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‘efficient could be determined by measuring the cumulative count
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‘ ABSTRACT‘

This‘repcrtgcompletes avseries of attempts'to\measure the
diffusion coefficient of lanthanum in 1iquid uranium by the cap-
illary method:ﬁsing the two molten, partially‘miacible metals.

injcrder»tolobtain the'lanthahum?penetration profile in the

~

uranium phase while diffusion was in progress, the diffusion zone

- was scanned by a scintillation y-ray detector while the system was

in the furnace. Due to the low solublllty of lanthanum in uranlum,
accurate dlffu81on proflles could only be obtalned by measuring thei
act1v1tyrfar from the interface. Therlarge statlstlcal errors in
the count ratesAat\distances far‘from the iﬁterface renders such

data unrellable This is belleVed to be the pr1nc1pal reason for

~

the ‘inaccurate dlffu51v1t1es obtalned in prev1ous experlments

In order to obtain high count rates at positions far from the

1nterface, a slagglng process was employed. ‘A piece of alumina was
\A i

1nserted in the bottom of the cru01ble to act-as a 51nk for the

dlffused lanthanum._ The La-U 1nterface«was,separated-from the
alumlna plug by about 5 mm of molten uranium. The diffusion co-

-~

3

rate at theﬂuranium—alumina interface as a fﬁnctioh of time. A
value of D = (1.5 + 0.2) x 10—5 cmZ/séc at 1250°C was determined
in this manner.: This value is within the range-of;diffusivities

expected ihlliquid metal systems, and suggestsfthat there is nothing

abnormal in the urahium—lanthaﬁum system. - L

* N N ) . o0 .
Work done under the auspices of the U. S. Atomic Energy Commission, :



1.  INTRODUCTION

The knowledge of tﬁe diffusion coefficient of lanthaﬁum in
‘mq}ten‘uranium’is important in the reprbcessing of‘spent uranium
fuel. :Le»Bo;gne (1) 'used the capillary method and fdund the dif— _ !

fusion coefficientvto be as low as 4.5 x 10-7

cmz/sec.‘ Upon sec-
tionf?g>a specimen, Le’Borgne found'largelbubbles in tHe uranium
" ingot near the lanthanum-uranium ihtérﬁace. _Hevbelievéd thatﬁghesev
bubblés may.have cau%edfthp very low diffusion‘coefﬁicient‘which

4
- L

was measured.
quingh (2) tepeated Le'Borgne's experiméng £;ying to avoid
bubbles, He succeeded in.éliminating the bubbles by,multiple melt-
ing of each uranium ingot in befyllia crucibles;Lwith Cléanihg of
the.ingot,between each melting. The diffusioﬁ coefficientPhe ob~

7

tained was also ~ 10~ cm2/sec. Both of these experimental diffus-

"~ ivities were about two orders -of magnitude smaller than theoretically

‘predidted'valués (3,4,5), and warrantéd further investigaEiOn in

order to firmly establish whether the La-U system was abnormal.

2.  IN-SITU ACTIVITY MEASUREMENT )
Some modificatibns of the experimenfal ép?ératus described in
references 1 aﬁd 2 were made; The major differéncés between Hovihgh'st

system and the;present setup are the ﬁicrometér'iineaf*feedthrough,

the tantalum block shadow Shiéld”invﬁhe furnace.and the collimating
systém (Figure'l}. These features were added té permit scanning of 1
~the uranium phase for La-140 activity whilg diffusion Was in progresé.
The entiré crucible could be raised or lowered while at tamperéture

to permit thiﬁ slices of the molten uranium phésé to be viewed by

~

+
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the Nail detectbr thrdugh a well defined Windowév The top view of
the colliﬁating system,is shown in more detail in Figure 2. The"”
cone;shape siots in the tantalum block_and lead brick maximizes the
SOlld angle subtended by the Nal detector. The nominal window
width (1 e., the helght of . the slot) is 1 5 mm |

. The modlfled cru01ble used in the present experlment is shown,w
in Flgure 3. A tantalum llner was added to the beryllla cruc1ble

to provide a surface whlch would be wetted by liquid uranlum, so

that lanthanum_would not slip between beryllia cru01ble and mo;ten

uranium. (This effect had-beenvsuspected in Hovingh's experiment (2))..

"An experiment 'was performed in, order to determine the lanthanum
o ) - \

activity profile close to the 1nterface at varlous times durlng dif-
fusion. From the data obtalned ‘1t is belleved that:

(i) The. lanthanum—uranlum 1nterface is Very nearly heml—

Spherlcal (Appendlx)
_(11) The lanthanum—uranium interface moVed downward during
diffusion experiment. Probably due to seepage of uranlum upwards

between the BeO cruc1ble and the Ta liner. ;

Because of these,two-effects, aCCurate lanthanum penetration
data can only be obtalned by measurlng the act1v1ty at least two
w1ndow w1dths from the 1nterface., Unfortunately,Adue to the low
saturatlon c0ncentratlon 0of lanthanum in uranium (§jy.the ccunt
rate at these locations approaches the background count rate. The
large statisticalgerror makes the data unreliable. -

3
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3. ALUMINA SLAGGING EXPERIMENT o o | ’ ~

| In order to avoid the uncertalntles of trylng to measure
,lanthanum act1v1t1es close to the 1nterface and ‘at the same time.
to obtain hlgher count rates at p051t10ns far from the 1nterface,
a slagging process was used W?) A piece -of alumlna was inserted
in the bottom of the cru01ble as a sink to getter the lanthanum
which had dlffused from the 1nterface through the uranium (see- - .
Figure 4) ' The functlon of the alumina can be seen from the

(follow1ng thermochemlcal analy51s.

Consider the reactlons.

> La,O, + 2A1 (A) AG®. ., = - 23.1 kcal

2La + Aly03 > Lay0y + 1250
. . R , . i .
"3y 4 a0, » 2 U0, + 281 (B) AGS o = + 9.3 keal -
°1250 9.

2T T AR T 2

The free.energy'of reaction for reaction @A) is.— 23.1 kcal at
1250°C and is + 9.3 kcal. for reaction (B) at 1250°C. From'a thermo4'
dynamlc p01nt of view, a reactlon is extens1ve only when the free
energy change of the reaction is negative. -Consequently only'lan-”
thanum should‘react'with alumina. ThlS makes alumlna a good mat-
erial to remove lanthanum from metalllc uranium. The latter should
not react Wlth the alumina.. - |
A premelted uranium 1ngot was placed on top of alumlna and

melted at 1250°C for n 3 hours. After coollng,-the 1rrad;ated lan-
'; thanum was put‘on top of the uranium ingot and the furnace temp-
erature‘&as'raised up to 1250°C. The crucible:was moved vertically
by means of.the linéar feedthrough to give acti?it? profile.during-

the experiment.i‘A typical'diffusion profile‘obtained midway in the
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‘the large peak represents the count rate when the detector was

experiment is shown in Figure 5. The locations of the La, U, and

A1203 phases is shown at the top of the figure;' The plateau of

'facing pure lanthanum. The small peak. on the‘right shows the count

rate due to lanthanum gettered by the alumlna. ‘The area under the.

L

small peak is proportlonal to the number of lanthanum atoms in the

alumlna. The window w1dth.of about 2.5 mm showngln Flgure 5 was
calculated from plateau’fall—off (see reference 2) . The actual
window w1dth is v 1.5 mm. - The scattered radlatlon and the dlrect,l‘
Y= ray fluctuatlon through the lead and tantalum shleldlng make the’

effectlve w1ndow w1dth larger than the-trueuw1ndow W1dth.

invthe'alumina slagging experiment, the diffusion coefficient

v

ttdetérmination is based'Upon a cumulative\count rate of the U—Alzo3

interfacetrather than thekchange with time of the concentration
profile near the La;U interface. The total cumulative'count rate

in the alumlna s1nk is much larger ‘than that in the uranium (because
of the low solublllty of lanthanum in uranlum) Another advantage

of this experiment 1s that the counting close to_the high activity

pure lanthanum,which incurs the error discussed'above, is avoided.

4. D'IFFUSION ANALYSIS OF THE ALUMINA SLAGGING MEE[‘HOD
The’conservation statement thatjdéScribes diffusion in a long

capillary is -

- 2 o _ _ :
56 =D < 5 . - )
90X A e
' C = concentration of lanthanum in molten uranium; 239%5
o - cm

_ , : 2
D = diffusion coefficient, ggg.
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_EqUatien'(l) assumes!that_the'syetem’is'ene—dimensionala Inter-
face curvature effects are heglected, since the_diffusion.path"
through the'uraniumvie 1arge eompared to the curvature of the
.interface. | |

For thercapillary tube;‘the cohcentratidn.of(1anthanum in

uranium is initially Zzero. o e

| Initiavaondition; . C(X,0) =0 + For X >.0

At the ufanium—lanthanum’interface;.the.ébncentration is the sat-

uration concentration of lanthanum in uranium (2).

. Boundary.Condition 1: C(0,t) = Cs = 0.026iC*

C* is the pure lanthanum concentratlon 239%5

cm -
atoms )
Co is the saturatlon,concentratlon 49;?—

Assumlng the alumina is a perfect sink for lanthanum, the concen-
_tration of lanthanum in uranium at the uranlum—alum;na interface

is zero (see reaction (a)).
Boundary Condition 2: C(L,t) = 0

L is the length of uranium.

The solution to equation (1), - subject to the above initial and
. . Voot . : -

boundary conditions, is

C(X,t) = 0.026 C* - 0.026 C* i—‘
o - 2.2 2 o ' :
) %Z 0. 026 (LI @I%) oPn’r t/L:, o (2]

n=1

3
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‘The lanthanum flux at the alumina face is

J(L,t)

_ o fecy oo
=-D ax) X =1L
' 0.026C*D c n Dnzﬂzt/L L
= === 1+ 2, (-1) : (3)
Let A“,=J[ J(L,th)at! SR (4)
: 0 ' ' ’

be the total number of lanthanum .atoms which have passed the“plane"
"at X =L per»unit'area up to time t, and let-aAi

: count rate, under ‘the A1203 peak (see Figure 5).

o. be the total
273" o

a* = the count rate when the detector is fac1ng pure lanthanum
(the plateau in Figure 5)

effective w1ndow w1dth

. W

R = the 1nner radius-: of the tantalum tube. < ;

The ratip'of the total count rate of lanthanum in alumina and in

tpure lanthanum is-

Al.O0, total number of La atoms in A1203

total number of La atoms in volume ﬂRZW

_ A" TTR2 _ A" ' o

g L
C* ﬂRz * W C\W ‘ ‘ f "

Inteérating;Eq (3)¥according to Eq (4) and using?the above formula

yields
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- )‘
3a1,0 T 2 2 22 2
293 _ 0.026D [t Sy Dt -pntr t/L? L ] 5
* . <
;o a Lw DT 121 « n? o 6D |
a
A1,0

Figure 6 shows d.plot of ¢~g——§ accordlng to Eq (5) for the

‘follow1ng values of the parameters
5

,,J

D = lO—' cm /sec
'L = 0.72 cm !
t = 30’hours"

Thehresults of a 51mple steady state analy51s (i.e., neglectlng
the,lnltlal tran51ent in the dlffu51on problem wh1ch retains only
the first term in the bracket of Eq (5)) is also shown in- Flgure 6.
The exact solutlon is seen to be offset from the steady state

~

solution by an 1nduct10n period of v 3 hours.
5. RE.S_ULT'I;S‘ IR [

Ed (5)_was applied to the data from‘a single eXperimeht; The
data Were.obtaihed in the form'of:activity proflle similar to that
of FigureIS for Various times. The ihtegrated count rate under
the alumlna peak (corrected for radioactive decay of lanthanum-140)
is plotted in Figure 7.

Slnce a 51ngle stralght*llne could NOT be drawn through these
points (as‘expected from Flgprev6), the dlffu51on coefflclept D
was computed fromeq (5) each time. ‘The coefficientlso computed
arebshown next to thekpoints in Figure 7. By neglecting.the first

point, the diffusion coefficient at 1250°C is

5

= (1.5 + 0.2) x 10~ cmz/sec

~
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6. . DISCUSSVION

The modified arrangemen£ utillzing'a plug of alumina af the
bottom of the crucible.eliminates the large:statistical countlng
error inhérent'in'Le Borgne and Hovingh's technique. 1In additieu,
this modification has the advantage that -the exacﬁ_shape and posl—
tion of the meniscus is.ndt so important as in thevekperiments
which attempt.to measure the distribution of lahthanuﬁwln the .
uranium close to the U-La interfaee._vBecause the positien of-ﬁhe.A
solid alumina is fixed and the length of the uranium is known, the
auerage diffusion:distance is father accuratelylspecified. While
in pfevious experiments‘(these without'aluminahas sink) there is
‘no‘specifiedvreference’poiht for the measuring'of diffusion dis-
tance, ‘and the exact shape and position of the lanthanum uranlum
1nterface has to be accurately known. ) ]

A very_sharp and narrow act1v1ty peak in the alumina'at.the
uranium-alumina'interféce-isiexpected if'the alumiua acts as a
‘perﬁeet sink for lanthanum. InStead,'a'broadehed peak was observed.
This pheuomeua»may be explained as follows: The alumina is not a
perfeet sink as was assumed; After all the Al ions in the-surface
layer of the alumina plug have.reacted»with diffused lanthanum
from the'uraniumbaccording to reaetion a), fresh aluminuﬁ cau_
only- be supplied to the;surfaée by solid'diffusion from the in-‘v
teriofbof'the alumina plug. By this process, lanthanum diffuses -
‘into thelplug, aud‘so spreads out‘its,radioactivity thfougﬁout fhe¢A

“alumina piece. Because the-diffusien coefficlent is much lower in

‘the solid than in the liquid, the surface of’ the alumina plug may

become so. depleted in Al that 1t no longer acts as a perfect sink

[
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_ofhlanthanum (i.e., reactionrfA) is‘reversibie) rr‘his'is‘ probably
the reason why p01nts 4 and 5 in Flgure 7 are relatlvely low., |
In the determination of the dlffu51on coeff1c1ent, an error
is incurred by the assumption that the total count rate in alumina
(which is the area under the peak 1n Figure 5) is due only to dlf—
:fu51on. As seen erm Flgure 5, p051tlon 15, whlch is 1n the liquid
uranium, has‘a;hiéher cQunt rate than expected.. This might be due
vtb partial saturation of:uranium‘with lanthanum, due to the failure
of alumina to act @s a perfect eink,’er it might be that the de-
tecter is‘seeing'some of the pure lanthanum on top of the uranium.
This errot”could be’eliminated by increasing the length of the
uranium to‘ahout 1 cm so as to insure that thelceunt rate‘at places
llke p051t10n 15 is not due to the pure lanthanum source.

' Follow1ng the dlffu51on experlment the beryllla‘cruqible was -
-broken and the tantalum linerwas machined off. The alumina held -
the molten'uraniun:vety well\and there is no significantvamount
of leakage of uranium,through the'aluminaftantalum interface.
Hence, the uSe of an'aluﬁina piuglinxthe siagging method for'deter-‘

ing the diffusion coefficient is satisfactory}

i



7. APPENDIX - Effect of Interface Cufvature'oh Lanthanum Activity

Meesurementsh

If the window width W and the radius of the crucible R are;
known, the%theoretical count rate_as a functiohvof dfstance froﬁ
the 1nterface can be determined for- varlous radll of curvature P

~

of the uranlum-lanthanum 1nterface.l In this analy51s,_1t'1s
. s

~ assumed that.no lanthanum is presentvin,the uranium. , The geometry

is'shown in-FigUre 8. .

_ Let a{z) be the act1v1ty when the center of the window is at

p051tlon Z.

~

a*’= activity wheh the centei of the window at position z =‘0
(z =0 cerresponds to the/poeition when the window is
just filled with pure lanthanum)

Z5 = the’position'ef windo&lat wh@ch the,detectdr first™ sees

‘no lanthanum. : B -
/ : ‘ . .
volume of the segment of the La sphere
a_ _ intercepted by the window :
a* -volume of the cylindrical cruc1ble

lntercepted by the window

. 1 622'; o |
. &= = f ﬂyR51nede- - Lo -
- mTR™W ' : ‘
Y
. 6
2
_R|[1 3, _
= W_[§ cos™ 0 cose] ‘

el \
6, and 6, are defined on Figure 8. : o

'The above equation is a ¢general formula for %—.
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Eorvéach special case, different 61 and © vélues are applied.

2

Case (i) z <0

QJ*I' o
|
—

Case (ii) Oli z <W

Detector partly facing the hemishpere, partly facing the

pure lanthanum. -

a. - & + R l 00336 - CO GJ
a* W wW|3 )

cosg, = 2 + X cosg, = =
G | o " 2 o
x = \[o2 - g%

2 is the length of the cylindrical portion of the La

~ingot intercepted by the window.

Case (iii) W<z <z_ - W

Ke)
cosb =. z + X cosé . - _z__i-___)_(__:__W
1 p ’ 2 p

3 : : ' '
- %; =»—%— (cose2 - cosel)[% (cosze2 + co»selrcose2 + cosei) - lJ
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Case (iv) 2z - W < z < z
L X+ z-W
el =0 c0592 = 5
a_ _ p3 g+_1_('x+z-w)3_x+z—w
a* 213 3 o ‘ R 0

In Figure 9, g; is plotted versus distanée from the interface
for various radii of cufvature p. By fittiﬁg the experimental data
to onewof-thése.theoreticaijcurves the shape Of-the meniséus can be
determinea. :The data from an.experiment prior to the one utilizing
the crucible.with the alumina plug fell between p/R = 1 and i.Ol,
which indicates:that La-U interface’is very closely hemispherical

in shape.
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United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, -or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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