institute. 

"Metallographic examination of all the material sent was 

typical of the hyperstoichiometric uranium carbide microstructure" 

[Stoichiometric UC contains 4,80 w/ o carbon]. 
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"Examples of structure of the uranium carbide material are 

shown in Figures 1, 2, and 3. Figure 1 is the microstructure of 

Casting 12 from which ten specimens were machined. This material 

contains 5. 07 w/ 0 carbon and has a somewhat equiaxed grain structure 

(grains appearing approximately 40 to 60 microns in diameter). 

Figure 2 is the microstructure of Casting 6 from which only four. 

specimens were machined. Other portions of this casting were found 

to be unsound by radiographic examination and were discarded. This 

material contains 5. 09 w/ o carbon and, like Casting 12, its grain 

structure is somewhat equiaxed (80 microns in diameter). Figure 3 

shows the microstructure of Casting 23. Here, instead of equiaxed 

grains, large radially oriented columnar grains dominate. Actually, 

the internal structure of most of the material we have sent you con

sists of columnar grains such as is shown in this photomicrograph. 

"All specimens came from castings which were melted in an 

inert atmosphere by carbon electrode arc methods and were then drop

cast into 1/4-inch diameter graphite molds. A single batch of uranium 

with the following impurity analyses was used in the preparation of the 

carbides. 

"Element Content (ppm) Element Content (ppm) 

Al 15-40 Ni 20-30 

B 0.1 p 40 

Be 0.2 Pb 2 

Cd 0.5 v ~· 5 ... 

Cu 5-10 Si 30-300 

Cr 5-20 Zn 10 

Fe 80-120 Ca 5-20 

Mg 5 Ba 5 

Mn 5 In 5 

Mo 20 Au 5 

... 

.. / • 
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0.2 mm 

ZN - 3584 

Fig. 1. Microstructure of Casting 12, as cast. (Courtesy 
Battelle Memorial Institute) 
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0.2 mm 
ZN - 35 85 

Fig. 2. Microstructure of Casting 6, as cast . (Courtesy 
Battelle Memorial Institute) 
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0.2 mm 
ZN - 3586 

Fig. 3. Microstructure of Casting 23, as cast. (Courtesy 
Battelle Memorial Institute) 
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"Typical nitrogen, oxygen, and hydrogen analyses on uranium like 

that used are: 

Element 

N 

0 

H 

Content (ppm) 

200 

150 

5 
11 Castings were radiographed before and after machining. The 

initial radiographs were used as guides in machining; the latter ones 

were taken in two directions and were used in judging the soundness 

of the final specimens. 

11 In processing, the uranium carbide material was handled as 

little as possible and was exposed to the atmosphere for only very 

short periods of time. A light cutting oil, Sunoco Type 209-S, was 

used in machining. Immediately after machining, the specimens were 

th.on:mghly cleansed with acetone and were sealed in glass tubes with 

Drierite. In turn, these tubes were placed inside a disiccator also 

containing Drierite. After being initially sealed, the tubes were 

opened and resealed only one time (for several minutes) prior to their 

packaging for shipment -- for the removal of the chemical and metallo

graphic samples and the scrap pieces. 

11Specimens were machined from the castings in three operations. 

The first operation consisted of turning the castings on a lathe and 

milling (grinding) them with a 3/8-inch Norton diamond wheel (5D-150-5R 

grade) to the proper diameter. The second operation consisted of 

cutting the resulting cylinders into 0. 5 centimeter lengths. A 1/32-inch 

Radiac 87 468 cut -off wheel was used in this operation. Cutting was 

performed on the lathe by rotaing both the cut-off wheel and the cyl

inders (in opposite directions), In this manner, edge chipping was 

reduced to a minimum, although small protrusions of material re-

suited in the center of the fresh surfaces after cutting. These pro

trusions were subsequently removed in the final sizing operation by 

redressing the specimens and by again using the Radiac cut-off wheel. 

\ 
',; 
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"The number of specimens sent from each casting and the 

percentage carbon and the grain size of each of the castings are tabu

lated below-. Carbon analyses were made utilizing a st;indard gravi

meteric method, and grain sizes were determined by the Graff-Snyder 

-intercept method. Of the 23 castings that were on hand at Battelle, 

9 were discarded for such reasons as porosity. poor surface condition, 

or high carbon content. 

Number of Grain 
Samples w/o Size (*) 

CastlnB.N~mber Sent Carbon Microstructure (Microns) 

1 9 5.13 Satisfactory 60 X 100 

2 7 5.01 Satisfactory 50 X80 

4 6 5.15 Satisfactory 70 X 80 

5 3 5.09 Satisfactory 90 X 90 

6 4 5.09 Satisfactory 80 X 80 

7 10 5.13 Satisfactory 100X110 

9 8 5, 13 Satisfactory 20 X ~0 

11 9 4.97 Satisfactory 50 X 440 

12 10 5:07 Satisfactory 40 X 60 

16 6 5.07 Satisfactory 80 X 100 

20 9 5.14 Satisfactory 150X200 

21 9 5.02 Satisfactory 60 X 70 

22 5 5.12 Satisfactory 160 X 220 

23 9 5.06 Satisfactory 120 X 580 

Total 104 

(*} The grain size will vary with location along the length of the 

casting; see Figure 4 for metallographic specimens' locations. 

"Precautions were taken during processing so that each 

specimen could be identified as to the casting and to the location with

in that casting from which it came. Figure 4 is a specimen identi

fication chart. which shows the exact location of each· specimen in each 

casting. " 



2 4 

11 12 16 

0 Good specimens 
8 Carbon analysis samples 

0 Metallographic samples 

0 Scrop material 
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~ 
5 6 7 9 

20 21 22 23 

MUB-1493 

Fig. 4. Specimen-identification chart. (For example: the 
identification number of Specimen 2 of Casting 6 is 602; 
that of Specimen 9 of Casting 12 is 1209. ) (Courtesy 
Battelle Memorial Institute) 

·' 1' . .. 
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C. Preanneal Activities 

Specimens to be used in the experiment were taken from the 

vacuum desiccator and transferred into pyrex test tubes, one speci

men to a tube. · The tubes were evacuated, sealed,, and sent to the 

Livermore pool-type reactor (LPTR) for neutron irradiation. · Irradi-

.. tion time of all specimens ranged .between 2 and 10 minutes at a flux 

of 5 X 10
12 

n/ cm
2 

-sec. By use ·of the Way and Wigner equation W 
1 

it 

was estimated that the combined beta and gamma activity of a single 

sample, three days after irradiation for 10 minutes at a thermal flux 

of 5X l0
12

n/cm
2 

-sec would be about 50 microcu~ies. After irradiation, 

specimens were cooled for at least 3 days befQ're anneal. 

· When the specimen was to be transferred into the induction 

chamber· (see Figs. 5, 6, and 7) the sealed pyrex tube was broken, 

the specimen transferred into the tungsten cup, and the top of the cup 

covered with a tungsten disc. The loaded clip,· hanging on three 

tungsten wires, was inserted into the induction chamber from the top 

and positioned at the center of the induction coil, and the chamber was 

closed and evacuated with the auxiliary roughing pump. From the time 

it was removed f~om the vacuum desiccator until it was put into the 

induction chamber, the specimen was exposed to laboratory atmosphere 

for about 2 minutes during transf.er to the pyrex tube, and about 3 

minutes during transfer to the tungsten cup and positioning of the cup, 

or a total of about 5 minutes. A specimen was transferred into the 

induction chamber ·immediately after the· preceding specimen had 

been removed at the end of its anneal. 

While the auxiliary roughing pump was evacuating the induction 

chamber, a heater was inserted into the second trap and the charcoal 

was heated up to about 250° C .. After the <;:harcoal reached 250° C, the 
' 

induction chamber ;:roughing valve was closed and the induction chamber 

high-vacuum valve was opened.· This last step usually took place at 

about 9:00 or 10:00 p.m. and the system was left overnight this way. At 

about 7:00 a.m. the heate! was rerrioved from second trap, and the trap 

was cooled with air and then filled with liquid nitrogen. At this point 



Third trap: 
intended to be 
used as backup 
trap 

Second trof: 
charcoal o 
I iquid nitrogen 
temperature 

Silver 

4 _inch Preomplifier~F--t:~::;---,:~......,,....-,...-,r 
oil diffusion 
pump 

4-in. lead 
shield 

First trap: 
silver 0> 400 oc 

Thermocouple gage 

Hot-cathode 
ionization gage 

Induction chamber 
roughing valve 

Auxiliary roughing 
pump 

MUB-1477 

Fig. 5. Schematic arrangement of the postirradiation 
anneal apparatus. 
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ZN -3589 

Fig. 6. The postirradiation anneal apparatus. 
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ZN -3590 

F ig. 7. The induction chamber. 

/ ,. 

I 
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the pressure at the location ofthe ionization gage was between 10-
4 

-4 d and 2Xl0 -torr. A 200-second background count was taken an the 

apparatus was ready for starting the anneal. 

D. The Postirradiation Anneal and Meltdown of Specimens 

After rf power was turned on, it took about a minute to adjust 

power to give the required tungsten temperature and about one more 

minute for the;spacimen to r_each this temperature. Two minutes after 

rf power was turned on,. a clock was turned on and counting of the 

X 
133 1 . . h h 1 b h" . t e accumu atlng 1n t e c arcoa trap was egun at t 1S po1n . In 

the first few seconds after rf power was turned on,. the pressure of 

the system would rise as high as SX 10-4 torr in the low-temperature 

anneals and 2 X 10-
3 

torr in the high-temperature anneals. This 

pressure rise was due to degassing of the tungsten cup, the specimen, 

and the glass walls of the induction chamber, and about 10 to 20 
-4 

minutes was required for restoration of the low pressure of 2 X 10 

torr. In a few cases of high-temperature anneals in which pressure 

rose in excess of SXl0-
3 

torr it was found that the alternating in

duced field was intense enough to cause breakdown of the gas, which 

was evident as a blue glow ofthe whole induction chamber. To pre

vent possible breakage of the chamber, pressures in excess of 
-3 2 X 10 torr were avoided thereafter. For this reason, the backup 

trap was not filled with charcoal, so that pumping speed could be 

kept as high as possible. 

An optical pyrometer was used to read the temperature of the 

surface of the tungsten cup. The true temperatures of this surface 

were obtained from the pyrometer temperaturesp
1 

by using emissiv

ities of tungsten as reported in reference G3. · It was assumed that a 

specimen inside the cup was at the true temperature of the surface. 

This assumption was verified experimentally at several temperatures 

by direct observation of the specimen through a small hole in the 

tungsten cup.· Drift of the rf output caused slow changes in temperature 
0 

that amounted to 5 to 10 C in a period of 2 to 3 hours, so power was 

readjusted about every two hours. 
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Data were recorded in the first two columns of a data sheet of 

the type shown in Fig, 8. Count rates were computed and corrected 

for decay on the same sheet. 

In several cases release was relatively high in the first few 

hours, so that the arnount of gas released later was very small coni

pared with that already accumulated in the trap. In order to avoid 

poor statistics in these cases, the charcoal trap wa.s degassed for 

10 minutes at 250° C (the specimen was kept at temperature), then was 

filled with liquid nitrogen and counting was started again from _back

ground leveL This was done with specimen 203 (see Fig. 8 ). 

Anneals lasted for about 12 hours. Specimens 1201 and 1206, 

the only exceptions, were annealed for only 5 hours. After rf power 

was turned off, a specimen was allowed to cool down for about an hour 

before the induction chamber was opened to atmosphere. At about 

9:00 or 10:00 p.m. the annealed specimen was removed from the 

induction chamber and a new specimen was inserted, and the preanneal 

activities described in Section C were sta:cted. 

The· annealed specimens were stored in a separate vacuum 

desiccator for about 30 to 50 days after irradiation, then one by one were 

inserted ag:airi into the induction chamber and melted. This month 

or more of delay was to give the total Xe 
133 

in the specimen enough 

time to decay, so that count rates at meltdown would be kept below the 

saturation count-rate of the scaler, which is about 1500 cps. - The 

beginning of melting of the specimen was indicated by a large step in

crease in the activity at the charcoal; this step increase was observed 

at a pyrometer temperature of about 2200° C. Power was maintained 

at this temperature for about 5 to 10 minutes until the count rate 

leveled off, then power was increased to give a pyrometer temperature 

of about 2250 °C, which was maintained for about 3 minutes to make 

sure that the whole specimen melted. In most of the cases this in

crease did not affect the count rate. In a few cases, however, some 

more Xe 
133 

showed up.·- In these few cases, an additional increase of 
0 

about 50 )C was applied. After it was made sure that increase in 

0 
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Fig. 8. A data sheet for the postirradiation anneal 
experiment (Specimen 203). 
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temperature did not affect the count rate, rf power was turned off and 

the count rate was recorded. 

E. Efficiency of the Charcoal Trap 

At the meltdown of specimen 906 the silver trap was replaced 

by a charcoal trap.· During the meltdown and for a period of 1 hour 

after meltdown, the second charcoal trap was continuously monitored. 

Count rate stayed at background level (2. 9 counts/ sec). The standard 

deviation for the 500-sec final counting period is 38.6 counts. As a 
133 

second step, the first trap was degassed and Xe collected on.the 

second trap. The 500- sec counting period yielded 7 3, 000 counts. 

Therefore, the leakage through the first trap is smaller than 

38.6/73000:::::5.3· 10""4. 

F. Counting Technique 

The instrumentation used for counting is schematically shown 

in Fig. 5. The photomultiplier tube and the 4 X 3-in. Nal crystal were 

assembled in an integral unit, type 16 MBW 12/ A, by Harshaw Chemi

cal Co. The recording pulse -height analyzer used incorporated a 
G2 

binary scaler in it and an output to a pen recorder. 

The "window" (gate) of the pulse-height analyzer was set on 
133 

photopeak of Xe at 81 keY. In order to achieve (a) as high count 

rate as possible, and (b) stability against drift of the photopeak, a 

relatively wide window of 20 volts was used; this was calculated to 

cover the energy range between 60 and 100 keY. 

A reference Xe 
133 

source, obtained from Oak Ridge National 

Laboratory, was used to reposition the window between runs.· Figure 

9 shows the spectrums of the Xe 
133 

-adsorbing trap and of the reference 

source.· The four sharp pulses seen there are built into the scanning 

system and are used as reference marks in positioning the window. 

Drift of the photopeak during the 12 hours of the anneal was hardly 

noticeable. 

The pen recorder was used mainly in running energy spectrums 

and 1n repositioningthe window. During the anneal it was used only 
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Fig. 9. Gamma energy spectra, at 0 to 220 keY, of 
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as an aid in following the release, and its trace was not used in the 

final analysis. 

The internal dimensions of the 4-in. lead shield were 22 X 22 in. 

and it was 29 in. high (a similar shield is described in reference Hl). 

A constant air stream was forced on the detector to keep it from 

getting too cold because of the liquid nitrogen or too warm during the 

degassing of the trap. Background outside the lead shield with an 

irradiated specimen in the induction chamber was about 100 counts/ sec; 

inside the shield it was only 3 counts/ sec. With this low background 

it was possible to measure release rates of the order of 10 counts/ sec 

with exceedingly good statistics. For example, if we have 10 counts/ 
133 

sec from Xe and we count for 500 seconds, a fractional deviation 

(standard deviation in fraction of,total count) is obtained, 

F. D. = -J(3 + 13) 500 /(13X500) = 0.0126, 

or only L 26%. 
0 

The effectiveness of the silver trap at 400 C is demonstrated 

in Fig. 10, which shows that only trace quantities of Te
132 

(77 h, 

0. 23 MeV) and 1
131 

(8. 1 days, 0. 36 MeV) are present (Fig. 1 Oa). 
0 

Whereas in earlier runs a less dense silver trap was used at 300 C, 

the photopeak of Te 
132 

appeared at that time to be almost as high as 

the Xe 
133 

peak, although very little 1
131 

was observed (Fig. 1 Ob). 

Th . 0 • f · 1 3 2 . d k . d h X 1 3 3 1s contam1nat1on rom Te 1ncrease bac groun at t e e 

photopeak to about 20 counts/ sec in the earlier runs. Ba 
140

, which 

was observed in similar experiments, Gl was never observed in this 

experiment. 

0 
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III. ANALYSIS 

A. Physical Model 

The uranium carbide specimens are right cylinders of 

0. 5 X 0. 5 em. At the start of the anneal, Xe 
133 

produced by fission 

during irradiation (see Sec. C) prior to the anneal is uniformly dis

tributed throughout the specimen except for a depleted layer one 

recoil range thick next to the surface (Appendix A). It is assumed 

that the irradiation was at a temperature low enough so diffusion did 

not occur during irradiation.· During the anneal some Xe 
133 

is re

leased from the specimen by the process of diffusion. It is assumed 

that the specimen is homogeneous (i. e. , D is independent of location) 

and isotropic (i.e. , D is independent of direction), and that the sur

face area through which Xe 
133 

is released is identical with the exter

nal surface area of the specimen (i.e., no cracks or pores). This 

model does not take into account any possible effect of enhanced dif

fusion through grain boundaries,-

B. Arial ytical Approach 

For the sake of clarity the simpler case in which effect of 

rec.oil is neglected is formulated here. Then a correction function is 

used by which the diffusion ·coefficient D obtained in this simpler · nr 
analysis has to be multiplied in order to obtain the correct D. 

The concentration C at any time t after start of the anneal 

is given by 

for 0 :'S r <a, -a < z <a, 0 < t, 

C(r, z, 0) = c
0

, for 0 :'S r <a, -a< z <a,· (III-1) 

C(r, ±a, t) = 0, for 0 :'S r :::; a, 0 :'S t, 

C(a,z,t) = 0, for .:.a :'S z :'S a, 0 :'S t. 
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The cumulative fractional release f is defined as 
a a 

[c(r, z, 0) - C(r, z, t]/f a 

f(t) = J r. clxJ dz r:.·dr J dz C(r, z, 0), 
0 -a -a 

(III-2) 

and is calculated from Eqs. (III-1) to be Jl 

6 
(D t) 1/2 D t 

f -~ 
nr 

for 
nr < 0.01. (III-3) 

,_[; a 
-2-

a 

From this one has 

[r~af. 
D. ,t , . 

'D .~ 
lT for 

nr < 0.01, (III-4) 
nr 30 -2-

a 

, where 

f.Jt=_ df/ d..Jf:"" . 

Now the model that takes into account the effect of :recoil is 

: formulated in Appendix B-3. In Appendix C is shown 

D = M(8) D , . nr 
(III- 5) 

where 8 = f.L/2..Jni, and M(8) (Fig. 11) is a function of D . . Hence D 

'may be calculated by a trial-and-error procedure (Sec. D). 

C. Application and Validity of the Model 

The validity of Eqs. (III-4) and (III~,5) is restricted to 

'Dt/a2 < ·0.01, Jl which is equivalent to f < 0.3. The largest release 

observed in this experiment (not considering porous or defective 

_specimens) was from specimen 206; it amounted to f ~ 0.0078. Hence 

the experimental results are within the range of validity of the calcu

lations. 

The measured fractional release is a sum of two components: 

the initial large release, which is irrelevant to the diffusion process; 
' ··' 

and the diffusion component, which satisfies Eq. (I-5). The large 

initial release takes pla:ce ~uring the first hour, and since the me as

ured release is cumulative, it gives a constant contribution super

imposed on the diffusion component. Th~refore the' 'magnitude of the 

measured fractional release can not be used .. However, the rate of 
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Fig. 11. The recoil correction function for the diffusion 
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increase of the measured fractional release with time is completely 

characterized by the diffusion component. The experimental results 

of each run are handled on a data sheet like the one shown in Fig. 8, 

and from .this sheet a "release curve 11 like the one shown in Fig. 12 

is plotted .. The value of f~(t) obtained from the slope of the release 

curve is substituted into Eq. (III-4), from which D is calculated in 

Section D by a trial-and-error procedure. The calculated value of 

D depends somewhat on the choice of ,Jt at which f.Jt is measured, as 

is subsequently demonstrated in Fig. 12. This discrepancy is an 

indication of some deviation from the assumed mathematical model, 

but the discrepancy in D is smaller than the actual spread in the 

results (Fig. 23) and is ignored throughout the analysis. A value of 

t l/2 = 150 sec l/ 2 seemed to be in a region far enough from the effect 

of initial release, without being too close to the end of the curve, so 

that slope could be established there most conveniently. Unless data 

were poor in this region f-Jt was determined at ..[£ = 150 sec ~/ 2 . 
In correcting for the decay of Xe 

133 
a simple decay law charac

terized by a half life of 5. 27 d was used. 

X 
13 3 · b f h 1 3 3 f' . h . B4 

e 1s a mem er o t e mass- . 1ss1on c a1n 

4.lm Sb 
3.8 

6.3m Te 
4.6 

l ~20.8h_l 
/ 6.5 

2m._ Te. · 
6.0 

2.3d .Xe 
0.16 

l. Stable 

~ '/' 
";-:,6? 5.27d Xe 

0 6.5 

where the half life is given to the left of the isotope, and the fission 

yield in % is given below the half life. One day after irradiation 

the chain practically degenerates into 

. ~ -x 133 
20.8 h 54 e · 5.27 d 

' . 133 
stable Cs. 

Cs, 
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t1f2 = 200 sec 1 2). · 

Pred}cted from D /= 7. 3 X 10-13 (calculated at 
t1f2 = 100 sec1 2). 
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At the fourth day the deviation of net Xe 
133 

decay from the 

simple docay of 5. 27 d half life, is 1 Oo/o. Since three cooling days or 

more were allowed after irradiation, neglecting the effect of 20.8-h 

1133 . . "f" d lS JUStl 1e • 

- D. Calculation of D 

Given f_r-;-t (= slope of release curve) at ..[[one calculates D "'1: nr 
· from Eq. (III-4). This Dnr is used to obtain a first approximation for 

() = () 1, M{O) = M(O 1) is determined from Fig. 11, and, by using 

Eq. {III-5), D 1 = M(O 1) Dnr is obtained. Then. D1 is used in a com

pletely· identical manner to obtain n2 ~ and so on.· The set D l' D 2, 

D 3, · · ·, Dn formed in this way converges quickly, and beyond D 4 
· there is no change in the first two significant figures. 

Results of these calculations are given in Table I. 



Table I. · Calculations of diffusion coefficient 
...... ...... ...... 

Run Sped~ Temp ,[t f.Jt Dnr D 10 /T tJ 

No. men (C) (sec l/2) X 10-6 2 2 (K}-1 (em /sec) (em /sec) 

1 1201 1900 100 200 2.2x1o-Io 2.2 X 1o- 10 4.61 

2 1206 1900 100 18.7 l.9X1o- 12 3.0xlo-12 4.61 

3 401 1400 150 2.9 4.6x1o-14 l.3xio-13 5.98 

4 402 1600 150 7.1 z.7xio-13 s.6x Io-13 5.34 

5 403 1800 150 14.5 l.1x1o-12 L6x1o-12 4.83 

6 404 2000 150 29.9 4.9x 1o- 12 5.6x Io-12 4.40 

7 405 1600 150 6.7 2.4X Io-13 5.! X 1o-13 5.34 

8 406 1840 100 33.8 s.1x1o-12 7.2xio-12 4. 74 

9 101 1430 180 5.2 l.Sxio- 13 3.2 X Io-13 5.88 I 

6.6xio-14 L8xlo-l-3 w 
10 102 1430 150 3.5 5.88 0 

I 

11 103 1637 150 6.7 2.5X Io-13 5. 2 x 1 o-13 5.24 

12 104 1637 150 10.0 5.4x1o-13 9.5x1o-13 5.24 

13 106 1840 150 16.7 l.5X 1o- 12 z.Ix1o-12 4. 74 

14 108 2040 150 34.8 6.6xio-12 7.4x1o- 12 4. 33 

15 109 1630 150 5.0 l.5x1o- 13 3.4x Io-13 5.26 

16 1202 1900 150 21.7 z.sx1o- 12 3.2xio-12. 4~61 

17 1203 1430 180 105 6.ox 1o-ll 6.ox1o-ll 5.88 

18 1204 1700 150 12.5 7.2x1o-13 L2x1o-12 5.07 

19 201 1015 150 1.2 7.8x1o- 15 z.7x1o-14 7. 77 

20 202 1217 45 10.7 6.2x1o-13 1.7x1o-12 6. 72 



..... 
Table I (continued) ..... 

~ 

Run Speci- , Temp rJt. f.Jt Dnr. D 104/T b 
men 0 

C) (sec 112 ) xio-6 (cm 2/sec) (cm 2/sec) (KF~ .No. ( 

21 . 203 1600 150 7.9 3.4xio- 13 6. 7 xio-13 · 5.35 

22 204 1800 150 480 L3x1o-9 L3xlo-9. 4.83 

23 205 1420 170 4.1 9.lx1o-14 2.2x1o- 13 5.90 

24 206 2040 100 39 8.3xio-12 1.ox1o- 1 1 4.33 

25 ·704 1000 80 0. 77 3.2xlo-15 1.2xio-14 7.85 

26 .904 1000 80 2.25 2.8xio- 14 l.Ox1o- 13 7.85 

27 906 1000 100 0.52 i.5x1o-15 5.6xio- 15 7.85 

28 907 1400 150 5 I.4xio- 13 3.2xlo-1 3 5.98 

29 2303 1200 50 2.9 4.6 x lo- 14 L7xlo-13 6. 78. 
I 
v.> 

9. 9x Io·- 17 ·3.9xlo- 16 
....... 

30 2306a 1000 50 0.135 ' 7.85 I 

31 2306a., b 1500 150 3.6 7.1x1o-14 1.9X 1o-13. 5.65 

32· 2308a 1700 150 9.7 5.Ixio- 13 9.Ixlo- 13 5.07 

33. 2309a .. 1200 80 . 0.64 2.2xlo- 15 8.5xio- 15 ,: 6. 78 

34 2102a 1200 60 0.65 2.3x1o-15 8.8x1o- 15 6.78 

35 2103a 1800 150 150 .L 2 x 1o-12 1.8xio- 12 4.83 

a. Annealed for 12 hours ~t 
0 

2000 C prior to irradiation. 

30 was extremely low, specimen 2306 was .reused at 
0 

b. Since release at run No. 1500 c. 
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IV. DISCUSSION 

A. The Initial Release 

In postirradiation anneals at the high temperature range 

(1400° C to 2000° C) a large release rate was observed during the first 

hour or so. This initial release (Fig. 12) amounts to about O.lo/o of 
133 ° 133 ° total Xe at 1400 C and about LOo/o of total Xe · at 2000 C. The 

time it takes to end this initial release does not seem to depend on 

temperature, and is always about one hour. At the low-temperature 
0" 0 ' • 

anneals (1 000 C to .1200 G) there were several runs w1th no large 

initial release (Fig. 13) and several with initial release as low as 

0. 01 o/o and as high as 0. OSo/o. In most of the low-temperature runs the 

slope of the release curve was found to be increasipg with time. In 

some runs this continuous increase started in the first hour, making 

it difficult to determine the initial slope (specimen 2103, Fig. 13). 

In most of the cases, however, this increase started only after 3 to 

4 hours, and i:q.itial slope could easily be determined (specimen 2309, 

Fig. 13). The increase over the initial slope was by a factor of 10 or 

more, and the release· rate at the end of anneal was of the same order 

of magnitude as in the 1500° C to 17 00° G range. It seems that some 

physi~al change in the specimen is responsible for boththe large initial 

release at the high temperatu~e and the cqntinuous increase in slope 

at the low temperature. Figure 14 shows results of a 12-hour anneal 

at 1600° C. Acicular uc2 , present before the anneal, disappeared 

after the anneal. From the uranium ... carbon constitutional diagram 

(Fig. 15) it seems that one or both of two reactions are possible: 

(a) transformation to UC + U 2c 3• (b) transformation to cubic UC. At 

the low termperature the first one is more probable. It is possible 

that the large initial release at high temperature and the continuous 

increase in slope at the low temperature are due to these transformations. 

It is also possible that surface contamination (see Sec. E) is. responsible 

for the large initial release. However, it is difficult to see how sur.,. 

face contamination can be responsible for the continuous increase in 

slope at low temp~ratures. 
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Fig. 13. Build-up of Xe 
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irradiation anneal at 1200 o C. 
0 Specimen 2309 3.1 days afte.r ir.radiation 
6.. Specimen 2103 5.5 days after irradiation 
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(a) 

I I (b) 
0 .2 mm 

ZN - 3582 

Fig. 14. Microstructure of Specimen 2101: (a) as cast, and 
(b) after 12 hours' anneal at 1600 ° C. 
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Fig. 15. Uranium-carbon constitutional diagram (from 
reference R2 ). 
(Some changes in this diagram have been reported recently, 
in reference Rl). 
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B. Increase in Apparent Diffusion Coefficient 
0 

After a Long Anneal at 2040 C 

Specimen 108 was annealed for 36 hours at 2040° C. An in

crease in slope of the plot of f vs ~ was observed after 12 hours; 

at the end) of 36 hours, the slope was almost twice the initial slope. 

It is possible that evaporation of UC is responsible for this increase. 

From free-evaporation data (Fig. 16)Al a weight loss of 200 mg/cm2/h 

would be predicted at 2040° C if the specimen were not surrounded by 

the hot tungsten cylinder. However,the small holes in the tungsten 

cup cover about 1/500 of the area seen by the specimen, so evaporation 

is about 0.4 mg/ em 
2 
/h, or surface speed of 0. 3 micron/h, or 11 

microns per 36 hours. This corresponds to a volume decrease of 

about 1 o/0, which calls for a fractional release of 1 o/o (with no diffusion). 

The release during the 36 -hour anneal of specimen 108 was about 1. 3o/o. 

Therefore, it is very possible that the increase in slope was caused 

by evaporation. 

C. Grain Growth 

The extent of grain growth during 1 and 11 hours' anneal at 
0 

2000 C is shown in Figs. 17 and 18 respectively. During the first 

hour, average grain size increased by a factor of 5 to 7, and during 

the following 10 hours grains increased only by a factor of 2 to 3. No 

grain growth is observed after a 12-hour anneal at 1600° C (Fig. 14). 

On the basis of a theory of grain-boundary movemenLK
2 

it is generally 

believed that lattice diffusion is not affected by grain growth occurring 
0 

simultaneously with the diffusion.· The high-temperature (2000 C) 

diffusion coefficients were measured in this experiment while grain 

growth was taking place. If diffusion were affected by grain growth, 

the high-temperature D should deviate from the straight-line fit of 

the low-temperature D. As shown in Fig. 23, this is not the case 

here. This observation offers experimental support to the above 

hypothesis. 

. .. 
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(a) 

(b) 

0.2mm 

ZN-3588 

Fig. 17. Microstructure of Specimen 1601: (a) as cast, and 
(b) after 11 hours 1 anneal at 2000 o C. 
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(a) 

(b) 
0.2 mm 

ZN -3583 

Fig. 18. Microstructure of Specime~ 1606: (a) as cast, and 
(b) after 1 hour's anneal at 2000 C. 
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Do- Effect of Grain Size on the Release 

In the model used in the analysis, it -is assumed that the cast 

cylinder be~aves as a single crystal as far as diffusion is concernedo 

This is equivalent to assuming (a) that there are no internal surfaces 

(due to cracks, pores, etco ), and (b) that release via diffusion through ·~ 

grain boundaries is negligible compared with release via lattice 

· diffusiono Among twelve metallographically examined specimens, the 

apparent diffusion coefficient of only one specimen (specimen 204) was 

considerably larger than expected (see Table I, Sec" III-D)o ·_Specimen 

204 was also the only one among the twelve specimens that revealed 

some porosity in the metallographic examinationo This circumstance 

offers partial support to assumption {a)o · In order to verify assumption 

(b) it is, sufficient to show that the results are independent of grain 

sizeo 

In Fig. 23, the solid circles represent specimens that were 

annealed. for 12 hours at 2000° C prior to irradiationo · These specimens 

developed grains as large as 700 to 1000 microns (shown in Figo 19). 

The open circles represent specimens with grain size of 20 to 150 

microns (specimens 203, 904, and 907 are shown in Fig. 20). The 
0 

effect of grain size is not noticeable above 1500 C, whereas below 

1400° C results are very strongly affected by grain sizeo Hence, 
0 0 

assumption (b) is valid above 1500 C but breaks down below 1400 C. 

This important result points out a fundamental difference 

between cast uranium monocarbide and sintered urania, since the 

rate of fractional release in the latter was found to be dependent on 
. . B5 15 o gra1n s1ze, even above 00 Co 

The results of Lindner and "M·atzke indicate that variations of 

grain size should have no effect on fractional release rate at temper

ature below 1300° C, L
4 

which is at varicimce with our re.sults in this 

low temperature rangeo 

• 
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(a) (b) 

0 .2 mm 

ZN-3579 

Fig. 19. Microstructures of three specimens after 12 hours' 
postirradiation anneal: (a) 2309, 1200 o C; (b) 2308, 17 00 o C; 
(c) 2306, 1500 °C. All were annealed for 12 hours at 
2000 °C prior to irradiation. 
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(a) (c) 

I I 
0.2 mm 

ZN -3580 

Fig. 20. Microstructures of three specimens after 12 hours' 
postirradiation anneal: (a) 203, 1600 °C; (b) 904, 1000 °C; 
(c) 907, 1400 o C. 
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- E. Surface Condition of Specimens 

The specimens are assumed to have a smooth surface; since 

surfaces are,not perfectly smooth, we are overestimating D. An 

underestimate by a factor of two in the surface area involes an over

estimate by a factor of four in D. Because of porosity in specimen 

204 (Fig. 21 }. the diffusion coefficient for this specimen appeared 

about l0
3

times as high as expected"- This anomaly is probably due 

to porosity and. for it to be corrected, . the surface area would have 

to be 31 times the apparent external surface area. 

Specimen 1203 was irradiated and annealed once at 1400° c. 
yielding a reasonably low release (compared with other specimens 

with the same irradiation flux time). It was not melted and two months 

later was irradiated again. · Between irradiation and anneal the speci

men was exposed to atmosphere for eight days, then it was annealed 

and melted. - The diffusion coefficient for this speciroe.n<:~wais fourid to' be 

1500 times as large as expected. The effect of exposure to atmos

phere on the surface of specimen 2003 is shown in Fig. 22; there is 

clearly an increase in the surface area. It is. of course, possible 

·that the enhanced diffusion is also due to chemical changes in the 

grains. X-ray diffraction on the surface shown in Fig. 22 revealed 

no compound other than UC. It is worth mentioning that an increase 

in the apparent diffusion coefficient upon oxidation was also observed 
. U S2 m o

2
. 

F. Bursts of Xenon-133 
133 

In four cases bursts of Xe were observed at anneals between 
0 0 

1200 C and 1700 G. In three cases the bursts amounted to about 10 

to 25% of the total release. In one case. however. it was about 100% 

of the total release. 

In all four cases, the bursts occurred after several hours of 

anneal. After the burst, diffusional release proceeded regularly. 

The burst phenomenon was not investigated any further because of the 

small number of occurrences. in this experiment. 
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0.2 mm 
ZN - 358 7 

Fig. 21. Porosity in Specimen 204, as cast. 
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I I 
0.2 mm 

ZN - 358 1 

Fig. 22. Porosity in Specimen 2003 caused by exposure to 
air (room temperature) for 14 days. The lar&,e grains 
were formed during 12 hours' anneal at 2000 C, prior 
to exposure to air. 
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G. · Precision of the Experimental Results 

The straight line representing the data (Fig. 23} was calculated 

. . . h f h f d .:-"""".:......-- V 1 D · by m1nim1z1ng t e sumo t e squares o the eYui.II..I..Lil~, ata po1nts 

for specimens with small grains below 1500° c and those for speci

mens 204, 1201 (not shown in Fig. 23), and 406 were rejected from 

the analysis. It was found that the data can be represented by 

D = (1.17 ± 0.16) I0- 6 exp [- 5490'i;IZOO]. (IV -I) 

where 0.16Xl0-6 cm2/sec and 1200 cal/mole are equal to the standard 

deviations in r>oand E respectively. 

There are several possible sources of errors which may be 

the cause for the spread in the experimental results. The error in 

counting is easily evaluated (Sec, II-F), and the standard deviation in 

D due to this error is generally less than 4o/o. The error in temper

ature readings is 5 to 10° C (Sec, II-D), and the corresponding error 

· in D is smaller than 1 Oo/o at 1000° C and smaller than 5o/o at 2000° C. 

The surface condition, both geometrical and chemical, is 

probably responsible for most of the scatter in the data. · The released 

xenon atoms come from a relatively thin layer next to the surface. 

The thickness of this layer is approximately equal to ~ f.· For 

example, in specimen 203 (Fig. 12) this layer is about 8 mi<l:tCI>ns ... 

Hence, any chemical contaminationjust several microns thick strongly 

affects the rate of release. The lower the anneal temperature the 
a 

smaller z f and the stronger the effect of surface contamination. At 
0 0 

temperatures below 1400 C we have also the 1nterference of phase 

transformation (discussed in Sec. A). The rate of transformation 

depends on the extra c;arbon content, the state of strain, and the uc2 
0 

and u2c 3 grain size.· So, scatter in results below 1400 C may be 

due to these three properties in addition to surface condition. 

.. 
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H. Theoretical Fit of the Recoil Model 

to the Experimental Results 

The recoil correction M(8) is plotted in Fig. 11. With anneal 

times of 12 hours, .the correction is practically equal to unity above 

1800° C and to approximately 4 below 1400° C. The recoil model calls 

for a time dependence of the fractional release as shown in Fig. 27 

(in the Appendix). We have assumed l.l. = 5 microns, on the basis of 

recoil range data in uo
2

. Bl The release with no recoil correction 

is represented in Fig~' 27 by the line fJ. = 0. Two theoretical fits of 

the curve l.l. = 5 to the experim€lntal rele'ase of specimen 203 are shown 

in Fig. 12. The initial release of this specimen amounts to 4. 7%, 

whereas the recoil release during irradiation amounts to 1. 5%. Hence, 

the concentration profile after the initial release has occurred is 

possibly perturbed mo.re by.the initial release then by the effect of 

recoil. The low-temperature runs, in which initial release was 

exceedingly small, were not useful in testing the theoretical predictions 

because of the anomalous increase in slope of the plot off vs t l/
2 

(Fig. 13). 

I. Comparison with the Results of Other Experiments 

Data obtained by Lindner an:1· Matzke L
4 

and part of the data 

obtained by Auskern and OsawaA
2 

are shown in Fig. 23. It is 

difficult at this time to explain the differences between these experi

mental results, but some possible explanations are given below. 

Lindner arrl'Matz:ke measured the release from polycrystalline 

particles of two sizes (0. 02 and 0. 25 mm) at the temperature range 
0 0 

800 C to 1300' C. · In this temperature range one should expect release 

via grain-boundary diffusion as well as by lattice diffusion. It is 

possible that the release measured by Lindner arrl Matzke was via 

both types of diffusion, thereby yielding apparent diffusion coefficients 

larger than would be obtained for pure lattice diffusion. 

Auskern and Osawa measured the release from UC powders 

(0. 26 to 0. 28 m 
2

/ g) at the temperature range 1000 o C to 1400 o C. The 
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1017~------_.--------~----~--._------~ 
4 5 6 7 8 

I 0 4 I T , ( o K f 1 

MU-28754 

Fig. 23. The diffusion coefficient of Xe 
133 

in UC. 
0 specimens with large grains, 700 to 1000 fl. 
0 specimens with small grains, 20 to 150 fl. 
A data obtained by Lindner and Mazke 
~ data obtained by Auskern and Yasutaka 
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f 1 . 1 A2, L 3 . d 
experiment was o the mu tltemperature annea type, an 

anneal at each temperature lasted between 50 and 100 hours. As can 

be seen in Fig. 23, the results obtained by Auskern and Osawa are 

considerably lower than those obtained here. A possible reason for 

·these low results is the effect of a variation in particle size, as is 

discussed in Appendix F. 

J. Some Simple Theoretical Considerations 

The general dependence of the diffusion coefficient on the 
· Ll 

lattice structure is reasonably well understood. In order to obtain 

a theoretical prediction of the magnitude of D for Xe 
133 

in UC crystals 

one has to treat the thermal vibrations of the Xe 
133 

atom in the UC 

lattice (fcc) and the vibrations of the lattice itself in some detail. 

Calculations of this type have been carried out in the relatively 

simple case of self-diffusion in copper. H
3 

These calculations are 

extremely laborious and are not considered here. 

A very simple model, 
32 

which restricts us to a rather qual

itative discussion, is considered here. The model is rather general 

and applies to lattice as well as grain-boundary type of diffusion 

through the various mechanisms (i.e., vacancy, interstitial, inter

change, etc. ). According to this model, 

D ~ d ~ V exp (- : T) , (IV -2) 

where d is the lattice spacing and v is the frequency at which the 

d 'ff . (' X 133 ) .b. . 1 1 us1ng atom 1. e., e v1 rates.· E 1s equa to some average 

height ofthe potential barrier that the diffusing atom has to cross'in 

order to change its position in the lattice (in vacancy-type diffusion, 

E also includes the energy it takes to make a vacancy). 

Since a grain boundary may be considered as a region of high 

density of vacancies, we expect the potential barriers there to be 

lower relative to those in the interior.· With lower potential barriers 

frequencies should be lower (for a harmonic oscillator, v a: (k/m)
1
/

2
, 

where k is the ruspring constant. ") Let the superscripts L and G 
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represent lattice and grain-boundary type diffusion respectively, then 

(IV -3) 

This qualitative observation is consistent with the various data scattered 
. h 1. L1,S1 1n t e 1terature. 

The ratio of the release through grain-boundary diffusion to that 

through lattice diffusion is approximately 

G· 
F 

FL 
(IV -4) 

where FG is the external surface area associated with grain bound

aries and FL is external surface area associated with the lattice. 

Equation (IV -4) is only approximately valid for very short times 

(i.e., (DLt)
1
/ 2/aL << 1 and (DGt) 1/ 2/aL << 1, where aL is a mean 

grain size) .. Let aG be mean width of the grain boundary, then, 

assuming cubical grainsa we have 

FG 4 aL(a G /2) 2aG 
;::::: = 

FL (aL]2 I:"" a 
(IV- 5) 

and 

fG 2 G (::: r2 ~L EG) a 

fL 
;::::: ----y:;- exp 2 RT . 

a 
(IV -6) 

Fror.n Eq. (IV -6) it is evident that release through lattice diffusion is 

the rate-controlling process at high temperature, whereas diffusion 

through grain boundaries controls at the low temperatures. This is 

demonstrated by the experimental re1:1ults in Fig. 23 (small grains). 

Furthermore, according to Eq. (IV -6), the larger the grain size the 

lower the temperature at which the "break point 11 between the two 

processes should appear. This also is demonstrated by the. results 

in Fig. 23. 
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V. · CONCLUSIONS 

The diffusion coefficient of Xe 
133 

in cast specimens of uranium 

monocarbide was measured. The effect of grain size on the apparent 

diffusion was studied and it was found that there was little or no effect 
0 

at temperatures above 1500 C, whereas at the temperature range 
0 0 

1000 C to 1200 C the effect was appreciable. The original cast ma-

terial had relatively small grains ranging between 20 and 150 microns. 

The temperature dependence of the diffusion coefficient measured on 

. this material can be approxi:ated b[y 

D = ( L 17 ± 0. 16) 10 exp - 54900± 1200 l 
RT. • 

valid for temperatures higher than 1500° C. The units of D are 

cm
2
/sec and RT is given in cal/mole. · With specimens that had large 

grains, about 700.to 1000 microns in size (solid circles in Fig. 23), 

. the validity of the above equation is extended down to 1000 o C. In 

other words, specimens with large enough grains behave like single 

crystals as far as diffusion is concerned. 

A mathematical model that takes into account the effect of 

fission recoil on the diffusional release was developed. The frac

tiona! release predicted by this model is different from that predicted 

by the conventional nonrecoil model (i. e .• Eq.· I-4); the difference, 

however, was too fine to be demonstrated in this experiment. It is 

believed that upon elimination of the secondary release phenomena 

mentioned in part IV. A, B it should be possible to verify this model 

by showing that it offers a better fit to the experimental curve than 

the nonrecoil model. 

Since the temperature range 1000° C to 1500° C is of primary 

importance in application to nuclear reactors, a basic investigation 

of the release and its dependence on grain size in this range seemed 

worth while. The phenomena of large initial release and continuous 

increase in slope of release curve at low temperatures (part IV. A) as 

well as at high temperatures after a long anneal (part IV. B) call for 

better understanding. An investigation of single crystals under close 
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mechanical and chemical control also seemed very worth while. Such 

an experiment may be of some help in understanding the reasons for 

the difference between the three sets of data in Fig. 23. 

It will be advantageous to run a single specimen through 

several anneals, each at a different temperature, and obtain D vs T 

for that specimen. Since the fractional release depends on r, it is 

possible in principle to accurately correct for the release in the 

preceding anneals, L
3 

A practical method of analysis should be 

developed for this important procedure. 

The apparatus used was found adequate, and is recommended 

for use in future experiments of this type with the four following im

provements= 

(a) Automation of the temperature control. 

(b) Automation of refilling of the liquid nitrogen trap. 

(c) ·Automation of the scaler readout. 

(d) Replacement of the meltdown procedure for total gas 

release (which consumes a tungsten cup for each two meltdowns) 

by a "low" -temperature chemical reaction that can be earried 

out in a relatively inexpensive boat. 
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Appendix A 

THE EFFECT OF RECOIL 
ON THE DISTRIBUTION OF FISSION PRODUCTS 

l. Statement of the Problem 

A specimen of fissionable material is irradiated in a uniform 

neutron flux. The maximum temperature in the specimen is small 

enough so that thermal diffusion of fission products during irradiation 

may be neglected. It is desired to determine the distribution of 

fission products in the specimen at the end of irradiation. This 

distribution will serve as an initial condition in solving the diffusion 

problem of the anneal experiment. 

For the sake of simplicity, let us follow a single fission prod

uct and denote it as the "tracer. 11 The fact that a tracer atom is a 

member of a chain of nuclear transformations (e. g. , isotope C, where 

A - B - C -D) is irrelevant to the following treatment (because 

isotope C is found in the exact location where isotope A ended its 

recoil flight). The recoil range of the tracer atom (isotope C) refers 

to the range of the parent fission product of the chain (i.e. , isotope 

A). The concentration of the tracer atoms refers to the concentration 

ofthe isotope being followed (i.e., isotope C). 

If the fission recoil range of these tracer atoms were zero and 

the fission density were uniform throughout the specimen, the con

centration of tracer atoms at the end of irradiation would be uniform. 

Diffusion is negligible at the temperature at which these specimens are 

irradiated. However, recoil range is finite, hence concentration of 

tracer atoms is uniform in regions more than one recoil range away 

from the surface, where the region within one recoil range from the 

surface is depleted of tracer atoms. 

The spatial dependence of the tracer atom concentration will 

be derived for a slab and a sphere, assuming a single recoil range. 

It will be shown then that the spherical case reduces to the s.lab case 

when the recoil range is small compared with the radius of the sphere. 

The conditions under which we can approximate an infinite cylinder by 



A. 1, 2, 3 -55-

a slab will be determined.· Finally, the case of variable recoil range 

will be treated. 

2. Slab 

In the case of practical interest the slab thickness 2a is large 

compared with the recoil range f! (see Fig. 24), therefore only one 

surface of the slab at z = q, needs to be treated. We assume that 

(a) the tracer has a distinct recoil range f!• 

(b) the fission density is uniform, 

(c) the probability that a tracer atom will be emitted into an 

angle dO is equal to d0/41T and is independent of 0. 

The number of tracer atoms that end their recoil flight at a 

point z is proportional to the surface area of a spherical sector with 

radius f! centered at z, or 

C (z) = A 2 1r f! (f! + a - z ), for (a - f!) < z < a 

The value of the constant A is to be determined from the 

boundary conditi_on, 

(A-1) 

(A-2) 

Here C(z) is the concentration--that is, tracer atoms per 

unit volume- -in the external region (a - f!) < z <a, and c
0 

is the con

stant concentration in the internal region 0 < z < (a - f!). 

From Eqs. (A-1) and (A-2) we obtain 

C(z) = (C 0/2f!) (a + f! - z), for (a - f!) < z <a. (A-3) 

Equation (A-3) gives C(a) = c
0
j2$ which is to he expected on 

physical grounds, since the plane at the surface (z = a) of the slab 

receives. a contribution from only one side (a > z), while a plane in the 

internal region receives equal contributions from both sides. 

3. Sphere 

Using the same assumptions as in Section. A. 2, we obtain for 

a sphere (see Fig. 25) 
2 2 2 

() a -r -f! C r = B 2 1r f! ( f! + -----..
2
,-r _ _!__ ) , for (a - f!) < r <a, (A-4) 
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MU-29558 

Fig. 24. Recoil in a plane geometry. Fission products with a 
recoil range l.l. that end their recoil flight at the point z 
come from fissions occurring on the surface of a spherical 
sector contained within the slab (solid line). 
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MU-29557 

Fig. 25. Recoil in a spherical geometry. Fission products with 
a recoil range 1-L that end their recoil flight at the point r 
come from fissions occurring on the surface of a spherical 
sector contained within the sphere (solid line). 
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where a is the radius of the sphere and the constant B is determined 

from the condition 

therefore, [ 
co 

C(r) = - 2- 1 
1 

+ 2f.i/a 

C(a - f.l) = c 0 ; (A-5) 

When f.l/a is very small, C(r) can be approximated by C(z) of Eq. (A-~), 

as follows. 

Let 

s = (a - r)/a or r/a = 1 - s . (A-7) 

In the external region s is always smaller than f.l/ a; for f.l/ a << l, 

Eqs. (A-6) and (A-7) give 

C(r) = c 0 ; {I + z:/a { (I - :: ) (I + ~ + ~z + · · • ) - (I - s1} (A-8) 

and if we neglect f.l2/a 2 and. smaller terms with respect to unity, we 

obtain 

(A-9) 

Equations (A-3) and (A-9) are identical in form. 

4. Cylinder 

Geometrical complications make it exceedingly difficult to 

obtain an exact solution for this configuration; hence a solution will 

be estimated. Since a cylindrical surface of radius a has less 

curvature than a spherical surface of the same radius, but more 

curvature than a flat surface, the cylindrical solution is expected to 

be bounded by the solutions of these two cases, i.e., 

C(sphere) < C(cylinder) < C(slab), (A-1 0) 

where the diameter of the sphere, 2a, is equal to .the thickness of the 

slab. 
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From sections 2 and 3 we have, at the external region 

a-1-L < z :<a» 
_co 

csl = C(slab) = L:€ (1 + E - x), for (1 -E) <X< 1, 

where 
z x=a 

and e = 1-L 
a 

and 

(A-ll} 

C = C(sphere) = C
2
° [ 1 + 1 

(-
1
---e-

2 

. sp . 2E x -1} 'or (I -E)< x < I, 

(A-12) 

where X= E. and e = 1-L 
a a 

c 0 I of 
Now, the error 2 introduced when we approximate 

the concentration in the external region of a cylinder by that· of a slab 
co . 

where z- I o l = [ C(slab) - C(cylinder)] max (A-13) 

is bounded by the difference csl - csp or 

co 
- 2 I o I < D. {x) = c 1 - c ·· s sp 

and from Eqs, (A-ll) and (A-12) we have 

D.(x) = CO ( 1 - ~ - 1 - e 2 ) 
2e 2 2x 

We want to find the maximum of D.(x), therefore we set 

and 

so 

dl:-. 
0 = dx (I~ •: 

m 

(A-14) 

(A-15) 

(A-16) 

(A-18) 
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Since e is small, we can expand the square root; 

co 
D. =-4 e; max 

(A-19) 

therefore, in applying the flat-surface distribution of Eq. (A-8) to a 

cylinder we introduce an error 5, where 

151 < 
c 0 e/4 

c
0
j2 

- E : f.l. 
2 2a 

(A-20) 

In many practical cases f.l. <<a, and the error 6 is indeed very 

small. 

5, Variable Recoil Range 

The total energy of a fission leading to a given pair of frag

ments and number of emitted neutrons is fixed, and is equal to the 

energy equivalent of the change in mass. This energy is divided into 

(i) kinetic energy of fragments and neutrons, 

(ii)excitation of fragments; 

the sum of (i) and (ii) is equal to the fixed total energy. The amount 

of excitation (distortion) energy depends on the details of splitting, 

which is statistical in nature. Fl Hence, the difference between total 

fission energy and excitation energy will be statistically distributed 

about some mean energy. Experimentally, the energy distribution 

of a particular frE~:gment was found to be Gaussian, with a width at 

half height of about 8o/o for fission products of the light group. C
2 

It is outside the scope of this research to investigate the very 

complex range-energy dependence of heavy and highly ionizing particles 

such as fission fragments, so as a crude approximation we assume 
B3 

that the range is proportional to the initial speed. In this case, the 

variation in recoil range of most of the tracer atoms will be within 

4o/o of the mean recoil range. 

We shall now derive the distribution of tracer atoms in a slab 

(see Fig. 24), taking into account the variation in recoil range. · Let 

P(w) be the probability that a tracer atom has a recoil range of length 

w, such that 
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J
f.Lmax 

dw P(w) = 1 

f.! min. 
(A-21) 

for P(w) = 0, ll > w, 
'min f.Lmax <w. 

I o, 11 • <·w < 11 • rm1n rmax 

Consider the concentration of the tracer atoms with a recoil 

range f.L• 

C .(z) = c
0 

- .6-C (z), 
fJ. fJ. tJ. 

(A-22) 

where c
0

f.L is the concentration of tracer atoms with range fJ. in the 

internal region.(z <a-f.!), and .6-C (z) can be calculated from Eq. (A-3), 
fJ. 

co~~ 
( ) r ( 1 a - z), f ( ) .6-C f.L z = - 2- · - f.L . or f.L > a - z ~ . 

(A-23) 

= 0 forf.L<(a-z). 

Since the probability P(w) is equal to. the fraction of tracer 

atoms with range w about dw, we have 

(A-24) 

where c
0 

is the concentration of tracer atoms of .all possible ranges 

in the internal region z < (a - fJ. . ). max 
To obtain concentration of tracer atoms anywhere in the slab 

we sum over all possible ranges, 

J
f.Lmax 

C(z) = dw Cw(z) , 

f.! min 

where C (z) is given by Eq. (A-22), .also, using Eq. (A-24), we 
w 

obtain 

(A-25) 
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C(z) = (A-26) 

Using Eqs. (A-21), (A-23), (A_-24), and (A-26), we have 

C(z) = c
0 

-
c 0 Jflmax 
- dw P(w) (1 - ~) 2 w 

h-z 

= co [ T 1 + (a - z) . ~ + J a-z dw P(w) (1 a- z J -w->J. 

where 

T 
fl 

flmin 

fl . _ J .max P(w} 
- dw -- , 

w 

flmin 

,Let us look now at the general behavior of C(z) in three 

regions: 

(A-27} 

(A-28) 

(i) (a - z) < fl . : the integral vanishes, since P(w) = 0 and Eq. (A-27) 
mm 1 

reduces to the same forrri as Eq, (A- 3 ), where - is replaced by 
fl 

T 
fl 

,, 

(ii) fl .. <(a - z) < fl . : the integral does not vanish in general 
m1n max 

and depends on what function is chosen for P(w), 

(iii) (a - z) > fl : this is in the internal region, and C(z) = c
0

. 
max 
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Appendix B 

CALCULATION OF THE FRACTIONAL RELEASE 

1. Slab 

With the notation 

a 
- ()=(). 
ax X 

a2 
--2 ()=.(),etc., ax XX 

the concentration C(z, t) at any time t after diffusion started is a 

solution of the following problem: 

Ct=DC, zz 

C(z, 0) = c
0

• 

~ co 
~ (a+ 1-1, ± z), 

C(±a,t) = 0, 

for -a < z <a, 0 < t. 

for -(a- !J.)<z <(a -IJ.)•} 

for (a - IJ.) < + z <a, 

0 ~t 

where the initial condition given by Eq~ (B-1 b) was derived in 

Appendix A. 

Making the substitutions 

U=~ x=~. -e = 1:. • T- Dt c 0 a a · - a2 

gives a dimensionless form: 

u = u • 
T XX 

U(x, 0) = l, 

= l+.e±x 
2e 

U(±l, T) = 0, 

for -1 < x < 1, 0 < T. 

for 

for 

-(1-e)<x<(l-e),} 

(l - E) < + X < 1, 

for 0 ~ r. 

(B-la) 

(B-1 b) 

(B-lc) 

(B-2) 

(B-3a) 

(B-3b) 

(B- 3c) 

Let G(w. x, T) be Green' s function for a. slab withthe same 

boundary conditions as given by Eq. (B-3c); a formal solution is then 
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given by 
1 

U(x, r) = ~ · · dw U(w, 0) G(w, :x, r} . 

J_l 

The Laplace trahsform with the notation 

~ -ioo -pr V (x, q) = dr V(x, r} e .~ 

.. 0 

where p = q2 is applied to Eq. (B-4): 
1 

U(x. q) = r dw U(w, 0) G (w, x, q) . 

J-1 

(B-4) 

(B-5) 

(B-6) 

The function G is given in reference C 1, and is equal to 

.· G(w: x, q) = 

where 

g(w, x) = 

{

g(w, x), 

g(x, w), 

for w < x 

for x <w, 

sinh(l + w) sinh(l - w) 

q sinh~Zq 

Notice the important property of g, 

g(x,w) = g(-w, -x). 

(B-7) 

(B-Sa) 

(B-&h>) 

By substituting Eqs. (B- 3p) and (B- 7) into Eq. (B-6 ), we 

obtain 

U(x, q) = dw S(-w) g(w, x) + dw g(w, x) + r dw S(w) g(w, x) f
-(1-E) J(l-E) X 

- 1 - ( 1 -E ) J 1 -E 

+ f: dw S(w) g(x, w) 

(B-9) 

for 1 - e < x < 1, 
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whe:re 

S (x} = 1 t E - X • 

2e 
(B-1 0} 

Differentiating and evaluating the derivative at .x = 1, we have 

r-(1-e} Il-e fl 
Ux(l' q) = dw S(-w} gx(w, 1} + dw gx(w, 1) + dw S(w) .g.x(w, 1}; 

- 1 - ( 1-e ) 1 -e 

substituting for Sand g • we obtain 
X 

u (1, q) = 

(B-11) 

X 

s -1::-.n~~~2-q_f[ l-~w sinh q(l+w) + ~' ( dw(l+< -w)( sinh q(I+w) +sinh q(l-w~l· l -(1-E) Jl-:-E 

(B-12) 

Upon performing the integration and some rearrangement, we obtain 

U (1, q) = - -
2
1 1 

h . (sinhq + ~ sinh 2
-e q 'sinh~ q) 

X · q COS q . E q 2 . 2 
(B-13) 

Let Q(t) be the number of tracer atoms at time t within a 

parallelepiped that cuts a unit area at each face of the slab z = a and 

z = -a, in units of 2aC
0

; then, by Fick 1 s first law we have (remember 

we have two faces) 

D 
Q = 2 

2 
C C (a, t), 

t a 
0 

z 
(B-14) 

dQ. 
where Qt = dt , we make now the substitutions of Eqs. (B-2) and 

obtain 

(B-15) 

We apply the Laplace transform to Eq. (B-15): 

2 -
q Q (q} - Q(O) = U (1, q). 

X 
(B-16} 
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From Eqs. (B-13) and (B-16) we obtain 

Q (q) 
1 [ sin,h 

2;E sinh T q ] 
- - 3 tanhq + --, ---

2q coshq- - y q 
(B-17) 

where - Q
0 

= Q(O); using properties of hyperbolic functions, we further 

simplify to 

Q (q) = Q~ - -
1 

3 {tanhq + 
q 2q 

1 
Eq [

l _ coshq(l -E) 11. 
coshq Jf (B-_18) 

Now, using a procedure similar to that applied by Berthier in 

solving a ·problem involving uniform initial concentration, B
2 

we ex

pand the hyperbolic funCtions in series of exponentials: 

Q(q) = ~0- 7 (i- -e-2q+ e-4q- e-6q+ ... ) 

·I 
- --4 

2e q_ 
- e + e -e -

{
1 -e q [ -q(2+e) -q(2-e >] . 

. . 

Performing the inversion ter~ by term, we obtain 

E 

-q(4+e) l 
e -·. '! 

J 
. . ·} 

(B-19) 

7 
1/2 

-=m 
1T 

lr. f 1 . f 712/2 + l·erfc 7l/2 - ... ] 271/2 - 1er c -;rJ2 - 1er c 

(B-20) 
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Equation (B-20) gives us the cumulative 'number of tracer 

atoms in units of 2.ac
0 

released through both faces from a 

parallelepiped that cuts a unit area at' each fate. The fractional 

release f(r) is defined as 

(B-21) 

where 

dw C(w, O) • (B-22) 

Substituting £or C(w, 0) from Eq. (B-lb) and carrying the integration 

_ through, _ we obtain 

hence 

f(r) = 1 
E 1-z--

E 

2' 

(Qo - Q(r)), 

and, in the special case- E >> 1, 

f(r) ~ Q
0 

- Q('t), for e <<' 1. 

(B-23) 

(B-24) 

(B-25) 

Assuming the approximation of Eq. (B-25) to be valid, we 

verify now that f(r) 'as given by Eqs. (B-25) and (B-2'0) is properly 

connected to the well-known solution wlth no recoil in the two asymptotic 

cases () - oo and () - 0, where () = e /2r
1

/
2

. 

a. - The case () - oo 

This represents a physical situation in which diffusion has 

just started, i.e. , 'T ....... 0. Sin,ce concentration on the surface is just 

C~/2. , we expect in this limiting case to have a release equal to half 

of that with no- recoiL where concentration-on the surface is_ c
0

.- We 

use the property 
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.2 f. 1 v . f 1 
1 ercv ::::2 lercv' for v << 1, (B-26) 

(see Appendix D) to .show th~t for small r
1
/

2 
the third term in.Eq. 

(B-20) may be approximated by the expression 

[( 
_l ierfc 
1+.:._ 

2 

1+.:._ 
2 

-:r72 -
T 

ierfc 

1 
E 

~-lf 2 ) ierfc ' 

2+.:_ 
2 

-:rJ2 -
T 

1 
ierfc 

and hence may be neglected in comparison with terms of order of 
1/2 . 1/2 . 

T 1 so that 1n the case of small T Eq. (B-20) goes over to 

112 ; 
f(r):::: ~ - 2(ierfc ~/2 - ierfc 4;2 + ierfc --f-r2 ~ · · · )7

1 2
, 

TI~/~ T T 7~/ 
(B-27) 

which gives half of the fractional release with no recoil as was ex

pected (compare Eq. (4) in Sec. 12.5 of reference C 1 ). 

b. The case f) -+ 0 

This case represents a physical situation in which the recoil 

range is so small that the initial concentration practically approaches 

. a uniform distribution. Therefore at the limit f) = 0 we expect a 

releas.e identical to that given by the nonrecoil case. Using asymptotic 

expansion of·i
2

erfcf) for small f), we have 

lim 
8-+0 ~ (! -i

2
erfcf)} = ~i~ TI 

1/2 

---,;--

also, note that by the usual definition of a derivative we have 

lim 
e-o 

(B-28) 

(B-29) 
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and by definition of inerfcv we obtain 

2 d .2 f . 1 2 . f 1 
1 er c 7!2 = - ler c 7!2 i 

T T 

(B-30) 

and similarly for the. rest of the terms in the third brackets of Eq. 

(B-20). So from Eqs; (B-20), (B-28), (B-29), and (B-30), we obtain 

lim 
e-o 

2 
f(r) z :J72 

1T 

1/2 4 1/2(. f T - T 1er c 
1 2 =:-r72 - ierfc 712 + · · · ), 

T T 

(B-31) 

which is identical to the fractional release with no recoil, as was 

expected. (compare Eq. (4) in Sec, J 2. 5 of reference C 1 ). 

2. · Infinite C:ylinder 

We shall approximate the initial concentration with one of a 

solid that has a flat surface, which was derived in Appendix A;· tne : . 

problem statement is 

Ct = D (C + _!. C ), rr r , r 

C(r, 0) = c
0 

co 
= ZfJ- (a + fJ- - r) 

C(a, t) = 0, 

for O~r <a, 0 < t (B- 32a) 

for 0 ~ r <(a- fJ-)' 

} 
for (a-fJ-) :::; r <a, 

(B- 32b) 

for 0 :::; .t, (B-.32c) 

· When we use the substitutions of Eq. (B-2) with z replaced 

by r, the problem goes over to 

u u + 
1 

U, for O~x < 1, 0 < T, = -.. T XX X X (B-33a) 

U(x, 0) = 1 for 0 ~ x < 1 - E 1 } 1 
(l+e -x), for 1 - E = ZE <X< 1, 

(B- 33b) 

U(1, T) = 0, for O~r. (B-33c) 
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The solution method follows essentially the same procedure 

as used in solving the. slab problem in Section B. l. We write a 

formal solution using Green1 s function, 
1 

U(x, r) ~ 2n L dw w U(w, 0) G(w, x, r), (B-34) 

then we apply Laplace transformation as defined by Eq. (B-5), 

1 

U(x, q) ~ 2nl dw w U(w, 0) G(w, x, q), 

where G is given in reference Cl, 

for w < x 

2TI G(w, x, q) = 
{

g(w, x) 

g(x, w) for x < w, 

where 

g(w, x) = 
I
0

{g, w) 

Io(g) 

and from Eqs. (B-33b), (B-35), and (B-36) we have 

U(x, q) =. dw w g{w, x) + ;E.r dw w (l + e - w) g(w, x) l
l-e ·. x 

0 J 1-e 

+ i, L 1 

d w w (I + E - w) g (x, w), for I - e <. x < I. 

(B- 35) 

(B- 36) 

(B- 37) 

(B-38) 

We now differentiate both sides of Eq. (B-38) with respect to 

x and evaluate at x = l, making use of g(l, I)= 0. · We obtain 

1
1-e 

U (l,q)= dwwg (w,l)+ 
X X 

0 

(B- 39) 
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· From Eq. (B- 37) we have 

g (w, 1) = -
X 

(B-40) 

Substituting this into Eq. (B-39) and evaluating the integrals, we 

obtain 

u (1, q) 
X 

(B-41) 

Now, if Q(t) is .the number of tracer atoms in units of 1ra 
2c

0 
per unit height of the cylinder at time t, then by Fick' s first law we 

have 

21ra 
Q = DC , t - .,... 2 r 1ra c

0 

(B-42) 

or, in the dimensionless form [make the substitutions of Eq. (B-2)], 

we have 

Q = 2 u ( 1' q). 
'T X 

(B-43) 

We also have, in gereral, 

(B-44) 

so, combining Eqs. (B-41), (B-43), and (B-44), .we obtain 

QO 1 II (q) 1 lq 
Q(g) = --z- - -r -- - - 5 . dw w 

q q lQ (q) E q ( 1-E )q 
(B-45) 

We expand now the second and third terms, using the semi-

t . H2 convergen ser1es 
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q 3 
I (q) - e (1 -

1 - (21Tq) 1/2 8q 
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15 
2 

2(8q) 

105 - ... ), 
2(8q)

3 
(B-46) 

1 

8q 
+ 9 + 

. 2(8q) 2 

7 5 . 
-____,.-3 - • • • ) I 
2(8q) 

(B-47) 

from which we obtain 

11 (q) 

Io(q) 
= 1 -

1 1 1 
- 8q2 - -3 

2q 8q 
(B-48) 

also, in calculating the third term in Eq. (B-45) we have 

1 .. 

. 10 (q) 

\q dw w I
1

(w) 

J(l-e)q 

= ql/2e -q(l- _l_- _7_2 -~ ... )lq dw wl/2e w (1 _1._ - ~2 -~ 3 ... ) 

8q 2(8q) 2(8q) J(l-e )q 8w 2(8w) . 2(8w) 

: [1 - ( 1 -:-E ) 
1
/ 2 e -E q] q - [1 - l - ~ 

(l-e)l/2 

2 
E E 

l-112 +-7-- -e q] 7 
e -

8q2 (1-e )5/2 

jq 
71 - 957 ... 

2 . 3 
2(8w) 2(8w) . (1- e R 

-e q.J· l e -
2q 

(B-49) 

4 where terms of the order of e and smaller terms were neglected. 
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Inverting Eqs. (B-48) and (B-49) term by term, we .obtain 

-1 [ 1 I1(q)j. _ 2 1/2 
L 3 --:J7"2T - 1 ,.,.. 1 ~3/2 1 ,.,..2 ... 

2 I - 6:rr1/2 I - Tb I - I 

q Io(q) 'IT 

(B- 50} 

_ 1 [ 1 J q I 1 (w) ] 1 [ 
L - 5- dw w I (q) = 2J) (1 

. E q ( 1 -.E } Q . 

4(1 }1/2.2 f f'l) 1/2 
- - E 1 er co T 

I 

1-=-
-(~/- 8 

i
3
erfc8)8r- ( 3

1
2 -

6 '11"1 2 ( 1-E)l/2 
i\rfc8)8r

3
/

2 
-· · J , 

(B~51) 

E 
where 8 = ~/2 . From Eqs. (B-45}, (B-50), and (B-51) we have 

2r 

06-Q(r) = *2 (1 +a.) r1/2 
'IT 

1 1 3/2 
2 (l+f3)r- 1; 2 (1+y-)r ... 

6'11" 

where a., (3, and )' depend on T and are given by 

a. = 
'11"1/2 l 
-e- (4- (1 

8 1 
f3 = e ( -1;2 

6'11" 

In this case 

l 
(32 

2 l/2f'l)l/2.2 f f'l) - T o 1 er co , 

2 
1 + 7 r8 
~ 

i 
3 
erfc8), 

Q = 0 - 2=
1
--,--- foa dw 2'!1" w C(w, 0); 

'ITa C 
0 

(B- 52) 

(B-53) 

(B- 54) 
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Substituting for C(w, 0) from Eq .. (B- 32b) and carrying through the 

integration, we obtain 

2 
Q 1 E t E 

0 = -2 b 

Hence, from the definition of f(r) [ Eq. (B- 21)], 

f(r) = 1 
e e 2 (Qo - Q(r) ), 

1 - 2 + b 

and in the special case for E << 1, 

f(r) :::: o
0 

- Q(r), for E << 1. 

If this Eq. (B- 57) is a good solution we expect the two 

asymptotic cases 8 -+ oo and 8 -+ 0 to properly go over to the 

solution with no recoil. 

a. The case 8 -+ oo 

(B-55) 

(B-56) 

(B-57) 

Release "has just started, " hence we expect the release to be 

just half of that with a uniform initial concentration. 

Sine e we have 

lim 
·8-+ 00 

inerfc8 = 0 for n = O, 1, 2, · · · , 

it is easy to see that 

lim a = 0, lim (3 = 0, lim '{ = 0, 
8- 00 8-+ 00 ()- 00 

and therefore 

lim f(r) 2 1/2 1 1 3/2 = -.:rl2 r -'T-
6'1Tlf2 

'T ' 
8-.oo 2 

'IT 

(B-58) 

(B- 59) 

(B-60) 

which is just half of the well-known fractional release without recoil, C
3 

as expected. 
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b. The case e -. 0 

The effect of recoil must diminish and the release should be 

identical to that in the case of uniform initial concentration. 

Calc:;ulating a., 13, and y by using asymptotic expansions for 

small. e (see Appendix D), we obtain 

. . ,,.1/2 [1 1/2 . . 1 
llm a. = llm . e- 4 - { 1 - 't e- ... )( 4 

1/2 
=1 + ;--- 1/2 

T ' e-o e~o 

. 1/2 
lim 

·.e-o 13 = 8 
lim 7J 
e-o [ 

1 3 1/2 1 8 ~ -; -(1+- T e-···H-; -4+···) = 2-
6 12 4 612 
.TI TI 

T 

=m- ' 
TI 

[
24 Tie1/2 

lim y = lim 
e-o e-o 

Substituting Eq. (B-61) into Eqs. (B- 52) and (B- 57), we obtain 

lim 
e-o 

- 4 . 1/2 f(r) - _ 
172 

T - T 

:rr 

1 ,..3/2 ... 
1/2 I I 

3TI 

(B-61) 

{B-62) 

which is identical tothe fractional release without recoil, as expected. 
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3. Finite Cylinder 

In constructing a solution to the finite cylinder with a radius 

a and half height h, we now utilize the solutions for a slab and an 

infinite cylinder derived in Sections B. 1 and B. 2. We assume that 

~ and h are small compared with unity; this assumption is necessary 

in order to make the following two major approximations. 

a. Approximate the recoil-depleted distribution near the curved 

surface of the cylinder by one near a flat surface.· It was shown in 

Appendix A that this introduces an error in the concentration that is 

bounded by ~a . 

b. Assume that the initial distribution in the region near the edge of 

the cylinder (a-f!) < r <a, (h-f!) < I z I < h, is equal to the product of 

the initial distributions in r and z. Analysis similar to the one 

done in Appendix A shows that this gives the correct value gO = ! 
right on the edge, but an incorrect value anywhere else. It 

turns out, however, that contribution from the region near the edge to 

the release from the whole cylinder is relatively small. It is easy to 

see that the ratio of release from the region near the edge of the 

cylinder to release from the whole cylinder is of the order of 

(21rap.) 4 = 
2 

21ra + 4Tiah a+ 2h 

Hence the error introduced by this assumption is clearly bounded by 

this ratio, and can be neglected for ~ << 1 and t << 1. 

The problem for the finite cylinder with radius g. and height 

2h can be now stated as 

C. = D(C + _!_ C +C \, for 0 < r <a, 0 < I z I < h, 
t rr r . r zz 0 < t, (B-63} 
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C(r, z, 0) = c
0 

for 0 <r <(a-fJ.), 0 < I z I < (h- fJ.), 

for (a-fJ.).<r <a,. 0 < lzl < (h- fJ.), 

co . 
= 

2
fJ. (ldfJ.-Z} for 0 < r < (a-fJ.), (h-fJ.) <: l z I <h, (B-64) 

co . J = - 2 (a+fJ.-r){h.+fJ.·z), (a-fJ.) < r< a, (h-fJ.) < I z I < h, 
4fJ. 

C(a, z, t) = C(r, ±h, t) = 0, for 0 :O; t. (B-65) 

We construct a solution form 

ljJ(r, z, t) =A p(r, t) Z(z, t), (B-66) 

where A is a constant t6 be adjusted to ·meet the initial conditions, 

p is the solution of an infinite cylinder of radius a wl.th recoil, 

Z is the solution of a slab of thickness 2h with recoiL 

The function ljJ has the foll6wing properties 

(a) It satisfies the differential equation (B-63). 

(b) It satisfies the initial condition, Eq. (B-64). 

(c) It -satisfies the boundary condition, Eq. (B-65). 
. , ' Cl By t,he uniqueness theorem it is therefore the only solution. 

The functions p and Z are in general of the form 

Oo 

x = I An xn e:x:p(-X.nt) , 

n=l 

where x and X.· are the space eigenfunctions and eigenvalues 
n n 

(B-67) 

respectively.· This kind of function converges very slowly for small 

.. times, and hence is very difficult to evaluate. Jl For this reason we 

use the solutions valid for small times that were developed in Sections 

1 and 2, and which are easy to e.valuate. 
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Let Z(z,.t) and p(r, t) be these solutions for s'mall times, for a 

slab and an infinite cylinder respectively, then 

C(r, z,t) = B Z(z, t) p(r, t), (B-68) 
' 

valid for small times.· The fraction of tracer atoms yet not released 

is given by 

1 -.f(r) = 

foadr r p(r, t) 

ra ' J 
0 

dr r· p(r, 0) 
(B-69) 

where f(r) is the fractional release that is the cumulative number of 

tracer atoms released from the cylinder at time t (or r) divided by 

the numb~r of tracer atoms that were contained in the cylinder at 

time t = 0. The first ratio in Eq. (B-69) is equal to Qcir) for an 

infinit,e cylinder, the second ratio is equal to . 'it~) for a? slab. Let 

us denote Q by Qa for an infinite cylinder and ,Qh for a slab, .then, 

from Eq. (B-69) we h,ave 

a 
f(T) = 1 ~ Q. (T) 

Qa 
0 

=-1- (1-
Q~ - Qh(T) 

) (1 - --..-h-.-- ). 

Qo 

Combining this with Eq. ( B- 21), we obtain 

f(r) = l - [ 1 - fa(T)] [ 1 - ~(r)] 

~-. ( 

{B-7 0) 

(B-71) 

·'. .. wher.e ~ and r a-re the fractional release from a slab and infinite 

c:ylinder and are given by Eqs. (B-20) and (B-25) and by (B-52) and 

(B-57), respectively. 
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4. Finite Cylinder: Reduction to a Simple Form: 

The dependence of the cumulative release,.· f, ·on time is given 

by Eq. (B-71), which in general is not easy to evaluate~: We now take 

advantage of the following three conditions, which will be satisfied by 

tlie .. planned experiment~ 
-4 

T < 10 .. 1 

0 < 1.1 < 12 microns, 

a = h = 2500 microns, 

(B-7 2a) 

(B-72b) 

(B-72c) 

and reduce Eq. (B-71) to a simpler form which we shall use through

out the analysis.· The first condition is. assumed on the basis of data 

f · . d' . 1 . L 4 1 d h' h .. rom a poshrra 1at1on annea · exper1ment extrapo ate to 1g er 

temperatures.· The second assumed condition is nothing more than a 

b d h . 1 f' d" E l h h f" . ·1 guess ase on t e exper1menta 1n 1ng t at t e 1ss1on reco1 range 

in urania of fragments of the heavy group was roughly 6 microns. 

Under the above conditions we can make the following approxi

mations: 

where 

<P = 

7 1/2 ± 7 n/2 ~ 7 1/2, for n = 2, 3, 4, (B- 7 3a) 

1 ± .n f m ~ 1 
1 er c · -=-rJ2 , for n = · 0, 1 , 2, m ?:- 1 / 2, ( B - 7 3 b) 

T 

for n = 1, 2, 3. (B-73c) 

With these approximations, Eq. (B.,. 71) reduces to 

1/2 
f(T) ~ ( 1 + <P(r)) 7

1/2 
-=-rJ2 + 2(1 + <P(rr)) 

TT 

T 

l/2 
TT 

3 1/2 
~ :JT2 (1 + <P(r)) r · 

TT 

e e = ---y/2 , 
2T 

e = L 
a 

+ o(r), 

(B- 7 4) 

(B-7 5) 
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The fractional release f(r) was calculated by using tables ofthe;Junctions 

inerfcv, Kl ~nd plotted in Figs. 26 and 27. 

Inthoff and Zimenil used an alternative method to estimate the 

effect of recoil. In this method_,a correction factor A 
4 

is calculated 

by which the experimental release ("recoil release") has to be 

multiplied in order to obtain the "nonrecoil" release. The nonrecoil 

release is 

f(nonrecoil) T 
1/2 (B-76) 

[see, reference J1, Eq. (30)). Hence, the correction factor mentioned 

above as calculated from the results of this work [i.e., Eq. (B-74)) 

is 

A = 6 7 1/2/;3 . (1 t ""') 1/2 .r ~ =:TT2 ~ 7 

1T 1T 

2 
(B-77) = 

A discussion of Inthoff and Zimen' s method and comparison 

with its results is presented in Appendix E. 
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Fig. 26. Theoretical fractional release vs r
1
/

2
. 

Cylinder height/ diameter = 1. ·fl. = recoil range; 
a = radius of cylinder. 
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Fig. 27. ··Theoretical fractional release vs r
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/
2

. 
Cylinder height/diameter = L · p .. = recoil range; 
a = radius of cylinder. 
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Appendix C 

DERIVATION OF THE RECOIL CORRECTION FUNCTION M(O) 
FOR THE DIFFUSION COEFFICIENT 

We start by expanding Eq. (B-74) 

f=~ -r 1/ 2 t ~ 7:._.5! -ri 2erfc 
_1/ 2 2 E E 
1T 

and differentiating with respect to T 

E 

--;::r/2 • 
2-r 

(C -1) 

df 3 3 6 . 2 f E 3 . f E - + -- - - 1 er c -rr 1er c dr- 21T1/2
7

1/2 2e e 
27

11 2 -
27

1/2 
27

1/2 · 

(C,..2) 

when we rearrange, and use Eq. (D-5) of Appendix D, Eq. (C-2) 

reduces to 

3 df 
dr 

= 
2 1/2 1/2 

1T 'T 

or 

df 

dt.Jt 
-

d-r df 

dt.Jt d-r 
= 3 (_Q_)1/2 { ---.-1/~2,.-- 2 . 1 + 

1T a 

from which we obtain 

D = M(O) D , nr 

where 

1/2 
1T 
-2-

and 

Dnr = D(nonrecoil model) = [ ui
2 

a ::1/ 212 

(C-3) 

(C-4) 

(C-5) 

(G-6) 

(C-7) 
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a= 0.25 em 

1-L = 0.0005 em 

1 

( ) 

2 
df . 

dtl/2 183.5 

2. 5 X 10 
-4 

(Dt) l/ 2 

The function M(B) isplotted in Fig. 11. 

(C-8) 

(C-9) 
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Appendix-D 

PROPERTIES OF THE INTEGRALS OF THE COMPLEMENTARY 
ERROR FUNCTION 

We make the following definitions: C 1 

erfcv = _5;z Jv~dw e -w
2 

(D-1) 

oO 

. ierfcv = Jv dw erfcw, (D-2) 

(D-3) 

J 
oa n-1 

= v dw i erfcw, (D-4) 

From the above definitions we obtain the recurrence relation 
' -

.. n f 1 (.n-2 n-1 -
1 er cv = 2n 1 erfcv - 2v i erfcv), (D-5) 

with the natural generalizations . i 0 1
_. . 1 . 

= ' 1 = 1. 

Given an as'ymptotic expansion for erfcv valid for small or 
C1 · . . 

·large v, we can now, using Eq. · (D-5), obtai!l similar asymptotic 

expansions for the integrals inerfcv. 
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i. · Expansions valid for small v 

These are convergent series: 

erfcv = I - )!z (v- 3 
v 

5 
+ _v_ -

7 
v ···} 1!3 2!5 3!7 

1 1 
4 6 8 

v v v 
ierfcv = ""712 - v + -::J72 e- + ----- ··} 

.2 f 
1 er cv = 

. 3 f 
1 er cv = 

.4 f 1 er cv = 

1T 1T 

1 
2 

v v -""JT +--
4 . 2 2 1T . 

1 v + 
-;:-- 61Tl/2 

2 
v 

8 

ii. Expansion valid for large v 

6 30 168 

( 3 5 
7 

.. ) ' 1 v v +~ 
-:v2 3- 3o 210 

(D-6) 

(D-7) 

(D-8) 

(D-1 0) 

The following series are sometimes called "semiConvergent 
H2 . . 

· series" . They do not in general converge, but they have the 

property that the error introduced owing to the use of only N first 

terms is bounded by the absolute value of the (N+ 1 )th term: C 
1 

erfcv = 1 +-3- 15 105 945 + 
- 2v2 4v4 - svf+ 16v8 - 32v_lO 

... ) 
(D-11) 
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-v2 ( 
ierfcv = . e 2 V2 1 

2v '11" 

- ·_3_ + 15 105 + 945 10395 

· 2v 2 4v4 - 8v6 16v8 - 32v10 + .. ) ' 

(D-12) 

2 . 
.i erfcv = 3 45 105 + 4725 

- v 2 . + 4v4 - 2v6 i6v8 - .. -) ' (D-13) 

'!' 

2 

i 3 erfcv = e -v (1 - _5_ + 1045 - ~ + . ~ ·) 
8v

4
'11"

1/ 2 v2 4v 2v0 
(D-14) 

.. . _\T2 (' .4 . e 
1 erfcv = . 5 1/2 1 -

16v '11" 

.!2_ + 105 - ... ·) . 
2v

2 
2v 

4 
(D-15) 
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Appendix E 

COMMENTS ON THE RECOIL CORRECTION 
DERIVED BY INTHOFF AND ZIMEN 

The method used by Inthoff and Zimenll to compute the 

fractional re~ease from a specimen in which the initial concentration 

is depleted because of fission recoil is given. This is followed by a 

discussion about some numericaL:_ results relevant to this method. 

Method 

The method is base_d on the two following assumptions: 

(a) Fick' s first law is valid. 

(b) The concentration profile at any time after diffusion has started 

can be approximated by a straight line. 

The number pf tracer. atoms released per unit area of a flat 

surface is equal to the area m(t) of the t'riangle shown in Fig. 28. 

The area is equal to 

- J.l. 0 (t) 
m(t) - --:r co 2fi - o(t) for o ~ fi• (E-la) 

m(t) 
co 

= -2- ( 0 (t) - ~ ) for o ~ fi· (E-1 b) 

Using assumptions (a) and (b) and Eqs. (E-la) and (E-lb), one 

sets up two simple integral equations: 

- D dt = fi o 
T 4 2f.1-o' 

for o ;::; fi• (E-2a) 

D 1 _H:_ 
6 dt = 2 (o -

2 
. ), for o ~ fi , (E-2b) 

and solutions are 
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Fig. 28. Straight-line approximation of the concentration 
profile. 
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6 
-ln (1 + ---

21-1- 0 

o = ( 4 Dt - 1-1 + 2 1-1 ln 2) 
1
/ 

2 

for o ~ 1-1• 

. for o ~ 1-1. 

A correction factor A is now defined, where 

(E-3a) 

(E-3b) 

A= (fractional release from a specimen with a uniform initial 

concentration)/ (fractional release from a specimen with 

initial concentration depleted by recoil). (E-4) 

The denominate) of this factor may now be computed from Eqs. (E-1) 

and (E- 3),. and the problem is solved in principle. The A (the f in 

. the notation of lnthoff and Zimen) is presented as a function of K 

(of f' in the notation of Inthoff and Zimen), where 

4 1 
K = -;;rT2 A e (E-5) 

Discussion. 

Let A as calculated from the result of Append!ix B.be.·.denoted 

as A
1

. W1e have shown thal . 
' ..... \. 

2 A = 1 m (E-6) 

Let A as calculated by the method of Inthoff and Zimen be 

denoted as .A
2

. From Eq .. (III-3) and Eq. (E-4) we obtain 

2C I 
A 2 = m (Dt)

1 2
; (E-7) 

1T m 

.t:- 2 can be computed now from Eqs. (E-1),. (E-3), and (E-7). It can 

be shown that 
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/'\ 4 .n2=-=-m 
1T 

2 = ~2. 
1T 

(E-8a) 

(E-8b) 

Equation (E-8a) is at variance with Eqs. (13) and (20) in the work of 

Inthoff and Zimen, which give a value of 2 for the same limit. It was 

proved in our work (and also supported by a physical argument in 

Appendix B) that the limits of A when K ....,. 0 'and K -+ oo are 2 anck 1 

re_s.pectively. The functiolfl A-j·, however, defined as 

1/2 

A3 = T A2' (E-9) 

goes to the correct value at both limits. 

The numerical values of A as obtained by Inthof£ and Zimen
11 

are denoted as A 
4

. 

The four functions A 
1

, A 2, A 3' and A 4 are plotted in Fig. 2 9. 

Notice that A 
1 

and A 
3 

are almost identical throughout the entire 

range of K· 
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Fig. 29. A = Ratio of fractional release from a specimen with 
a uniform initial concentration to fractional release from 
a specimen with an initial concentration depleted by recoil. 

A 1 = A as calculated by the method developed in App. B. 

A 2 = A as calculated by using the method of lnthoff and 
Zimen. 

A 4 =A as calculated by Inthoff and Zimen. 
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Appendix F · 

COMMENTS ON THE USE OF SURFACE AREA 
(AS MEASURED BY GAS ADSORPTION) IN THE 

CALCULATION OF THE DIFFUSION COEFFICIENT 
IN POSTIRRADIATION ANNEAL OF POWDERS 

1.. Let the powder consist of N groups. All particles in the nth 

group are of identical size. Also let 

2. 

f = fractional release, 

f . = fractional release in the nth group, 
n -

ari = radius of particles in the nth group (em), 

g . = weight fraction of the nth group, 
n - 3 
p = density (theoretical) of powder material ( gl em ), 

F = specific surface of powder (em 
2 I g), 

D = diffusion coefficient (em 
2 I sec), 

DF = diffusion coefficient calculated from F' (em 
2 I sec), 

t = time since start of anneal (sec). 

Assuming the usual "spherical model, 11 

N N 

f = L gn fn = *2 (Dt)ll2 L 
'IT n=l n=l 

Dt which applies as long as 2 < 0.01. 
a 

From the specific surface F, 

N N 

F= L I (F-2) 

n=l n=l 

andfrom Eqs. (F-1) and (F~Z), 
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Let the groups be arranged in such a way that a <a +l for any n. 
n n 

Let now a (where s < N) be small enough so that all spheres of 
s 

groups 1 · · · s will become appreciably depleted during the anneal. 

The effective surface area for release will decrease then and will 

be 
N 

Feff 
3 I ::::: 
p 

n=s+l 

and 

D::::: iT f2 1 

4p2 2 t 
Feff 

Therefore 

N 

~ gn 

a 
D 

n=l n 

DF 
::::: N 

I gn 

a 
n=s+l n 

3. Numerical example 

. Let g 
1 

= 0. 3. 

D 

DF 

g2 = 0.7, 

50, 

= [0.3 + ¥o l2 
0. 7 j. 

"""50 

= 5QQo 

gn 

a 
(F-4) 

n 

(F-5) 

2 

In order for this to happen a release of the order of g 
1

, or 

approximately 30%. should be observed. 
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4. Auskern and Osawa' s experiment A
2 

D reported by Auskern and Osawa is only 1/500 to 1/1000 

the D found here (Fig. 23). 

The powder used by· Auskern and Osawa had 

F'=2600cm
2
/g, 

3 
14 X 2600 z 0.8 micron. 

Auskern and Osawa reported that in some runs the slope of the 

plot of f vs t
1
/

2 
was continuously decreasing during the first 20 hours. 

Anneals lasted 50 to 100 hours and slope was measured at the latter 

part of the anneal.· Fractional release was as high as 30o/o. Hence 

the above numerical example demonstrates how the depletion dis

cussed above could have accounted for the low reported values of D. 
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NOMENCLATURE 

Characteristic dimension; half thickness in case of a slab, 

radius in case of a cylinder (em) 

Concentration of tracer atoms (atoms/ em 
3

) 

Concentration of tracer atoms in the internal region (which is 

not depleted by recoil) before diffusion started (atoms/ em 
3

) 

Diffusion coefficient for the tracer atoms {em 
2

/ sec) 
2 

Frequency factor (em /sec) 

Fractional release via process of diffusion {dimensionless) 

Eq. {III-2) 

g Auxiliary function defined in Eqs. (B-8} and (B-37), for slab 

and cylindrical geometries 

E Activation energy (calories/mole) 

G Green's function for diffusion with zero concentration on the 

boundaries 

Its Laplace transform is given by Eqs. (B-7) and (B-36) for 

· slab and cylindrical geometries 

h Half height of a finite cylinder {em) 

M Recoil correction function for the diffusion coefficient (dimension-

less) (see Fig. ll) 

p Argument of the Laplace transform Eq. {B-5) 

P Probability, Eq. (A-21) 

q Square root of p, Eq. {B-5) 

Q Number of tracer atoms. Slab: in units of 2aC
0 

cm
2 

ina 

parallelepiped that cuts a unit area at each face of the slab; 

cylinder: in units of 1ra 
2c

0 
em in a unit height of the cylinder. 

0 0 Initial :value" of Q ·_- i. :e. ,. ,before· diffusio'n started.· 

r Space coordinate in cylindrical geometry {em) 

R Gas constant, 1987 Cal/mole/° K. 

S Dimensionless initial concentration, Eq. (B- LO) 

t Time. since start of diffusion {sec) 

U Dimensionless concentration, Eq. (B-2) 

v Dimensionless variable 
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V A function for which a Laplace transform exists but otherwise 

arbitrary 

w Integration variable 

x Dimensionless length, Eq. (B-2) 

z Space coordinate in slab geometry (em) 

Z Solution of the diffusion equation in a slab with thickness 2a and 

with recoil-depleted initial concentration 

a Dimensionless quantity defined by Eq. (B-53) 

13 Dimensionless quantity defined by Eq. (B-53) 

y Dimensionless quantity defined by Eq, (B-53) 

A Correction factor, defined by Eq. (E-4) 

o Error in initial concentration of a cylindrical surface due to 

E 

K 

() 

the neglecting of curvature, defined by Eq. (A-14) 

Dimensionless recoil range, Eq. (A-ll) 

Dimensionless quantity, K = 4/rr
1
/

2
A8) 

··. 'l/2 
Dimensionless quantity, 8 =e/(2r ) 

fJ. Fission recoil range of a tracer atom or its parent (em) 

(see discussion in Appendix A. 1) 

p Solution of the diffusion equation in an infinite cylinder with 

radius a and with a recoil-depleted initial concentration 

'T Dimensionless time, Eq. (B-2) 

<I? Dimensionless quantity, Eq. (B-7 5) 
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