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LANTHANUM DIFFUSION IN MOLTEN URANIDM 
:.• 

Edmond Le Borgne 

Inorganic Mate.;rials Research D~vis'ion, Lawrence Radiation Laboratory, 
Department pf Nuclear Engineering, College of Engineering, 

Univer~'ity of California, Berkeley, California . 

ABSTRACT 

The pu-rposy of this study was to measure the diffusion coefficient 

.of lanthanum in molten uranium, at microscopic and macroscopic concen-

trations. 

\ 

In order to get the d-iffusing element at microscopic concentrations, 
' 

a ura~ium rod was irradiated to gener~te approximately 10-9 atom fraction 

lanthanum 140. The irradiated rod was placed next to an unirradiated 

rod and the lanthanum allowed to diffuse into the unirradiated uranium 

roc'j_. The diffusion of lanthanum was determined by measuring the intensity 

of the 1.6 MeV lanthanum 140 photopeak along the rod. However, the 

diffusion process at such low concentrations could not be represented by 

a diffusion coeff.icient and could not be separated from mixing due to 

convection and to melting and freezing. 

The diffusion coefficient of lanthanum in molten uranium at macro- · 

scopic concentrations (~ 0.01 atom _fraction lanthanum) was measured by 

putting a small amount of lanthanum on top of a uranium rod, letting it 

diffuse, and measuring the penetration of lanthanum along the r-od. The 

diffusion coefficient obtained by this method,-4xlo-7 cm
2 

sec-
1

, was 

much lower than expected. The reason for the low diffusivities was 

probably the presence of bubbles or voids in the liquid uranium. 

,i 
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INTRODUCTION 

Studies of solute diffusion in liquid metals contribute to the 

understanding of the liquid state. The diffusion of fission products 

in molten uranium is also of interest for the pyrometallurgical method 

of reprocessing nuclear fuels, since the diffusion of these elements 

to a phase boundary is the first step in the extraction mechanism.
1 

Many diffusion coefficients in liquid metals have already been 

measured, and their order of magnitude is usually 10-5 cm2 sec-lor 

2 
greater. A study of the dif.fusion of lanthanum in molten uranium 

has not yet been reported, although Smith3 has measured the diffusi-

vity of cerium in uranium. 

Diffusion coefficients in liquid metals are measured by essen­

tially three techniques. 4 The capillary reservoir technique is the 

most popular. In this method, a small tube containing pure solvent 

metal is inserted in an alloy bath. After having been kept at a 

certain temperature for a definite time, during which diffusion pro-

ceeds, the small tube is drawn up, quenched and analyzed. In the 

second technique, a small tube is filled with pure solvent up to 

about half of its height, then filled up compactly with alloy and 

suspended in a tube which is kept in an electric furnace. The third 

method was used by Kitchener and coworkers. 5 The pure solvent metal 

is fused in vacuum and a small glass tube is filled up to about half 

of its height with this metal. After a small amount of alloy is 

placed on the solvent metal, the tube is sealed off in vacuum, and 
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the re::naining procedures are the same as in the second method. The 

experimental procedure used here was· inspired by tlie third method . 

. I I 
.1. I 

I 

···.:' 
·;.,,' 
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I. LANTHANUM DIFFUSION IN MOLTEN URANIUM AT TRACER CONCENTRATIONS 

A. Experimental Procedure and Apparatus 

A cylindrical piece of depleted uranium metal (0.2% uranium 235) 

2 in. long and 1/8 in. diameter (weight = 7~5 gms) was irradiated inside 

an evacuated quartz ampoule f'or 8 hours and cooled for one weel\:. The 

4 -9 atom fraction of lanthanum 1 0 produced by fission was then ~10 • 

The sample was removed from its capsule inside a glove box flushed 

with argon. The irradiated piece and another identical unirradiated 

piece were inserted in a beryllia crucible, which v1as in turn inserted 

into a molybdenum container. The assembly was then loaded into a pyrex 

container, evacuated by a diffusion pump, and transferred·to the LRL 

machine shop for electron beam welding of the top lid on the molybdenQm 

can. The electron beam welding was done under vacuum so that the metals 

ivere exposed to air only during the time required to load into the ·welder. 

The completed assembly, shown in Fig. 1, was leak tested, then suspended 

inside the hot zone of a vacuum resistance furnace as shown in Fig. 2. 

-4 The furnace was evacuated to approximately 5Xl0 torr. Power was then 

applied to the furnace to raise the temperature above the melting point 

of uranium. The temperature was kept constant during the amount of 

time desired for the diffusion. At the :end of this period, the furnace 

\vas turned off and the sample solidified. When the assembly was cool. 

enough, it was removed from the furnace for counting. 

The penetration of lanthanum into the unirradiated uranium rod 

was determined by measuring the intensity of the 1.6 MeV lanthanum 140 

photopea1;; along the length of the uranium rod. This nuclide, however, . 

is nut produced directly by uraniQm fission but is the daughter of barium 

140 which is produced with a direct yield of 6. 4%. The decay chain is 



'·· 

top I id 

Molybdenum 
ho lde.r 

.Beryllia 
crucible. 

.. .. .. 
·:· 

.... .. :·: 
·:: .. .. .... 
·:­·.· . ·.· ... 

-4-

we\d 

Fig. 1 Diffusion cell for tracer lanthanum diff'us<l:~;n 
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Ba 140 ---'-13----::> 

12.8 days 

_ __;..13 ____ :> 
(l) 

40.2 hours 

The radioactive nuclides, produced. in the fission of uranium, which emit 

high-energy gamma rays tehd to have short half .lives. Because of the long. 

·half life of its parent, however, the 1.6 MeV photon from lanthanum 140 

liecay dominates t.he gamma-ray spectrum of uranium which has been cooled 

for several days. The intensity of this photopeak served as a measLU'e 

of the lanthanum-140 concentration in the uranium rod. 

The detecting equipment is shown in Fig. 3. The size of' the calli-

mator in the lead shield is such that the detector vievJS a 3 mm-thick 

slice of the uranium rod. The rod is moved up and down inside the lead 

shield by a screw whose displacement can be measured with a precision 

of 0.2 mm. 

B. Theoretical Analysis 

l. The model of diffusion in a solid bounded by two parallel planes 

has been used. With an initial lanthanum concentration (or activity) 

a~a(x) and both ends x=O and x=£ insulated (zero flux), the concentration 

profile a~a (x) immediately after a diffusion time e is given by
6 

n7Tx 
cos -£- l

f. 

. 0 

00 

L 
n=l 

In terms of the dimensionless parameters 

e 
2 2 I -Dn 7T 8 £ 

(2) 

.. ·:' 

. .. 
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D9 
(3) '[ -

22 

X ( )+) 71 2 

this can be written 

I 
00 '2 2 

I 

I 
ai (711)d711 + 

La 
2 .L.e-n 7T T cos '!l. n7T71 a~a ( 71 I ) COS D7T71 1 d11 1 

n=l 0 ( 5) 

Calling 

/

1. 
An = 2 a~a ( 71 I ) cos n7TT] I dT] I (6) 

0 

the Fourier coefficients of the initial concentration profile a~a (x), 

the profile after diffusion is thus 

n=l 

2 2 
-n 7T T 

A cos n1T71 e 
n 

(7) 

This series is rapidly converging. However, the first fifty terms were 

taken into account to determine the curves corresponding to different · 

values of the diffusion coefficient. The initial activity profile aLi .(x) 
. a 

1-Jas measured and used to determine the A of Eq. ( 6 ). 
n 

The theoretical 

curves v1ere compared to the experimental curves to determine the diffusion 

coefficient (or value ofT) which best fitted the data. 

2. Determination of the Lanthanum Concentration Profile Immediately 
After Diffusion 

The decay scheme of Eq. (l) leads to a lanthanum activity at any 

position in the uranium rod given as a function of time by the well known 

relation for batch decay of a two-member chain 

~· 
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l + (l - -) 
F 

-A. t La 
e (8) 

where t is the time after the diffusion experiment and the parameter F 

depends upon the initial ratio of the two nuclides at t=O 

No 
A.La-A.Ba 

F La 
No 

A.Ba Ba 

(9) 

This gives 

"Bat 
0 

(A.Ba-A.La)t aLa 0 l 
aLa e --+ aLa (l - -) e F F (10) 

The lanthanum concentration profile was 
A.Bat 

diffusion. aLae 

measured at different times t after 
(A.Ba-A.La)t .. 

was plotted versus e , glvlng a straight 

o ( 1) . o I line whose slope was aLa l - F and intercept was aLa F. This permitted 

determination of the lanthanum concentration profile ~ediately after 

diffusion, a~a' at all positions within the rod. 

C. Results 

l. The purpose of the first run was to determine the mixing due to 

melting and freezing the two uranium rods (with no diffusion time), and 

to represent this mixing by an equivalent value of (D8), or an equivalent 

dimensionless parameter T*. 

The sample was held at 1200~for approximately 2 minutes and cooled 

dmm immediately. This operation was repeated three times, and the 

resulting concentration profiles are shown as curves 2, 3 and 4 in Fig. 4, 

(the points have been corrected for lanthanum decay after the experiment). 

The determinations of T* for these premelts were made starting with 



i 
I 

e 

0 

0 

.!: 
li 

~ 
E " 
l~ ....... 

...c ·-..... ,. 
.:·-.. "\: -A" 

... ... ~ 
Gl <II Gl ................ ..... ...... ...... 
'II '11 ,., 

~ ~ Cll 

....... u:: "-'-
0 0 0 

cl: rt ~ 

®® 
Gl I ~ > .. .. ~ 

0 u 

i 

.... 
> 
~ 
:) 

u 

g 
0 ... 

X 

-10-

•• 

• 

• 
• • 

0 0 
0 0 
0 ~ rv 

!Fig. 4 Successive premelts of two uranium rods. 
i 

_,. 

~ 

I 
I 
-t.. 
! 

0 

4 
lC 

ll 

w 



-.ll-

a curve corresponding to uranium rods already melted, since before the 

first melting the uranium rods were not yet in their final position 

(some slumping occurs during melting of the machined rods, which are 

somewhat smaller in diameter than the inner diameter of the crucible). 

The results of the first premelt (concentration profile changing 

from curve·? to curve 3), as shown in Fig. 5, are best fitted by a 

theoretical diffusion curve corresponding to a value of -r* of 0. 015. In 

a ty~ical diffusion run of 30 minutes, this would correspond to an equiva-

-4 2 -1 
lent diffusion coefficient of 7XlO em sec • 

The second premelt (concentration profile changin·g from curve 3 

to curve 4), as shown in Fig. 6, was much more difficult to represent by 

a diffusion curve. The equivalent -r* would have been still larger than 

in the first determination, lying between 0. 015 and 0. 025. 

2. Diffusion Experiment 

The two uranium rods (one of them irradiated } were first melted 

for 2 minutes and cooled, so that they were in their final position before 

performing the diffusion experiment. The sample was removed from the 

furnace and the lanthanum concentration profile was measured. The sample 

v1as reinserted in the furnace and held at l240°C for 30 minutes. The 

concentration profile was measured at different times after the diffusion 

run, and the lanthanum profile immediately after diffusion was determined 

following the method described in Section B-2 • • 
The results of the diffusion experiment are shown in Fig. 7• Here 

again, the measured penetration was considerably different from the 

the0::::e~ical penetration due to a pure diffusional process. The value 

of T representing the actual data could not be determined with a satisfac-

tory precision, but wa.s probably between 0. 02 and 0. 04. 



1-:tj 
1-'· 

(JQ . 
\.Jl 

1-:tj 
1-'· 
1-S 
(/) 

c.+ 

'"d. 
1-S 
(1) 

s 
(1) 

1---' 
c.+ . 

Unt~IIVM 
~'~i.,•rr~ c~s/5 ... iit 

2000 

iOOO 

0 t 

.. 

2 

Pl'ofile ~efore prem•lt (Curve ® of F;g. 4) 

'Profile after premelt (Curve @ oF Fig. 4) 

The ,oinh )( represent" i1 theoretic;a.l finAl profile. 

corresponding to r: o.ois 

I 

h) 
I 

3 4 ' 7 8 l)i•\ia"'' fi'O"' l.cM-o"" (eM) 

XBL 698-1317 

,. -"' 



rl t) 

l..tnthanurn 
.act;v ity J cts/s Mirt 

looo 

~ 
!-'· 
aq . 
0\ 

r.n 2ooo (I) 
() 

0 
:::! 
~ 

f-d 
>-S 
(I) 

s 
(I) 

1---' 
c+ . 

to 

1 2. 3 4 5 

-., 

before rremelt ( Cv•·ve (!) of fig.~) 

a.fter premelt ( Cu··ve @ oF F>g. 4) 

X : 1'heoretic.tl Final profile. torres~orw:lin~ to ·-r*= o.o1.5 

o : Th•oreti e<al f i11al pro file correspondi"'t ~o ~*: o. oz.s 

I> 

' .Dis~an~ from bo~o""' (em) 

XBL 698-1318 

I 
1---' 
\J-1 
I 



u~l.awwrn 
att'.i.,ily, c.h /s•in 

-)Ooo 

f-:I:j 
1-'· 

~ 
4 4 

4 

Otl . 
0 0 

-.J 

0 
t;l 
1-'· 
H:l 

2? 
Cll 
I-'· 
0 

2.ooe 

~ 

(J) 

:X: 
'd 
(J) 

1-'i 

~· 
(J) 

~ 
ci-. 

~: 

a ~ 

beFort diffusion 

:Profile •f~er J;fFusio., (point's x) 

A Theore~ic.~l f;nsl profile correspondlnl t'o ~ = o.ol. 

o Theore~ital final profile c.orrespondi"i to 'I: :: o .o4 

~ 

X 

·s :Pi~tClw.tt fro"' bolt- ( Ctft) 
XBL 698-1319 

-· 

I 
I-' 
-F 
I 



-15-

Since the .total -r measu:ted is the sum of -r-lf- due to mei ting and 

freezing the sample, and -rd 
I9 =--·due to. diffusion, 
l 

the mixing ·due to diffusion itself is less than the mixing due to melting 
' -

and freezing the sample. Since the latter could not be represented with 

a good approximation by an equivalent diffusion coefficient, the uncertainty 
' 

on the value of -r d was unacceptable. 

-. 
D. Conclusion 

Interdiffusiort of fission produ(:!t lanthanum between an irradiated and 

an unirradiated uranium rod did not permit determination of the diffusion 

coefficient of lanthanum in molten .ura:nium. The. mixing due to diffusion 

was small compared to external causes of mixinG,a:mong which the ~ajor 

one seemed to- be cciiwection. A study of the temperature distribution 

in the furnace showed that the top of the hot zone was colder than the 

bottom by more-than 70°CJ Furthermore, the exper:ime~tal points in the 

determination of the lanthanum concentration profile were far from being 

on a smooth curve, which suggested that defects like bubbles could be 

present in the uranium rods used. Avoiding those two sources of error 

was the main object in the study of lanthanum diffusion in molten uranium 

at macroscopic concentratiotlSdiscussed in Part II. Moreover, the very 

small concentration of lanthanum 140 in the uranium (10-9 atom fraction) 

was very easily scavenged by oxygen impurities in the- uranium. Since 

ra2o3 .is -thermodynamically more stable than uo2 , even 1 ppm of oxygen 

in the uranium would have been sufficient to convert all lanthanum metal 

to lanthanum oxide. The use of macroscopic lanthanum- concentrations avoids 

this scavenging problem. 
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. ' 

II. LANTHANUM DIFFUSION IN MOLTEN URANIUM AT MACROSCOPIC CONCENTRATIOfiJS 

A. Experimental Procedure and Apparatus 

The experimental method and apparatus were ba'sically the same 3.s 

in Part I. Two kinds of crucibles were used to hold the uranium and 

lanthanum liquids. The first type was the same as the beryllia crucible 

·with molybdenum.holder sham in Fig. 1. In this kind of crucible, one 

unirradiated uranium rod was inserted. The secord crucible was tantalum 

in -v;hich two unirradiated uranium rods could be inserted. The uranium 

rods were the same as those used in the study of lanthanum diffusion at 

tracer concentrations. 

After the uranium was inserted in the crucible, the crucible (with 

no top lid) was placed in'the vacuum resistance furnace of Fig. 2. The 

-6 
furnace was evacuated to approximately 10 torr. The temperature was 

then kept at 1000° C during 10 hours for out gas sing before melt in..g the 

uranium. The temperature was then set to l300°C and kept constant for 

3 hours. During the melting of the uranium, the pressure while above the 

melting point (ll32°C) never exceeded 4xlo-
6 

torr. The sample was then 

cooled down and kept under vacuum until the lanthanum was ready to be 

inserted into the crucible. 

The lanthanum used was 99.9% pure metal kept under dry nitrogen 

atmosphere. A cylindrical piece of 0.1 in. diameter and 0.5 in. lorg 

(weight = 0.5 gm) was scraped until the metal was shiny (a thin white 

I 
oxide layer develops on the surface of the metal after a few mirru.t es 

exposure to air), wiped off and loaded into a polyethylene snap-top 

:U·raj_iation capsule. These operations were perfomed in a glove box 

flushed lvith dry nitrogen. The sample was then irradiated for 30 m~nutes 

to generate approximately 20 mCi of lanthanum 140 by neutron ca·pture in 

La-139 (> 99% natural abundance.) The irradiated lanthanum -vras placed on 
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top of the uranium in the glove box and the crucible capped and placed 

in a glass vial. The vial was removed frcm the glove box ani evacuated, 

then transported to the LRL machine shop where the crucible was sealed 

by electron beam welding (also under vacuum) and leak tested. 

The completed assembly, shown in Fig. 8 was then inserted in the 

furnace and melted. In order to minimize convection, the furnace was 

flushed 11ith helium-hydrogen (4%) at a flow rate of 8 cubic feet per hour 

so that the bottan of the crucible was colder than the t qJ by l0°C. The 

temperature was kept constant during the time desired for the diffusion 

ex:perunent. The sample was then cooled down and removed from the furnace 

for counting. As in Part I, the penetration of lanthanum into uranium 

was determined by measuring the intensity of the 1.6 MeV lanthanum-140 

photopeak along the assembly. The counting equipment was the same as 

in Part I and is shewn in Fig. 3 . 

B. Theoretical Analysis 

The model of diffusion in a semi-infinite medium has been used, since 

the la:trbhanum penetration never reached the end of the uranium rod. With 

a lanthanum concentration (or activity) C maintained at the equilibrium 
0 

solubility at x=O (interface) and no lanthanum initially in the region 

X > 0, the lanthanum concentration after a diffusion time 8 is given as 

a function of the distance x from the interface by 

c -c-= l - erf 
X 

erfc 
X ---·- (ll) 

0 

lvhere erfc is the canplementary error function. Plots of the inverse 

complementary error function of cjc , erfc-l (C/C ), versus x gives 
0 0 

straight lines passing through the origin with slope 
l 
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The main p:r.oblem was the location of the posit ion ,of the interface 

between lanthanum and uranium in the lanthanum concentration profile 

after diffusion. The method chosen was to start fran the low concentration 

· end of the profile, which resembled a diffusion curve. ·The region where 

the curve departed significantly! from an error function curve was taken 

as the interface. This procedure was verified by determining the solubility 

1 
of lanthanum in uranium by comparing the lanthanum-14o activity at the 

chosen interface position to that in the pure lanthanum rod above the 

interface. ·This calculation is discussed in detail in the subsequent 

section devoted to analysis of Run No. 3. 

C. Results 

l. As in Part I, the purpose of the first run was to determine the 

amount of mixing due to melting and freezing the sample, with no diffusion 

.. 
time. The crucible used was a tantalum crucible. The sample was held at 

l200°C for 2 minutes and cooled down immediately. The lanthanum concen~ 

tration profile after melting is shown in Fig. 9• Two months after the 

experiment, when lanthanum-140 had almost completely decayed, the crucible 

was sawed lengthwise and polished, and pictures of the inter~ace were 

taken. Figure 10 (x50 magnification) shows that the contact between the 

tvro metals was very good, even though a bubble was present in lanthanum 

approxirmtely. lmm from the interface, as can be seen in Fig. 11 (x8.5 magni-

ficat ion). Figure 11 also shows that the meniscus at the interface vras 

approxirmtely 2 mm high. Looking at the profile shown in Fig. 9, it 

muld thus be concluded that the penetration of lanthanum into uranium 

\vas less than 2 •5 mm and could thus be neglected, a typical penetration 

:Ln the diffusion runs being gl''eater than 1 em. 
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Lanthanum-uranium interface - Run no. l 
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2. Diffusion Experiment in Tantalum· Crucible (Run No. 3) 

The. first diffusion experiment was performed us.ing a tantalum cruci-

ble. The sample was held at l200°C for 24 hours and cooled down. . , The 

lanthanum concentration profile after diffusion is shown in Fig. 12. The 

determination of the interface was made easier when the sample could be 

' sawed lengthwise 6 weeks after the experiment. Figure 13 gives a picture 

of the interface (x50 magnification) showing that the contact between 

the tv10 metals was excellent even after 24 hours diffusion time. A 

general picture of the interface is shown in Figs. 14 and 15 (x8.5 magni-

fication)~ There was a large bubble (3mm long) in the uranium, approxi-

mately 2mm from the interface, which can be seen on both Figs. 14 and 15. 

Comparing Fig. 14 to the lanthanum concentration profile shown in Fig. 12, 

the position of the lanthanum-uranium interface (bottom of the meniscus) 

could be located at position 49.5 in Fig. 12. However, the bubble must 

have blocked the penetration of lanthanum and kept a constant concentration 

at the extremity of the bubb,le (position 54.4 in Fig. 12 ). This extremity 

was thus acting like a second interface, and the region between X=50 to 

x=54 appeared to be lanthanum-saturated uranium. The maximum measured 

activity in the lanthanum part of the rod was ~so,ooo count/..5 min. However, 

since the lanthanum occupied only a ~3mm height in the tantalum crucible 

(see Fig. 14), and the width of the window in the collimator was also 3mm, 

it is probable that neither of the two measurements around the maximum 

of Fig. 12 viewed pure lanthanum metal. Had the 3mm segment of lanthanum 

filled the entire collimator window, the activity would have been larger 

than 80,000, sa.y ~100,000 •. The activity at the x=54mm position (which 

represents uraniurn saturated with lanthanum) was ~1700. The ratio 

1700/100,000 = 0.017 atom fraction shbuld be the solubility of lantha.num 
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Fig. 13 Lanthanum-uranium interface - Run no. 3. 
(x50 - Lanthanum on top). 
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Fi g. 14 Left side of lanthanum- uranium interface -
Run no. 3 (x8. 5 - Lanthanum on top ). 
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Fig. 15 Right side of lanthanum-uranium interface -
Run no. 3 (x8.5 - Lanthanum on top). 
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in uranium. This value is in reasonably good agreement with the solubility 
I 

of 0.018 atom fraction measured by Haefling and Daane. 7 

Assuming that the activity at x = 54.4 represented the saturation 

solubility of lanthanum in uranium, the penetration curve was determined 

with the "interface" located at this position. The ratio of the lanthanum 

concentration C to the lanthanum concentration at the interface C is 
0 

plotted versus the distance x from the "interface" in Fig. 16. In Fig. 17 

the inverse complementary f . f c . error unctlon o C lS plotted versus x. 
0 

points are located with a very good approximation on a straight line 

passing through the origin. The slope of this straight line gave a 

value of 4 X 10-7 cm2 sec-l for the diffusion coefficient at 1200°C. 

3. Diffusion Experiment in Beryllia Crucible (Run #5) 

In order to check the reproducibility of the result obtained for 

The 

the diffusion coefficient in Run #3, a second diffusion experiment was 

performed, the tantalum crucible being replaced by a beryllia crucible. 

The sample was held at 1210°C for 25 hours and cooled down. The lanthanum 

concentration profile after diffusion is shown in Fig. 18. In a picture 

of the interface (x 50 magnification') shown in Fig. 19, the contact 

between the two metals did not look as good as in the tantalum crucible. 

But this was probably due to the fact that the beryllia crucible had to 

be broken to take the picture, and it was then much more difficult to get 

a very smooth surface by polishing the rod, lanthanum being much softer 

than uranium. A general picture of the interface (x 8.5 magnification), 

shown in Fig. 
I 

20, did not 
1 

reveal any large bubble in uranium near the 

interface, which was assumed to be located at position 67 in Fig. 18. 

Note that the curvature of the interface is in the opposite sense as in 
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Fig. 16 Penetration curve - Run no. 3. The x = o position 
on this plot is taken as the x = 54.4 position on 
Fig. 12 • 
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XBL 698-1323 

Fig. 17 Determination of the diffusion coefficient -
Run no. 3 - (Points from curve of Fig. 16). 
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Fig. 19 Lanthanum-uranium interfac e - Run no. 5 
(X50 - Lanthanum on top ). 

XBB 698-5520 
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Fig. 20 Lanthanum-uranium i nterface - Run no. 5 
(x8. 5 - Lanthanum on top). 

XBB 698-5515 
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tantalum crucible. The plateau between 72 and 76 rom in Fig. 18 is due 

to a bubble in the lanthanum, which did not melt to form a continuous 

liquid. The ratio of the lanthanum concentration C to the lanthanum 

concentration C at the interface is plotted versus the distance x from 
0 

the interface in Fig. 21, and the inverse complementary error function 

c of C is plotted versus x in Fig. 22. Except for the last points, which 
0 

scatter because of poor counting statistics, the experimental points 

were located on a straight line. However, this straight line did not 

pass exactly through the origin. Its slope gave a diffusion coefficient 

-7 2 -1 at 1210°C of 5 X 10 em sec , which is very close to the value 

obtained in Run #3 with the tantalum crucible. 

D. Conclusion 

The only conclusion that could be drawn from this study ls that the 

diffusion coefficient of lanthanum in molten uranium at 1200°C is very 

low, of the order of 4 x 10-7 cm2 sec -l. This is at least two orders .of 

magnitude lower than most diffusion coefficients in liquid metals.
2 

This low value of the diffusion coefficient could be explained by 

assuming that lanthanum diffuses through molten uranium not as a single 

atom, but as a complex formed by a lanthanum atom surrounded by a certain 

number of uranium atoms. Such complexes as UCd
12 

and UZn
12 

have already 

been discovered and the large size of the resulting complex considerably 

decreases the diffusion coefficient. However, a complex like La U has 
n m 

not yet been reported. 

The very low diffusion coefficient of lanthanum in molten uranium 

could also be due to the presence of bubbles in the uranium. Those 

bubbles could be detected in all the experiments performed, despite all 
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Fig. 22 Determination of the diffUsion coefficient -
Run no. 5 - (Points from curve of Fig. 21). 
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efforts to avoid them. In a test run, four uranium rods were inserted 

each in a beryllia crucible, and the four samples were loaded into the 

vacuum resistance furnace shown in Fig. 2. After evacuating the furnace 

-6 0 to 10 torr and outgassing at 1000 C for 15 hours, the temperature 
• 

was raised to l300°C for 3 hours. The pressure during melting time 

-6 never exceeded 4 X 10 torr. After melting, the four uranium surfaces 

were higher than expected by a distance varying from 2.8 to 4.5 em, 

indicating extensive bubble formation during melting. The origin of 

these bubbles was probably dissolved gas in the uranium rods, which had 

not been prepared under high enough vacuum. The small bubbles formed 

anywhere in the uranium rod move upwards and join other bubbles. When 

the resulting bubble is large enough to contact the crucible wall, it is 

held there by surface tension forces rather than rising to the surface. 

Unfortunately, the bubbles tend to be trapped near the lanthanum-

uranium interface. Furthermore, many small bubbles could be observed 

,with a microscope in the uranium rod. 

Thpse bubbles could be prevented by using crucibles with a larger 

inner diameter to permit unobstructed rise to the surface by decreasing 

the chance of a bubble coming in contact with the wall. Another method, 

which might be used concurrently, would be to vibrate the sample for a 

few minutes after melting (using the driving mechanism of an ultrasonic 

cleaner for example), so that all the bubbles could be released to the 

metal surface. Bowever, it would be necessary to correct for the 

corresponding mixing which occurred during this period. Obtaining an 

exact value for the diffusion coefficient of lanthanum in molten uranium 

would require eliminating bubbles; whose effect on the measured diffusivities 
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could not be accurately assessed. 

The good contact and general cleanliness of the lanthanum-uranium 

interfaces observed in the photomicrographs and the reasonable agreement 

of the solubility inferred from the activity measurements at various 

'points in the rod of run #3 suggest that the equilibrium solubility is 

generated at the interface to drive the diffusion process. 

The solubility of lanthanum in uranium (~ 0.02 atom fraction) is at 

least four orders of magnitude larger than the oxygen content of the 

uranium (~25 ppm8) sothat complete conversion of the diffusing lanthanum 

to lanthana is unlikely. Since the crucibles were sealed under vacuum 

(10- 5 torr) by electron beam welding, little contamination is expected 

from the small void volume remaining in the crucibles. 

Tantalum and beryllia were satisfactory crucible materials. Both 

satisfactorily contained molten uranium at 1300°C for 3 hours and the 

lanthanum-uranium combination at 1200°C for 24 hours. 

.. 
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LIST OF NOMENCLATURE 

2 -1 diffusion coefficient of lanthanum in molten uranium, em sec 

distance along the uranium rod from bottom (part I) or from the 

interface (part II) , em 

i 
aLa(x) initial lanthanum concentration profile, counts/5 min. 

a~a(x) lanthanum concentration profile after diffusion, corrected for 

decay, counts/5 min. 

9- length of the total uranium rod (irradiated+ unirradiated), em 

8 diffusion time, sec 

t time after diffusion experiment, sec 

~ lanthanum activity at time t, counts/5 min. 
La 
0 

aLa lanthanum activity immediately after diffusion experiment, counts/ 

c 
0 

5 min. 

-1 decay constant of lanthanum, sec 

-1 decay constant of barium, sec 

lanthanum concentration at position x, counts/5min. 

lanthanum concentration at the interface, counts/5 min. 
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