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:"""" The diffusion of fission products from sintered and cast U has been 
~ ~ studied at 6000 and 10000 C, and the d:tffusion from pressed U308 has been 
~ .. studied at 4000 , 10000 and 18000 Co Rare gases" I and Te are the predomi
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lnant elements diffusing from U308; 1).5 per cent of the rare gaB diffuses 
:In 3 hours at 10000 C. The diffusion from sintered metal is of 'ihe same 
order of magnitude as that from pressed Uj)8 •. 

Diffusion from cast U has been studied in more detail a.nd,· found to 
be less in amount and priw~rily a surface process o In 60 hoU'rs at 10000 C 
diffusion varied from a negligible removal of Mo to a 9 per cent removal 
of Ceo Other elements were removed in intermediate per/centso The dif
fusion of rare gases at 6000 c was approximately a tenth/of that at 10000 C, 
'while the diffusion of other elements was very much le~s.. Data for the 
diffusion of Ie, I, Ea, SI', Te, Mo, Np, Ce, La, Y and PI' are reported for 
a number of experiments, &ld the diffusion constants far these elements 
have been calcula.ted at the experimental temperatureso 

1. introduction 

When it lI'Jas shown experimentally that a self-sustain:tng fission cycle 

could be attained with natural U as the supporting Jllateria.1, it became 

n~cessary to study the fac~ors involved in the actual operation of such a 

cycle. The fission process heats the supporting pile to a temperature 

determined by the power generated and the ~thod of heat removal. Early 

'. plans contemplated high-·temperature piles using air or He cooling, and with 

such piles the diffusion of radioactive fission produc;c.s into the gas 

*Based on Reports CC-275, September 2.3~ 1942.; CC=298, October 15, 191~2; 
CO-327, October 31.11 1942; CC":.355, n.do; Cr..-390, Decembcr lJ.',;l 194,~; r:C~':,94~ 
April, 1943; CC-765, June 30» 194.3. 
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, stream, '(.0 be carried throughout the cooling system or into the atmosphere) 

vias one of the most serious considerations. 

'l'his laboratory underto,ok the st,udy of fission product diffusion with 

the realization that the urgent need of the data did not permit the attain

ment of either the utmost in analytical accuracy OJ(" the complete stu,tiy of 

each active element produced in fission. The need was a pra.ctical one: 

~~d the experiments were devised primarily to meet that needo The experi

ments were performed over a period of several months and with such evolu

tion of techniques that each experiment varied from the preceding ones. 

HOi;vever, there are basic techniques which ei ve the experiments a sense of 

unity and permit their consideration on a general basis. In this report 

the basic techniques are described fully, while variations in the individual 

experiments are only considered according to their importance in influencing 

the resultso When these experiments were started, production of U metal had 

not yet been established and U
3
0a and U02 were being considered for use in 

the pileso Later, sintered U and finally cast U became available for use. 

The experimental techniques-of the diffusion experiments were improved 

substantially as the study shifted from U?,oa to sintered and then cast U. 

2. Apparatus and Experimental Techni.911~ 

To determine the awJunt of fission product diffusion from a sample it 
w~s necessary either to collect th~ diffusin3 activities cumulatively or 

to measure their continuous rate of diffusion. The cumulative collection 

is much t.he simpler method of the two, and it til/as the technique first used 

in this studyo With cumulative collection '!ihe sample was merely heated in 

a closed system in a manner that permitted the collection of the diffused 

material either in the gas phase or on the 'Walls of the apparatus. To 

allow ve~J rapid diffusion in the gas phase and to make the diffusion rate 

through the sample the controlling one in the process, the samples were 

heated in a vacuUffio Condensable material in the diffusate deposited on the 

walls of the apparatus, and the noncondensable rare gases simply re~~ined 

in the gas phase of the system. 

Because of inherent limitations, the cu.mulative activity measurements 

did not give a satisfactory insight into the actual diffusion process. 

The tot.a.l diffusate gas activity is cont,rolled by two factors. It is 
, , .... :-; - ': .. ' ... ' 
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increased by further diffusion of a.ctive gases and decreased by the decay 

of the activity already presento These factors could not be satisfactorily 

resolved to measure the actual rate of gas diffusion.' 

The "argon fiow experimentsl! 'Were devised to fffi6ep the diffusing sam

ple continuously with a constant., known flow of an inert gas" This gas 

served as a carrier to remove fission products from the neighborhood of 

the sample, and measuring the activity in a known volume of the gas at the 

exit end of the furnace pei"mitted a continuous and accura.te measure of the 

rate of rare gas diffusion. 

In each case it was attempted to prevent chemical reaction of the S~ 

ple to make the diffusion as nearly as possible a p~rely physical processo 

This attempt was not entirely successful, for in the early experiment with 

A flow, impurities in the gas reacted with the samples, and in the 1800
0

C 

vacuum expe~iment there, was some thermal decomposition of the U
3
08 6 In 

high-temperature exper~ents there was a tendency for the corners of the 

metal to react with the surfaces on which they rested. 

Since only sub-micro amounts of radioactive fission products were 

involved, their behavior in diffusion could not be predicted with certainty.

It was felt that the only fission products which would show gaseous char

acteristics were the ra~e gpses and possibly the halogens. Consequently, 

the rare gases coming out of the furnace were always purified by passing 

th~n through a hot copper trapo The activity caught in this trap uas pri

marily 10 The other elements were expected to deposit on the cold walls 

of th~ turnace p react with the hot walls, or possible be caught in the 

trapQ 

201 The Induction Furnace Apparatus. The experimental apparatus used 

in the 18000 C diffusion experiment (1) is shown in Figq 10 The heating \~as 
done in a 4-inch Pyrex tube lIan , 2 rt long, placed inside the coil lib" or 
an induction furnaceo This tube was closed at the bottom with a water

cooled brass plate fief: sealed to the glass with sealing wax.~o T'ae top was 

all glass, conical 1I~ith a flat vievl-window, and with a. side arm sealed 

glass-to~glass to a tube of Corning 172 glass "d l1 containing Cu and leacl

ing through a cotton filled trap "e fl to, a Cenco megavac pumpo 

":';' ~>:::~:~'<,,~ ,', : 
, . :... 
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Fig. 1. 18000 C Diftusion Apparatus and Insert Showing 
Detailed HeatIng Arrangement. 
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Standing.~~side the 4-in. tube on the bottom brass plate were two 

concentric quar:iz cylinders which served as radiation shields and as a 

support for tn~'~crucible. A layer of sea' sand protected the brass from 

direct radiatJ.Q~. The beryllia crucible "k" which held the sample I1SI1 was 

placed inside; .. a..:special graphite crucible 111'11 which was insulated in BeO 

powder IIgl! and 'supported on a beryllia disc "h" resting on the bottom 

section of the inner quartz cylinder. 

vVhen the whole apparatus was assembled, it was evacuated, and the side 

tube containing eu was heated by a wing top burner to a dull red heatG As 

the sample was heated, its temperature was measured through the.,sight-hole 

by means of an optical pyrometer.. Gases driven off in this apparatus VJere 

not caught and their activity was not measured because no pump wasavailab1e 

which would maintain the high vacuum required and also trap the gases. The 

analysis of the diffusate is described in section 5.1(a). 

2.2 The Static Vacuum Diffusion ApReratus. The diagram in Fig. 2 

shows the furnace arrangement for the closed system experiments(l). Pass

ing through the center of the resistance furnace lid" is the tube in' which 

the sample was heated. This tube was either of glass or quartz, depending 

on the temperature to be maintained in the experiment. The 400
0
C experi

ment permitted Pyrex glass~ the 600°C experiment required Corning l72g1asa~ 
and the 10000C experiment required a quartz tubeo The heating tube was 

2-3 ft long and 1-2 ino in dian~ter and was heated over approximately 

the center half of its length. The ends of the tube were closed with 

water-coo1ad, waxed-on glass end caps "cit 0 To the inlet end was sealed a 

small mercury bubbler "b" beyond which was a 200 ml glass bulb "aU shut 

off with a stopcocko This bulb was tilled with Ato be used in collecting 

the active gases.' 

To the exit end of the heating tube vias. sealed a Corning 172 glass 

tube ue" containing reduced Cu, and in turn, an aluminum finger-type 

Geiger.-IIJ!ueller counter tube in a glass housing "flt~ a liquid air trap "gil, 

and a connection to a vacuum pump. The counter tube was attached to a 

scaling circuit tor a frequent measure of the gaseous activity. The pieces 

of sample were placed in a short tube smaller in diamat,e!' than the furnace 

tube and of the same materialo This sample tube was inserted into the 

furnace tube to a position in the center of the furnac60 Except for the 
, .... 
. .: '~i<;:~.~ >, .. 
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A bulb~ the whole system was evacuated while cold a.~d shut off from the 

vacuum pumpo Since the pressure in the system was low~ diffusion took 

place rapidly and the counter tube gave a measure of the activity in the 

gas phase. The heating was carried out, measuring the temperature by a 

chromel-alumel thermocouple; and finally, after the heating was completed, 

the liquid air trap was immersed in a Dewar of liquid N2 which was evacu

ated to about 30 llIDl. The A in the bulb was bubbled slowly into the sys

tem to displace the active gases and condense them in the trap. When this 

was completed, the counter tube and liquid air trap were sealed off from 

the furnace tube and taken to the counter room for activity measurementso 

The furnace tube and the sample tube were removed and washed with 

IN RN0
3 

to remove diffused material, and ,this wash solution was analyzed 

for fisaion activities accordi~ to the procedure in" section 3. 

203 The Diffusion.A2Earatua for Continuous A SweeRing. The experi
ments with continuous A sweeping were carried out in the apparatus(2)(3) 

basically diagl"'ammed in Fig. 3. Heating lvas obtained by a amall resistance 

furnace lie" 9 inchea long, fitted with a tube 14 in. lone and lin. aiam-
o 0 

eter~ of quartz for the 1000 C furnace and Corning 172 glasa for the 600 C 

furnace. The ends of the heating tubes were closed by glass end-pieces 

"d ll sealed with water-cooled wax seals, except for the exit from the 

Corning 172 tube, which was sealed glass-to-glass Q To the exit tube from 

the furnace, a 10 mrn tube IIflt of Corning 172 glass containing reduced Cu 

was a.ttached for removal of halogens from the gas stream. The "halogen 

trap" tube was sealed to a three-way "In stopcock connected to two counter. 

chambers "g" 0 The counter tubes themselvea were protected inside lead 

boxes "hI! with 2 ino thick walls. One of the counter tubes in each lead 

box was used to check the background while the other was used for measuring 

the a.ctivity of the gas o During the experiment the flow of gas could be 

switched at any time from the counting tube to the background tube and the 

former replaced by a new tube if it became defective. 
I •. 

On t~~ }l,llet side of the furnace was an A supply with a conatant pres-

sure relea::s·~ .. lIa" containing concentrated H2S0
4

, Tank A (9906 per cent 

pure) was pasaed through a drying. tube "btl containing Desaichlora and, in 
,.: .. 

early expefim~nts~ directly to the fUrnace'tubeo After it was found that 
.," 

~,~~.:fi;~~A,::~: ,,":,.- ',' , 



• 

w 

D 

q 

-e 



e 

e 

e 

9 
___ •• f' • _" ','" 

,,,: ... , 

the small amount of O2 and other impLlrities which the A contained, attacked 

the metal samples du...--ing the diffusion experiments" 'the A was further p~ri

fied by passing it through a "getter" tube lIell 01" Corning 172 glass con

taining freshly cleaned small pieces of U metal. heated to 700
o

Co 

The flow of gas through the diffusion apparatus was maintained at 

3 ml/min as nearly constant as posBible~ Hourly measurements of'volume and 

rate of flow were made, gauging the gas volume by the ~la.ter d'isplaeed from 

a Mariot te fiask "mn and the rate of flow by the pressure drop aeross a 

capillary-type gas floT!1!m~ter "k"" The pressure drop wa.s measured by an 

oil-fUled manometer.. At first the Mariotte fiask and the flowmeter were 

simply at room temperature, but in subsequent experiments they were ther

.mostatted at 2,4" 7°C in an air thermostat to maintain a. more uniform rate 

of gas flow. Counter tubes were connected to the counter by a multiple 

choice switch, and the activities of the gases and backgrounds were meas

ured about twice ea.ch hour. The furnaces were maintained at 6OO0 -6150 C 
o 0 and l~O -1020 C by manual control of Variac transformers¢ The tempera-

tures were measured by chromel-alumel thermocouples connected to a Leeds 

and Northrup potentiometer. 

At the end of the heatine period the furnaoes were cooled, the furnace 

tube and sample tube were washed out (section 3)" and the activities were 

analyzed and measured. The gaseous activity ?Jas measured continuously, so 

there was no diffusate gas sample to save o 

3e The Chemical Separation of Activities 

There are three activity measurements, any two of which theoretically 

facilitate the determination of the amount of diffusion occurring in an 

experiment. They are the measurements of the activity in the original 

sample, the diffusate, and the residue sample. Actually in these expsri

.rw':ll1,ts the pel" cent diffusion 'Was so smaJ.l and the non-homogeneity of the 

samples so great that the difference between original and residue was not 

a significant one. As a result" uoriginal", "difrusateU , and "residue!! 

samples were all analyzed .. 

The calculation of per cent diffusion based on the activities e~pa

rated from the dlffusa,te has several limitations which must be considered. 

Since the activities of the diffusates were low, it was impossible to ta~e 
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aliquots for the determination of elemental activitieso The entire dif

fusate had to be used, and the separate activities determined by means of 

a schematic analysis. 'The second thing to be considered was the fact that 

the diffusate activities were deposited ov~r a considerable area in the 

apparatus, possibly in a form in iwhieh their solution would be difficult 

or impossible. 

The elements nOl~allY separated from a sample for activity measure

ments were 3r~ Y, Zr, Mo" TaJ) I, Ie, Sa, La, Ce, Np, and Th for reasons 
given in section 40 Normally the following carriers for the above elements 

were used from stock solutions: 20 mg each of Sr, Y, Zr, Ra, La, and Ce as 
nitrates in HMO) solutions; 10 mg I as XI in water; 30 JIg each of Mo and 

Te in RNO) solutions. 

Since I showed such a significant activity in the diffUsate, its 

retention was important. Accordingly, the furnace tube ~as ~lr8t scrubbed 

with 100 ml of III HN03 with normal carr~er5 added. The scrubbing was with 

a, rubber policeman on a long glass rod~ and the 100 ml were divided among 

6 portionso This solution was handled separately for the recovery of I, 

while in later experiments the furnace tube was washed further with aqua 

regla to remove activities, particularly Te, tll/hieh \'Vere found to be incom

plat,ely removed by the IN HNO)o The aqua regia.l1ashings were added to the 

RN03 solution after remo\~ng the I. 

When equilibrium between active isotopes and inactive carrier has been 

reached before separation processes start, the per cent of added carrier 

that is mounted is the per cent recovery of an acti'Vi ty • In these experi

ments it was assumed that such an equilibrium was reachedo When no car

rier recov6r,y eould be lneasured as with Xe and Hp, 100 per cent chemical 

recovery was assumed. 

301 1~ Schematic Sep!ratio~ of A~vities(4). 
(a) In the case of the diffusate all. activities but Ie were recovered 

from one solution. The separation sch~me which this required was adopted 

as :;basic" f.or all analyses except when modifica.tions VJere necessary. 

First the sample was taken into solution in HN0
3
, with or without carriers 

added" If the carr-iers were not present in thr:! dissolving acid~ they 'l"J0Y.'C 

added as soon'as possible after solution. The solution was allowed to 

stand or digest. to!' a fev; minutes to reach equilihr.ium between the active 
"';:;::-' . ,..-.. , 

',.;. ~/t"t(;'f:,,$-:~::";' 'f~j~~-( . 
':,' :~',~!.;>,j:~~;:/"J" :-. f.': , 
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isotopes and their ina-oti ve carriers, and after this the a.nalysis \'1/35 begun 

i;1H~h the assumption that the 8lPJ)uut of carrier r.ecovered would correspond 

to the pe~ cent, of activity recovered. 

(b) Iodine was separated by o2cidlzing the iodide in the acid aqueous 

solution with NaN02 and extracting the free I produced wit,h CC1
4 

in a sepa

ratory funneL After several eJttractiorAs the I was in turn removed from 

the CC1
4 

solution by shaking it with NaHS0
3 

solution. The NaHS0
3 

solution 

r.a.s acidified with llP.l03.'1 boiled to rem.ove S02' and the I precipitated as 

AgI by the addition of a slight excess of AgN0
3 

solution. The precipitate 

was filtered on a small, weighed filter paper in a Gooch crucible, dried 

at 100°C, weighed" and mounted' for activity measurements according, to the 

description in section 4. 
(c) More than one gram of U interfered with the rest of the separa

'l:.lon. If more was present, as in the original and residue samples, it was 

removed' by ether extrac·tion. The solution t'IJas evaporated with HN0
3 

to the 

point where ,U02(N03)2·6 H20 solidified upon cooling. The cool solid resi

due \\Jas then extract.ed with ether, usually in a bea.ker. The upper et.her 

solution of U02 (N0
3

)2 VJas poured off and set aside, while carriers remained 

in the residue. A second eA~raction or wash could be made if necessary. 

(d) Tile residue or aqueous fraction was treated, with about 15 ml of 

concentrated fiNO) and 10 ml of watero The beaker was heated to dissolve 

the carritll'"s ~ and the solution l1vas evapo~ated to about. 10 ml, or un,!"il the 

granular precipitate of &(N0
3

)2 and Sr(N0
3

)2 barely began to form. The 

solution was cooled" treated with 8.11 equa.l volu.eJll of fuming HN03~ and the 

precipitation of Ba(N0
3

)2 and sr(N0
3

)2 was allowed 30 minutes to reach 

completion 0 The time of this precipltation was recorded~ The precipitated 

ni'cratres were centrifuged from the rest of the solution, the clear super

nata.'1t decanted and saved, and the solid 'tlvashed with 15 ml of 85 per cent 

HNO,.:o The insoluble nitrates contaj.ned Ba and Sr, and the combined clear 
~ . 

solution contained the remaining activit.ies. 

A number of techniques were used for isolating pure Ba and pure Sr 

activitiesn Several of the early schemes wer-a not very successful, and 

in the determined effort 'to secure pure acti~ities, there was a tendency 

to 'usr:; Ilevery separation in ' .. he bookfl 
0 Sulfate, carbonate, chloride, and 

nitrat0. pr€cipitations 'Of Be, t>.nd Sz- 'liogether ,Jere tried, aB 1;:1011 a,s 

~ :,;:.' '''t-;i:;~fr~S::''~t-- , 
1/. ;', \.tq:~:;"::'r~;t';i!<.:, t:~ ;P.' 
',','. " .. ''''~/l\~~~'d\ ._ 
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chloride and chromate separations Sa from SrQ SWlli~arized very briefly, 

the sulfate precipitation was found to bs ineffective; the nitrate preci

pitation was good$ but sometimes carried down Cs, Sb, and Te activities. 

The precipitation of BaCl2 in HOl - ether freed Ba of all activities but 

S1', and the carbonate precipitated Ba and Sr well, but to be useful had 

to be preceded by a scavenger precipitation for the removal of hydroJdde

insoluble materials. In this report no detailed account can be given of 

. the Ba.....sr procedures used in each experiment j) for in the beginning they 

varied vdth each experiment and sometimes with each sample" What, are given 

are the steps vdhich were found to be most effective in producing separa

tions. Other steps, if used, were superfluous. 

The Ba(N03)2-Sr(N03)Z precipitate from the fuming HN0
3 

ll\laS treated in 

the centrifuge tube with hot wa'Ger. until soluble nitrates had gone into 

solution. Any insoluble material was centrifuged down, and the clear 

nitrates were decanted to a beaker. This simple solution in water left 

most of the Te and Sb in the insoluble fraction. Several mg of Fe(N03)3 

were added to the solution, and ~~ excess of NH40H was added to precipitate 

hydroxide-insoluble Inetals. This removed all rar~ earths, Th, I, ZT, La, 

U, and possibly more Sb and Te. Tbehydroxides Visre filtered off and 

washed, and an excess of (NH4)2003 1:laB added to the filt.rate to precipi

tate BaC0
3 

and SrC0
3

" This precipitate contained rather pure activitieso 

The mixed carbonates were dissolved in a minimum ot dilute HCI after 

i?2hich the solution was neutralized and made barely acid with 2 drops of 

HOL The solution was heated and treated with an eJl:cess of (lIftl4)2Cr207 

followed by NH
4

C2H
3
02• Barium chromate was precipitated. After 30 min~ 

utes standing it was centrifuged, the supernatant strontium fraction poured 

off and saved, the Bacr0
4 

redissolved in a few' drops of hot HCl and repre

cipitated by (NH4)2Cr207 and NH4C2"3020 After double precipitation the 
&C1'0

4 
contained less than 1 per cent of the Sr activity. The combined 

supernatant fractions were treated 'with Z rug of Sa carrier, several mg of 

Fe(N03)3' and NH40H to remove BaCr04 and insoluble hydroy~des. After this 

scavenger precipita.te was filtered orf, 8..11. excess of (NHL.)ZC0
3 

VIa.S added 

to precipitate 81'0°
3

° Both BaCrG4- and 3rC0
3 

were filtered on smaJJ. filter 

papers in a Gooch cnlcible, dried at 110°C, and mounted for activity 

determj~ation in yields of 70-90 per canto 

'. 

.. .,~.:~:/~;>! '~:~ ;,,(~J\.:~'. 
'j" )' t; "'. 



.. 

e 

e 

e· 

I 
.' _~,.., l"<IiIiIiO.'·:~ '·'-:2)"4.",f';;'(\':"'~·"· 

.. ?I ••. ;:.,' ,:." ... 

13 

(e) The combined centrifugate and washil~s from the tuning HN03 sepa

ration of Ba(N0
3

)2 and sr(N03)2 were in early experiments evaporated to 

dryness with Hel, but in later experiments more satisfactorlly brought clown 

to fuming with a few m1 of H2S0
4 

to remove HN0
3

0 The solution ~as diluted, 

brought to a pH of J., and treated with H2S to precipitate 'fe and MoS::r The 

sulfide precipitate was filtered on a fine sintered glass crucible, and the 

filtrate was. saved for the determination of other activities. The sulfides 

VJere dissol',ed in aqua regia and evapora.ted to dryness with Hel several 

times to remove 'nitrates. 

The residue was dissolved in 15 m1 of concentrated Hel; and 25 ml sa.tu

rated SO? water and 1 ml hydrazine hydrate or equivalent of hydrazine hydro-
~ . 

chloride were added. The solution was digested just belQw the boiling point 

for 10 minu.tes)) and the Te precipitate was fUtered off on a small paper 

filter disc in a Gooch crucible, dried, weighed, and mounted for activity 

measurements in yields of 70-90 per cent. 

(f)' The filtrate from the Te was treated with 5 ml of concentrated 

HN0
3 

and boiled 20-30 minutes to oxidize all of the Mo to molybdate, the 

solution volume being maintained at 75 mlo The solution was cooled to ice 

temperature ~d treated with 5 ml of concentrated H2S0
4 

and an excess of 

a-benzoin oxime solution in 95 per cent ethyl alcohol. The precipitate 

was allo"ll'ied to form tor several minutes, after which ti.me the solution was 

treated with 3 ml of saturated bromine water to. insure the com.plete oxida

tion to molybdateo The precipitate was tllteredp washed, and ignited to 
o 0 

M00
3

at 500-525 c. The v1ei.ghed sample of JI!.o03 was mounted for activity 

measurement wi'l:ih 50-90 per cent yields • 

. (g) . The filtrate from the original 'H2S precipitation of Te and Me was 

evaporated to a volume of 25 mi, neutralized ~ith concentrated NH
4
0H, and 

made 6N in HF with 27N HF to precipitate Ce, La, Th, Y" and Np fiuorideso 

These were separated by centrifugation in a Lusteroid tube, and. the super

na.tant liquor conta.ining Zr and U was decanted otf. The decanted liquid 

was treated with 2 ml of concentrated H2S0
4 

and taken to fumes of S03' 

diluted to 50 ml and made up to 20 per cent H2S0
4 

by weightQ ZrQ(H2P0
4

)2 

~'1as precipitated by the addition 'of a twenty-fold excess ot a 6 per cent 

(i~rll))2H2'p04 solution. Atter an hour 9s standing, the. precipitate was 

3 ., .~.~ ';' ~i~.~': rw 
,. ''-'' :; d.::~\, ,~ "I ~~J',,~',' "" ¢ ~ 

:>~~.2;.~.ritt't~:"~~\~-~~ ~':' 
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fil"tered,ll washed with 2-5 per cent NH4 NO.3 solution, ignited to Zr 2P 207 at 

800°-900°0, and a weighed sample was mounted. 
o 0 In the 600 0 and 1000 0 diffusion el~periments with 'caet U, Zr was 

separated by precipitation and re=precipitation with cupferron followed 

by ignition to zr02 for weighing. The yield was 50-90 per cent. 

(h) The fluoride pr.ecipitate of Ce, La., Th, Y, and Np was treated 

with 2 ml of H2S04 in a pla.tinum dish" hea.ted to persistent fumes of 50.3' 

cooled, and diluted carefullY to 2N H2S04. This solution was treated with 

an equal volume of saturated K23208 solution and 1 mg of Ag+ added for 

each ml of solution. Atter standing an hour in the dark to oxidize Np, 

the solution was treated with 27N HF to make it 3-6N in HF.. The nuoridea 

of Ce, La, Th, and I were precipitated, leaving Np in the oxidized state 

in solutiono The precipItate was centrifuged down in a lusteroid tube, 

&~d the supernatant solution "was decanted into a platinum dish and twned 

off with seve1."al ml ot 825°,4 ~ The H2S0
4 

was diluted with water and treated 

with 502 to reduce Np, and the Np was precipitated with HF after the addi

tion of 5-10 mg of La carrier. In some experiments the oxidation-reduct.ion

precipitation cycle was repeated to ch~ck the complete separation and recov

ery of "i:.he Np. 

(1) The Ce, La, and Th fluorides from the previous separation were 

washed into a platinum dish and fumed with 2 mlH2S0
4 

to remove HF, cooled, 

diluted wlth water, and made am..'1l.oniacal to precipitate Ce, La." Y, and Tn. 

hydroxides 0 The precipitates were centrifuged and washed' with dilute' 

NH40H,; dissolved in 25m! of 1:3 HN0
3 

and treated with H202 to reduce Ceo 

The solution was boiled a tew minutes to remove H202; cooled, and t-~ated 

slowly v~ith 10 ml of 10 per cent KI0
3 

solution in 1:.3 HN0
3

" The TH(I0
3

) 4 

precipitate was allowed to stand a short time; centrifuged, and washed with 

the precipi~ting solution. The supernatant liquor was saved. The 

Th(I03)4 was dissolved in 5-10 ml of saturated 502 solution diluted to 

50 rol, and Th(OH)4 was precipitated with NH
4
0H, filtered, washed, ignited, 

and mounted for measurement as Th02 0 

(j) The centrifugate from the first Th(I03)4 preclpttation was treated 

with 10 mg of Th scavenger solution, and the precipitated Th(IO,)4 centri

fuged offo The cerous ion in the centrifugate was oxidized by the slow 

addition of 5 ml of hot, 6 per cent KBr0
3 

solution,. the preci 1r .. J.~v .• ,.<';;',-.;- ''1 
f1~~~~t;~,~~r~1{{:~:~ ~.,~ ! 
~.~_.i~.:t~::7.~Z~~~~·;~;;~~~~.~ 
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Oe(10
3

)4 was separated by oentrifugation and washing with the solution of 

10 par cent K103 in 1:3 ratrie acid. The pure Ce(10
3

)4 was dissolved in. 

H2S0,3 and the Os reprecipj.tated as hydroxide, fUtered, ignited, and 

weighed as Ce02 in 80-90 per cent yieldso 

(k) Lanthanum, pra:seody.mium, and yttr,ium hydroxides were precipit,ated 

by the addition of NH40H to the centrifugate from the Oe(103)4 precipita

tion. The hydroxides were filtered, washed, and ignited to the oxides. 

They l'Jere mounted together for activity measurements, as the diffioulty 

of further separation was n;ot normally justified. Yields were 

80-90 per cent. 
~' :; . 

-'. 
302 The Anal.;'l,sis of OriginSl and Residue Samgleso The original and 

residue samples were analyi~dp~ the same procedure, ona which followed 

as nearly as possible thea~tiimatic analysis of' the diffusateo The sam

ples were cut from the bombarded blocks 0 f U '.P 8 or U metal and were dis

solved inHN0
3
, with a small amount of HOl added to catalyze the solution 

of the metal.. The solution process caused the loss of active I, which was 

determined by another~ direct analysiso All other carriers were added as 

soon as the sample '!!'Jas in solution. Wi~:'h original and residue samples it 

was always necessary to remove U by ether extraction. 

SinceNp acti\dty had to be separated as tracer, with no way of calcu

lating yield, it was more satiefactory and accurate to take. a separate 

sample for this activity alone and make a direct separation of Np. After 

solution of the sample in HN03, the same oxidation-reduction-precipitation 

cycle was used for tile direct separation as was used in the schematic 

separation. Much better checks were obtained in the direct determination 

of Np than were obtained in the schematic analysis •. 

303 The Direct Separation of Rare Gases and Iodine. The determination 

of rare gae and I activities(4) in U and U
3
08 samples was carried out in 

the apparatus shown in Figo 4. A weighed 2 g sample 'ot U or U
3
08 and 20 mg 

of' iodide carrier vlere placed in the distillation flask "a". The absorp

t:lon apparatus was set up and CO2 swept through for 30 minutes (with the 

eudiometer liquid in the leveling bulb) to remove air. The eudiometer 

tube was then filled with 50 pel'. cent KOH, ~ 002 wa3 passed through the 

system for several more minuteso After the bubbles had been tested to 

~ :~/::';. i :,'-;.; .. ~. , 
r. r':;~~'.i~A>(; ~. '"; ;~11; ~~~t 

.t.~ '~ ... ' 
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Fig. 4. Apparatus tor the Collection of Rare Gases and Iodine. 
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insure remval of air, the CO2 flow was stopped and about 50 ml of hot 

92 per cent H
3
P0

4 
were run into the flask from the dropping funnel lic". 

The flask was then heated moderately; and as the s&np1e dissolved, the 

rare gases, I, H2; and a small amount of Te passed into the absorption 

train Q Iodine and tellurium were absorbed in "d"; a glass-bead filled 

tower wet with saturated NaHS0
3 

solution~ 'me H2 was converted to water 

in the CuO-filled combustion tube rlfll and condensed in the trap II gil , and 

the I'al"e gas activity was collected in the eudiometer "hit together with 

a mruill amount of other gases. After the solution was complete, CO2 was 

passed through the apparatus for 30 minutes, the air in reservoir "bl! was 

swept through, the CO2 flow was stopped, and the eudiometer was discon

nected. The active gas was transferred through a shoTt rubber connection 

at the top of .the eudiometer to an evacuated bulb which was connected to 

a counting chambero. TI1e stopcock co~ecting the bulb to the counting 

chamber was opened after the gas had been quantitatively transferred to 

the bulb. 

About 005 ml of 30 per cent H202 were added to the dissolving flaSK 

through the dropping ~el, and the remaining I L~ediately distilled 

into the absorption. tower. The tower was washed 11lith water, then v~lth 

5 per cent RNO) solution containing BomeNaHS03, and the solutions were 

transferred to a separatory funnel and m.ade IN with HN0
3

• A fell drops of 

saturated NaN0,2 solution tiera added, and the liberated I was extracted 

with three 20 ml batches of CC14• These extracts were combined, washed 

twice with 5 ml portions of water, and the I re-extracted with 50 ml of 

dilute NaHS0
3 

solution and two 10 miportions of watero The extract was 

acidified with 1 ml of 6N H2S04, boiled; and treated witb 1 ml of 

O.IN AgN0
3

" The precipitated AgI was filtered, washed, dried; and mount.oo.. 

Yields of 70~95 per cent lllere usual .. 

40 Activit~Measurements and ~e1r InterELratation 

~Jhen these experiments were run; only the more important fission prod

ucts, from the standpoint of fission yield and measureable half-life, were 

known. Wbile activities of ever,y element except In from Se to Pr are now 

known to be produced in U fission, early expe~iments in this laboratory 
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uldicated that, of the elements Br, Kr, Rb» Sr, I, Zr, Cb, Mo, &1, Ru~ Rh, 
Pd, Ag, Cd, In, Sn, Sb, Te, I, Xe, Cs, Ba, La, Oe, and Np, only the activ~ 

ities ofKr, Sr, Y, Zr; Mo, Te, I; Xe;,Ba., La, Cs, and Np were readily 

separable schematically and mensurable several days after a 100 1tah neutron 

bombardment. These latter elements were given primary consideration in the . 

diffusion experimentso The elements Ru, Rh, Pd, Ag, Cd, In, and Sn were 

omitted from study because, at the time these experiments l.ere done, they 

were reported being formed only by fast neutrons. The activities of Cb, 

~, Sb, and Os were found but normally not isolated because they were minor 

ones and not readily handled in the schematic analysis.' 

In several experiments Mo and Sb were precipitated together, and nor- . 

mally La, Y, and Pr li'Jere precipita.ted together without further s,eparation. 

With these exceptions, the activities measured were rather pure. Other 

activities were simply lost in the chemical separation. 

Carrier samples isolated for activity measurements were mounted in 

onionskin paper paeketso A weighed sample of the activity-bearing carrier 

was spread over a circular area 1 in. in diameter in the center of a 

4 x 6 in. sheet of onionskin papero The sample was carefully stuck into 

place with either a large gummed label or Scotch tape, arld the four edges 

of the onionskin paper were folded up across the back of the label and 

stuck in place,with another identifying labelo The folded edges were 

spaced so the packet fitted snugly inside the sample holder of a modified 

Lauritsen electroscope. The one thickness of onionskin paper between the 

sample and the electroscope 'gave uniform results with only a small amount 

of absorption in the paper. All solid samples were mounted as described, 

for activity measurements on the modified Lauritsen electroscope. The 

mea~ured activIties of solid samples were expressed as divisions per minute 

(div!min)0 Gaseous activities were measured on an aluminum finger-type 

Geiger~Mueller counter tube connected to a scaling circuit of the type 

produced at that time by the Instrument Division, Chicago 0 Gaseous activ

ities were 'expressed as counts per minute (c/min). The background activ

ities of the electroscopes and Geiger-Mueller counters were checked as 

frequently as possible during measurements. They varied from 

O~1-O .. 4 diy/min and from 30-60 clmin, but variations were usually slow, 



tit 

e 

e 

18 
.~,f •• " I" I.J' 

.... ';00 '~" ;" ~~ • 

and the estLnated background wa3 usually correct within ± 10-20 per cent. 
All calculations' of per cent diffusion in an experiment were based on 

chosen activities measured at the same time after bombardment6 If a 

chosen activity could not be measured pure at the desired time because of 

other interfering activities, but could be extrapolated by growth or decay 

relationships from a measurement at another time, this was done •. Calcu

lations were based on specific activities, corrected to 100 per cent 

chemical recovery. 

The complication of the calculations by the presence of secondary 

activities can be understood when one remembers that in some cases an 

activity found in the diffusate may have been produced there by the decay 

of a parent element which itself diffused. The calcualtion of per cent 

diffusion necessitated knowing the amount of an activity in the sample at. 

the time of diffusion and the amount of that activity which diffused out 

during the experiment. The considerations given below for each element 

illustrate the problemo 

401 Rare Gaseso The activities of Kr and Xe could not be separated; 

they c on sis ted of 3h and 40 6h kryptons and 9. 4h and 5. 3d xenons 0 The 

Kr activities can be considered to behave as primary activities, while the 

9.4h Xe is the daughter of 6.6h I, and the 5030 Xe is the daughter of 

22h I. The Kr activities were not of sufficiently long life to last to 

the completion of the experiment, and in addition, the 3h Kr decayed to a 

17m Rb which collected 00 the counter walls and interfered with activity 

measurements and interpretationo 

Thus it was necessary to rely on Ie a.ctivities for measurement. The 

503d Ie not only has a. weak radiation, but is also producedb,y its 22h I 

parent for a number of days after bombardmento The 904h Xe is produced 

in good yield and has a strong ~-ray, and its parent has decayed to about 

1 per cent of its original activity 36-40 hours after bombardment. Thus, 

except for some 5.3d Ie interference, for which a correction can be made, 

the rare gas activity is practically a linear function with time on the 

semi-log paper. Except for early experiments, calculations of rare gas 

diffusion were based on 9.4h Ie activity in the period more than 40 hOUl-$ 

after bombardmento 

.... /: ...... , ~? .. ~ •. ''' .. ~ /,'''-, ,: 
~, ,?~'.,(, .. '.' ~ 

~ , ",'~ . '* j 
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4.2 1. Three I half-lives wer;:, observed: 2.4h, 22h, and &I. '1'11e 

20hh I is the daughter of 77h Te; the 8d I is the daughter of a 30h Te; 

while the 22h I has a. short-lived parent so that by 30 hours after bombard

ment no further 22h I is being formed in the sample. Theoretically then, 

the diffusion calculations should be based on the 22h activity, with the 

3d activity SUbtracted. Actually, the iodide precipitate retatned the 

'.3d Xc daughter of'22h I, and it took six weeks to establish the Sd back

ground. As a result the cal,culations were based on total I activities 

measured as soon as the2.4h half-life had disappeared and as high on the 

22h line as possible. 

4.3 Te. The principal Te half-lives were 77h, JOh, 32d, and 9Od, all 

of which can be considered as primary fission products. The measurement 

was complicated by the retention in the precipitate of the 8d I daughter 

of the 30h Te. If separation and precipitation of Ta were made more than 

2-3 days after bombardment, the 30h Te activity was small and a practically 

pure 77h decay was obtained. The activities upon, which calculations were 

based were those of 77h 'fe in equilibrium with its 2e4h I daughter .. 

404 YO and Sb. The 67h 1&l arid 93h Sb activities are both produced 

directly in fission. The Mo, which is about ,0 times as active as t;he Sb; . 

has a 6.lh "43" daughter with a weak: ~ -ray, and calculations of Mo dif

fusion are based on the equ.i.lihrium mixture of these two 0 W'nen Sb was 

i~cluded, it was precipitated and measured with Mo as the ·sulfide. Other~ 

wise, it was eliminated in the chemical separations. 

4 .. 5 Ba. The 12.5d Ba activity was the only activity measured. Pro

duced directly in fission, it was measured in equilibrium with its 40h 

La daughter .. 

4.6 Sr. More than a day and les@ than '7 months after bombardment, 

. the only measurable radio-strontiums are the 10h and 55d activities. Both 

are primary fission products, 10h. Sr being the parent of 57d Y. As a 

result, separations were preferred after the lOh Sr had decayed.t and 

measurements were based on 55d Sr activity .. 

4.7 Ce., The 33h, 28d, and 300d Ce isotopes can e~l be ctmsidered 

primary fission products. The 33h Ce d<9cays to a 13.50 Pl'. The activittes 

were total measured activities extrapolated to the same time after bom

bardment. ,~ 

'" ..... ~~;- .. f ,,', ~:j~~~<,<,,~':"', ':1 
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408 La .. Y. and Pro The 40h La, t.he only isotope with long enough 

half-life to be determined, is produced entirely as a daughter of 12.5d Ba, 

and its activity calcula'!:.ions are dependent upon that relationsh~p. Its 

activity in the diffusate was the sum of the La that had diffused .. plus '!:'hat 

which grew from the Sa which diffused. Actually the 40h activities were 

so low by the time the analyses were complete that the calculations had no 

significance, and so were not used. Yttrium showed two activities, an 11h 

activity from a short-lived parent, decaying to 65d Z1", and a 57d daughter 

of 10h Sr. Separations were not usually complete soon enough after bom
bardment to measure the llh I, so the important Y activity was or 57d 

halr~life. The 13.5d Pr daughter ot 33h Ce was the only PI' act1vit;r 

measured. In practice, total La, I, and Pr activities were measured 

t~gether because it was relt the difficulty of their further separation 

was not justified. The total activities were compared at the same time 

after bombardment. 

409 Z1'. Zirconium activities are priwarlly the 65d Zr (growing from 

an llh Y and decaying to a 35d Cb) and the 17h Zr, a primary fission prod

uct which decays to a 75m Cb. Whenever the separation could be made in 

time, the17h activity in equilibrium with its 75m dauehter was used for 

calculation. Otherwise, the total activity was taken with comparisons 

the sam,e time after bombardment. 

4010 The l&iffusate Active Gases" .The diffusate active gases were 

measured by two techniques. In the static vacu~~ experiment the gases 

were merely caught in the system,and at the end of the experiment they 

were swept out with A and condensed in a reduced-pressure liquid N2 trap 

(see section 202). Thus caught, the activity was sealed off from the 

furnace in a system whose volume had been previously measured. Of the 

total volume of gas, only a volume of about. 37 ml in the counter chamber 

itself wes in a position to be counted, and that counting was with a. geo

met.ric efficiency of about 25 per cent, neglecting absorption in the 

cOU!"'l'i::.er walls. The quantity -t-t=~ x O.25
1

X lO? ml is analogous to the 
o a gas vo rune ~n . . 

liper cent recoveryll with the solid samples. 

The total gaseous diffusate activity in the continuous A-swept cUffu

sion experiment required a different method of calculation. The gas flow 

wa.s 3 ml/m1n, and the count,e!" chamber wa.s 37 m..l. in volum.6 o !t can be 

" ",:,!;".;::;.::.-~;.~ 
, ,':~:·i::':-:L,.:, <),\ .:'~' .. ! 
~ .L" N' J.,~;:" ... 'f~. ! '1-;. Ii 
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assumed that on the average a change in gas content of the counter cham

ber occurred 6"lfery 37/3 or 12.3 minutes. By plotting counting rate as a 

f'v.nction of time and sUll1illing the activities at 12.3 minute 1ntervals1 the 

total activity actually passing through the chamber could be measv~. 

However, in order to calculate the per cent diflusion of the Xe all meas

urements must either be made at the S8.l!!.e time, or eJt~Gorapolated to the 

same time. Thus, each of these interval activities (a 12 .. 5 minute inter

valuas chosen because it was within the limit of accuracy, and mol~ 

convenient) was extrapola.ted on a 9.4h deca.y line to a chosen time. The 

summation of. these extrapolated activities represented the total diffusate 
I 

Xe activity at that time, arid this value was compared with the original 

Ie activity at the same time to obtain per cent diffusion. 

50 Er.perimental Results 

501 !pe Diffusion of Fission Products from U
3Q

8(1). The U308 used 

in these experiments consisted of 1/2 x 1/2 x 2 inch blocks of pressed 

powder weighing about 50 g each, and two 3 in. cylinders weighing 1800 g 

each" These blocks had been exposed behind paraffi~ to the slow neutrons 

from a 100 pah bombardment at the Chicago cyclotron July 28; 1942. The 

exact arrangement of the blocks is uncertain. 'rae bombardmsnt was not 

u.TAiform, and the activity of the pieces varied by a factor of' two. 

(a) Diffusion at 1800oe. In this experiment the sample, weighing 

85050 g~ consisted of two blocks of U308 which had been broken into coarse 

. piaceso The experiment was carried out in the induction furnace apparatus 

des(~ribed under section 201. The temperature, of the crucible was brought 

rapidly to 900°C and then slowly to 1000oe, where it was held for a time 

to avoid too rapid evolution of ~tygen from the ~~pleo The tamperature 

was raised gradually thro~gh short intervals until it had passed 14000 C, 

and t hen it was J raised rapidly to l8000 C, where it was held. tor 15 rdnutes. 

The Walls of' the glass cylinder above the crucible were cO'lrered with a. 

thin smoky deposit, and the Cu in the side tube was partially oJddized. 

The apparatus was cooled, and the 4-in. glass cylinder was scoured with 

100 r11l of IN HIIlO ... , :tn six. portions to giv'c a solution cc.:nf-ain:i.ng 'l#he 
;') . 

fusa;t.e acti vi ties 0 

',> ~"~~'?;"; >",.. ' 
e~"t ~'~;l:iI~~~:'~ ~ ~ '::~.j" l 
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The hot Cu trap was found .to contain strong I activity, less intense 

in the strongly heated center portiono No original. analyses were made, 

but the total fission product activity in the original was determined by 

measuring the specific activity of the bombarded material and subtracting 

the specific activity of unbpmbarded U
3
0g o Thus the per cent diff~qion 

of each element could not be calculated, but only the fraction of total 

activity which ended in the particular diffusate fraction. The diffusate 

washings were analyzed by a procedure different from that .t'inaJ.ly used 

extensively. Although the following procedure was used for all of the 

experiments with U'.Pa and sintered U, it was never made to work satis

factorily, and the results of the analyses can only be considered to indi

cate the order of magnitude of the diffusion. The examinations were as 
follows: 

(1) A 1 ml aliquot was evaporated to dryness and its activity deter

mined. This represented the activity condensed on the fUA~ace tube less 

the halogens which were lost in HN0
3 

evaporation. 

(2) An insoluble residue in the washings was filtered off and found 

to contain principally 77h Te. 
(:3) To the remaining solution 10 JOg each ot Br -, 1-, Sn, Sb, Mo, 00, 

Zr, Sr, Ba, Rb, and Cs uere added, followed after removal of the halogens 

by 10 mg each of Ag, Pd, Te, Ru, Rh, Re, La, Ce, In, and Y. 

(4) This carrier solu'l:,ion was separated into the following groups: 

(e.) Halogen mas separated by a.eration ot the hot solution and 

absorption of the vapors in 502 water~ Silver halides were precipitated; 

only I activity was found9 

(b) Agel, Pd, and Te were precipitated by reduction with hydrazine 

and HCl after removal of HN0
3

" Agel was separated from Pd and Te. 

(c) .The H2S group (Sn, Mo, Sb, flu, Rb, Cd, Rs) was precipitated, 

and Sn, Sb, and Mo were separated by (I~H4)2SX. 

(d) Insoluble hydroxides (Zr, Ce, La, I, In, Th, U) were precipi

tated with flli4 OM. 

(e) Barium and strontium sulfates were precipitated~ 

(f) The activity of the final filtrate was determined after evapo

ration to dryness. 

~- ,.~,; "" '{"oj"? ' 
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The activities of, the samples recovered in these separations are 

presented in Tabl~ 1 with those of the lOOOoC and 400°C experiments. No 

data were taken on'active rare gas diffusion because the gas could not 

be collected (see section 2.1) .. 
(b) Diffusion at 1000~. The apparatus used in this experiment was 

the sta.tic vacuum setup des(.!ribed section 2 .. 2. rrne sample consisted 

of two whole blocks of U
3
08 weighing 91 .. 05 go In heating, the furnace 

temperature wa; raised to 400°C in 1/2 hour, held for 3 hours, raised to 

1000°0 in 2067 hours, and held at 1000°0 for 2067 hours. When the appa

ratus had cooled, it was disniantled, and the diffusate a,ctivities were 

washed from the furnace tube and sample tube. The hot-copper iodine trap 

was found to be less active than expected, and it was concluded that 

enough Hg vapor from the bubbler was present in the system to deposit the 

iodide on the furnace tube walls. Activities in the diffusate solution 
. ° were separa.ted in a manner sil1dlur to that of the 1800 0 experiment to 

gi va the data in Table 1.. An original sample was analyzed for rare gas 

activities by a method involving solution of the sample in HN0
3 

'and col

lection of the gas in an eudiometer. From this analysis and the amount of 

rare gas collected in the diffusate, it was calculated that 13.5 per cent, 

of the rare gas diffused from the' sample atlOOOoC. 

TABLE 1 

F!SSION ACTIVITY IN THE 400°, 1000°, and 1800°0 
DIFFUSATES 68 HOURS AFTER OOMBARDMENT 

(div!min) 

1-400°0 I 10000cl 18000 C 

Fission activity in unheated 
sample 

Activity in the diffusate: 
59,700 60,600 56,800 

Insoluble part (Te) •• , 8.4 511 

I 24 157 814 

Te ." 35 172 
Sulfides • • • 3 5.9 

Other ••• 0 3 

Activity on eu ••• 15 81.5 

t, , .. ~;.; ,-;j'~~~7( 
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(c) Diffusion at 12000 a. o 
In an apparatus like that of the 1000 C 

experiment~ except with Pyrex tubes instead of quartz, two blocks of bom

barded U
3
08 weighing 89.6 g were heated o The temperature reached 200°C 

in 40 minutes, was held at that point for 2-1/2 hours, then was raised 

to 400°C and held for 4. hours. At the end of the experiment the furnace 

tube washings were found to be so weakly active they were analyzed );o:\:' 

I only. The rare gases were lost when attempting to remove them from the 

furnace, so no accurate estimate of their diffusion can be made. 

5.2 The Diffuslon ofl''"'ission Products from SinteredU(l).. 'l'Irvo dif

fusion experiments were run on bombarded sintered U metal. Pieces of 

sintered (Metal Hydrides) U 1/2 .it 1/2 x 2 in. were given a 6011.ah bombard

ment of slow neutrons at Chicago. Although. the sample was rotated 6 times 

during the bombardment~ maximum activity variations ot 27 per cent were 

recorded by gold monitors at various places among the blocks. 
o 0 The experiments at 600 C and 1000 C were run in the static vacuum 

setup used for pressed U
3
08, and the techniques for the experiment and 

the analyses were essentially the same~ The greater difficulty of sam

pling the material and protecting the !ootal trom oxidation during the 

experiments caused considerable trouble~ and the results tabulated belol'i 

constitute merely a qualitative agreement with the results from the U
3
08 

experiments. 

(a) Diffusion at 600°C. The diffusate sample was contaminated with 

some U when the metal sample oxidized slightly, but strong activities in 
the Te and I fractions were found, although less than 0.05 per cent of 

these elements diffused out. Other activities were very weak and not 

definitely identified • 

. (b) Diffusion at 10000a. According to calculations, about 

30 per cent 'of the I activity diffused out of the blocks at looOoCo This 

value is surprisingly high, without explanation. About 0.05 per cent of 

the Te diffused out, but diffusion of other activities was negligible. 

The diffusate gas collected per gram of metal at 10000C 'Jas six times 
o . 0 

that collected at 600 Co The gas collected in the 1000 C experim'3nt was 

10 per cent of the total original gas, while the tot,al e,;:;tivQ gg,S h,n. in 

the rssidue was o.nly 50 per cent of the originalo The true amount of gas 

~~:~:J~~~f~~t,_ . 
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diffusion probably was between 10 per cent and 50 per cent, the discre

P&iCY probably b~ing due to inadequate sampling. 

503 The Diffusion of Fission Products from ~~~. A number of 

experiments were performed to study the thermal diffusion of fission 

activities from cast U. Although they were performed in basically the 

same A srieeping experimental setup, described in section 2.3, they can 

best be described by grouping them according to the specific factors 

receiving most careful attention in each case. 
• (a) The Effect of Tempe~Qture upon Diffusion(2). Bars of cast 

WestinghouseU 1/2 x 1/2 x 2 in. were cleaned by sandblasting, cut later

ally into blocks and 3/16 in. sample slices and placed together in a 

square arrangement one block thick for neutron bombardment. Ten gold 

monitors were regularly spaced about the square to measure the un;~formity 

of the neutron bombardment, which was 150 pah over a l2-hour period ending 

10:40 AoM., September 8, 1942. During the bombardment, the sample, which 

was surrounded with paraffin 2 in. 'lihick; \-Jas rotated 900 five times on 

the axis of the beam. 

About 18 hours after the end of the bombardment, the packet was 

unwrapped and the activities of the 3/16 100 sample slices (whi~h had been 

given representative positions 1n the arrangement during bombardment) uere 

determined through a 0.74 gm/cm2 lead toil. Since the activities were 

decaying rapidly, they were expressed in terms of the activity of a stand-, 

ard piece~ whose decay was measured throughout the period. Specific gamma 

activities per gram were claculated for the pieces by dividing total rela

tive activity by the piece weight. Of the 16 sample pieces measured, 

there was, a maximum deviation in specific activity of 14 per cent trom the 

average, while most pieces YJere within a few par' cent ot the a.verage. The 

specific activity ofa large block of metal was taken as equal to the 

average of the specific activities of the two adjacent sample slices; and 

pieces of metal were chosen to form two sample groups of nearly equal sur

face areas) weights, and total activitieso The most representative pieces 

~,:,: :,'\, "j~' , f·;: ---, ~ 
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were chosen for original and residue activity analyseso The samples 

used in the diffusion experiments were: 

Weigbt ~ 
o '2 

600 C Experiment 426.67 gln 90.4 cm 
10000e Experiment 432.53 gm 9108cm2 

Special 
Activit£' 

5.70 div/min/gm 
5" 75 div/min/gm 

Total 
Activity 

24.36 diY/min 
2486 div/~n 

Each of the samples was hea.ted in its respective apparatus" as 

described for continuous A sweeping in section 2.3. There were two dlf-, 

rerencss from the drawing (Fig. 3). There was no hot U getter in the A 

inlet system nor an air thermostat about the flowmeter and Mariotte bottle. 

The rare gas activity in the gas stream, while not plotted in ,this 

'report, followed a curve similar to that in later experiments (Fig: 6, 

Fig .. 7). Atter the initial peak in rate of diffusion the limiting slope 

in the lOOOoe experiment was 608 hours and in the 6000 e experiment 
, ° 9.5 hours. Because the accuracy of measurement of the 600 C gas,was more 

subject to the background variation than that of the 10 times more active 

10000C gas, it was first concluded that the 608 hour slope was the signi

ficant one, and that most of the diffusion took place in the first few 

hours of heating. Subsequent gaseous activity was believed to be 9.4hXe 

introduced into the gas stream by the decay of its 6.6h I parent, which 

itself diffused at the beginning of the experiment4 This conclusion was 

only partly true, as indicated in later experiments and described in sub

section (c). 

At the end of the 3Q-hour heating period the apparatus was disas

sembled~ and it was noted that the U blocks at the inlet end ot the fur

nace were covered with a thin layer of what appeared to be oxide. The 

amo~~t of oJddation seemed to be the same in both 10000C and 6000 C experi-
o . 

ments. The other blocks in the 600 C furnace showed no change in ' 
o appearance, but those in the 1000 C furnace had a sllverY~\,lhite color 

different from their original appearanceo TriO of the blocks had sintered 

together but were easilY broken apart. The quartz tube was reduced at 

the points of contact with the blocks, and tltJO dark lines could be seen. 

This reaction produced a certain amount of oxide or silicide on the lower 

edges of the blocks, but it is believed that mos'" of this remained with 

the blocks and little contaminated the diffusate. In a experi.reerf(" 

~ • "t'~ ~ ~';:~~';it~IJ~\': "r"C/ .'l' 
• -"':~lr J~Jf~-:t;r~'l'\~ ·t)!·~r-rlF ~~ti 
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7 mg of. U remained in the tube!) 00 this magnitude of contamination is 

likely in this case. 
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The furnace tube wa.s washed with lN HN0.3 containing Te and I car

riers, and later with,aqua regiao The hot copper halogen trap was only 

very weakly active. 

The original samplesp residue samples, and diffusate solution were 

analyzed by techniques essentially those described in section.3o T.able 2 

gives the amount of diffusion for each element for which the analyses 

were deemed re11ableo The per cent of diffusion was so low that, within 

the accuracy of the measurements, the residue should be as active as the 

original 0 Fo~ purposes of comparison, the original and residue analysis 

, are tabulated with the value of "probable original activity" used to cal

culate the per cent of diffusion. When activity c!eeay curves did not 

follow the expected pure decay, the best curves were given extra weight; 

otherwise an average value was taken. 

(b) The Effect of Surface Polish (.3) • The diffusion experiments 

with cast sandblasted U at 600°C and lOOOoC indicated that only a very 

small fraction of the fission products diffused, and that the diffusion 

could be .accounted for as primarily a surface phenomenon. Subsequent 

worlt with polished and unpolished sLlrfaces of cast U metal indicated(5) 

that little change occurred in, the surface cf U heated for 9 hours in 

purified A at 600°0, but at 700°0, above the first transition point of U, 
the surface was considerably roughened.. The extent and rate ot this sur

face roUghening and pitting increased as the temperature increased. It 

is apparent that any study of the diffusion of fission products from 
polished and unpolished surfaces must be limited to those·t~~peratures 

at which the surfaces aI'S not appreciably chap~ed in the procesSQ 
, . 

In the study of the effect of surface polish, the samples for the 

two diffusion experiments each consisted of 1.3 blocks appror~mately 
:2 1 x 102 x 102 cm. The sandblasted set weighed 35907 gm and had 106.8 em 

gross surface areao The polished sst weighed .3.3303· elU and had 9902 eri 
surface a1"6f;l.Q The polishing was finished by means of 4-0 carborundum 

paper to giV3 the surface shown in the photomicrographs (F.tg. 5)0 These 

blocks, together with 1.3 pieces 001 x 1..2 x 102 em weighir..g 2.5-3 gm 

each, were wrapped in papal' in three l'od-like bU"'ldlt'~s" 'I'he bv.n.dles were 

J/~I>, ::'I'~;, . .,.. ':: ~ ": . ,I, ..1\, 
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TABLE 2 

THE EFFECT OF TEMPERATURE ON THE DIFFUSION CF FISSION 
PRODUCTS FROM CAST URANIUM (a) 

Diffusion at 600oc: r-Uranium Specific Activities Diffusate 

Ele- Specific(c) 

28 

-
% 

merit Origina.l Residue P.O.A.(b) Activity Activity Diffua1o.n .. - 100-001 I 1602, 14.2, 16~2 11.6 · . 15 0,,06 0000015 

Te 2L.8, 37~0, 35.5 34.9, 27.5 35 0_48 0.0011 0.003 
Moio 2105,18.6 20 .. 8 21 0015 000003 0.001· Sb · . · . 
Sa 4207, 4/,.5 · . 3702 · . 40 2.56 0~006 0.015 
Sr . . •• · . 4.0 · . 4 2.7 0.0064 0.16 
-~..." == 

I -
Xe 74,700 c/mlg 104 0.14 

"'" -
Diffusion at lOOOoC; 

Uranium Specific Activities Diffusate 
-

(b) I !Specific(C) I % Ela- Original Residue ment P .O.A. Activity I Activity Diffusion 
-

I 16.2, 1402, 16e2 13.2, 13&6 3004 0,,07 0,,5 

Te 2108, 37.0, 35.5 34.0, 32.3 35 16.6 0.038 0.11 
Mot 21.5, 18.6 21.6 ~l. 3.6 0.008 0.04 Sb · . .. . 
Ba 42.7, 4405 · . 3B.6 · . 40 22.6 0,,05 0013 
Sr . . . . · . 4 · . 4 ,.4 0.012 0.3 

- , -
Xe 74~700 c/m/g 970 c/mlg L3 

(a) Note: Original and residue act1 vi ties are in d1 v / mini gm U 
except Xe activity, .which is in counts/min/gm. Since only a small amount, 
of diffusion took place, original and residue analyses were given equal 
weight in determining. "probable original acti'Vlty u. The measured dif'
fUsate activity (calculated to 100 per cent chemical recovery) is given 
to indicate the magnitude of the diffusate activity measured, and to 
perm t estimation of the likely error in measurement. Orig:.inal and resi~ 
due samples were generally active enough to permit measurement with an 
accuracy of a few per cent4 . 

(b) Probable original acti vi ty (see text). 
(0) The diffusate speci~lc activity is per grant of sample heated 

in the experiment. 

'. c '~;.:~;;~,.,::.; .. 
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placed in a wooden cylinder which could be rotated inside a large block 

of paraffin at the cyclotron by means of a small air tu.rbine and worm 

gear. During the bombardment the rotation caused the three parts to roll 

over each other, thus insuring a uniform bombardment and making an element 

isolated from one block representative of the whole sample. The bombard

ment was llOO~ah: obtained at the St. Louis cyclotron from 1:15 P.M. to 

7:25 P.M., October 29, 1942. 
The apparatus and procedure used for the diffusion experiments are 

described for the A flow diffusion experiments, section 203. Heating was 

begun 30 hours after the end of the bombardment and continued for 30 hours. 

The rare gas activity which diffused from the samples is plotted in Fig. 6 
as a function of time. Correction was made for the time which the gas 

required to travel from the center of the furnace to the center of the 

counter tube, so the graph indicates the gas activity ,at the time it was 

actually diffusing. The surface of the polished sample showed little 

transfo~ation in the experiment (Fig. 5). It can be seen from the curves 

that the gas diffusion from the polished and unpolished samples differed 

only in magnitude. 

Original and diffusate activities for the various elements are given 

in Table 3. It can be seen that more than twice as much rare gas diffused 

from the rough-surfaced sample as from the polished onso More ot the other 

activities diffused from the unpolished blocks than the P9lished ones, but 

since the total diffusate activities were so low; the results must be con

sidered to represent the order of magnitude of the diffusion rather than 

its quantitative measure. The amount of diffusion in this experiment was 

less than in the 6000 C experiment described in section ;.3(a). Several 

factors may have ini'luenced this difference. The slight amount of attack 

by the 'unpurified A and the resultant surface change, the possibility of 

'diftersnt metal structures due to different casting techniques, and the 

posaibili ty that the temperatrn:'e of Oile furnace was slightly less than that 

,0£ the other may all be contributing factors to the difference. No posi

tive conclusion can be drawn about which factor was most important. 

"',:~j;,:g;::~; .. " ':'i,/ .. 
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(b) 

Fig. 5. The Ef£eQ~ o£ Heating on Surfaoe Polish 

(a) 

(b) 

Polished Sample, UBheatod 
Magnification 200X 
Polished Sample" Heated 30 Hours at 600°C 
MagnifieatioR200X 
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TABLE 3 

THE EFFECT OF SURFACE POLISH ON THE DIFFUSION OF FISSION PRODUCTS 
FROM CAST URANIUM AT 6000e (a) 

Specific Activities Diffuaates --
I L Unpol~shed Uranium Polished Uranium 

Element I 
I 

Original Sample Average !Specific !Per Cent Activity ActivitYIActiVity 'Diffusion 

Xe 
6 1,,43, 1051, 1~48(xlO ) 6 1447 x 10 I 604 j 0004 

~66.B' 67.1, 67.8, 66.~1 67 

Ba. 145, 146, 143 . I 145·' 

51' 13307 JI 32.1, 50.5 ,I 39 

T. I 352,308, 328, 278; 283 J 311 

Mo ! 307, 2B3, 322 I 304 

1911$ $.33, 968 I 904 Zr 
-

"11.682,,1775, 887, 1125 i111 370 

1l.3 . ~.93' 
La~i I y , 

.II 167, 168 ' 
_ Pr:!_ 

Th 3308 

-I 1 103 
i 

167(c) 

34 

· .. 0 •• '# 

I 0.90 I 0.0025 10,,004 0,,10 

I f i' I 
., O.55(b)lo.oal6(b) O.OO09(b) O.02(b) 

IIol7 J 0.00:33 0.001 0045 
1-

1000032 
I 

1«001 1,,16 10.001 
I c j 

fUoo lOo031 10~OO3 I 5e3 

t;~:~ I O.0~9 I I 5.0 10.002 
~ • $. I 3 

t t · .. . .. . .. 
I t I 

2.3(0) 0,,0064(c) 000021(c)1 0.,9(c) 

· .. I . . . . .. . .. 
• • 

(a) See footnotes to Table 2 for explanation of conventions. 

Specific Per Cent 
Activity Diffusion 

264 0,,018 

000003 0.0004 

OQOOOO6(b) 0.00003(b 

.0,,0014 0,,0004 

I 0 0 
-

0.016 0.002 -
0 .. 015 00001 

I - -

... r-~--l 
-_.... -

000027(0) 000009(c) 

"0 •• ... 

(b) Because of their very low activity, Ba and Sr in the diffusate were not separated. 
(c) The fluorides of Ca, l~~ I, Pr, and Ttl were not separated • 
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(c) The Effect of IntermittentY.ea.ting(7). V!lhile previous experi

ments indicated both the magnitude of the diffusion of fission products 

from U m.etal and the effect of the metal surface on this magnitude, the 

mechanism of the diffusion process still posed several important questions. 

The initial peak in rate of gaseous diffusion was followed by a rapid~ 

then slower regular decrease in rate with a half-life of 608-9.S hours. 

The activity measured was primarily 9!4h Xe with a small, but up to this 

time not quantitatively known; amount of 5.3d Xeo The 60 8h slope in the 

f'irst experiment, section 5.3(a), led to the premature conclusion that 

the mechanism of. the process was simply a rapid diffusion of all materials 

during the first 6 hours of heating, followed by a period during which the 

9.4h Xe in the gas stream was produced by the decay of its· parent 6e6h I 

which had itself diffused. It was first concluded that little Xe diffused 

from within the metal after the first 6 hours of heating. 

The determination of the fission yield and the radiation energy of 

the 5.3d Xe by Elliott(6), as well as the previous decay curves of the 

Xe fraction, indicated that this longer-lived activity was being counted. 

The decay curves, together with the fission yields and decay relationships, 

made possible the determination of the counting efficiency of this 5.3d 

activity. Samples of Xe gas were collected from U samples which had neu

tron bombardments of knOlln time and duration. These samples were trans

ferred to chambers holding the finger-type coun'l:.er tubes, and the. decay 

curves of the samples recorded. From the duration and time of bombardment 

and the timB of chemical separation, and by using fission yields (9.4h Xe, 

9 per cent; 5.3d Xe, 7.6 per cent) and appropriate growth-decay relation

~hips, the actual relative activities of 9.4h and 5.3d xenons were 

calculated for different times after bombardment. Then from the measured 

decay curves the relative measured intensities of the two activities were 

taken. The ratio of 5.3d to 9.4h activity actually found, divided by the 

ratio theoretically known to be present, gave the relative counting 

efficiency of 503d Ie compared to 9.4h Ie. These relative counting 

efficiencies varied from about 6-11 per cent, indicating a variation in 

wall thickness ot the finger tubes of from 30-40 mg/ cm2 • All of the 

finger-type counter tubes were calibrated for their relative countin.g 

efficiency for these two actlvitieso 
~ ~ :.' .~.-;--~---
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This interrupted heating experiment was d~vised primarily to det~rmine 

what part of the diffusate gas activity, after the initial peak rate of 

diffusion, was produced by direct diffusion from the metal and what part 

arose from the decay of diffusate I which deposited on the surface of the 

furnace tube where its decay would project Xe activity into the gas stream •. 

To give the results greater significance, correction was made for the 

aC'Uvity of the 5.3<1 Xe in the gas phase. The experiment also provided a 

rough estimation of the rate of diffusion of the other fiseion elements 

at the beginning and at the end of the heating process. 

The samples lJere taken from 26 sandblasted cylinders of U metal 

approJumately 1.4 em in diameter and 1 cm long. These were wrapped in 

4 cylindrical rolls and placed in a 2-in. hollow wooden cylinder which was 

rotated slowly within a large block of paraffin at the Chicago cyclotron. 

'The material was given a 150 llah bombardment, ending 7:30 P.M., 

November 12, 1942. Distributed among the pieces of metal in these rolls 

were 15 pieces of metal lQ4 cm in diameter and .from 005-1.5 mm thick, 

weighing from 1.5-4.2 wn. These were used for the determination of the 

fission product activities of the original. After the bombardment the 

pieces were sprted, alternate large pieces from each roll being put 

together to form: the tVIO sa.mples to be heated.. Sample A for furnace A 

consist~d of 13 large pieces and one thin piece, with a total weight of 
2 33106 gm and a surface area of 93.87 em. Sample B for furnace B consisted 

of 13 large pieces weighing 336.3 gm and VJith a surface area of 95.54. cuP. 

Three furnaces, as described for the A flow diffusion (section 2.3) 

were set up side by side. Samples A and B were placed in thin graphite 

boats to prevent the reaction of the metal with the quartz furnace tubes, 

and the boats were inserted in the proper furnaces. The furnaces liere 

sealed, swept out with A, which was then maintained at a flow rate of 

3 ml/min, and heating was begun 31 hours after the end of the bombardment. 

The counting rate of the A in the gas stream was measured as often as 

practicable. Sample A in furnace A was heated continuously at 1000~C for 

66 hours~ Sample B was heated in furnace B for 12 hours at lOOOoC, cooled 

by a fan to room temperature, transferred to a new graphite boat and put 

intofumace C, which was then heated to lOOOoC for 50 more hours.. Fur-

nace B with its original graphite boat was le~~ cold, but A flow was 
~ :.:. '. -
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maintained through all three furnaces, and the gaseous activity measur.e·

ments were made as, of ten as possibleo At the end of the experiment the 

gas activity from"~urnace C tailed off in a way which' indicated contamina

tion in the counter chamber6 Another tube was substituted, and the old 

cham.ber checked., A contamination of approximately 2/3 of the final 

counted activity was indicated. It could not be determined how or when 

the activity was deposited in the chamber. 

The continuously diffusing gaseous activities are plotted in Fig. '1 • 
. ~. 

The summation of 1205m extrapolated increments of activity (section 302) 

indicated a diffu~ion of 2.14 per cent of the total Xe from sample A durine 

the first 30 hours of heating. This compares with 1. 3 per cent diffusion 

in a previous 10000C experiment (section 503(a». A comparison of cor

rected curves B' and C shows that after 12 hours of heating, about 

42 per cent of the activity in the gas stream arose from' the decay of I 

in the outer tube, and 58 per cent of the total arose from the direc'!:, dif

fusion qf gases from the blocks. 

In Fig. 7, curve A, the limiting slope of the gaseous activity after 

the initial peak, corrected to 9Q4h Xe by subtraction of the 5030 Xe back

ground, has a half-life of 7 .1h ~ for 7 half-lives. This is definitely 

shorter than any value predicted by the theory of Metropolis and Teller(81 
The chemical analyses were systematic and considered two fractions 

of diffusate activity. Each furnace tube was scrubbed out thoroughly 

with HNO?, and carriers, and then with aqua regia (section 3.1). Each 
~ . 

graphite boat was burned in 02 in a clean quartz tube and the tube tben 

scrubbed out with acid and carriers. The diffusate fractions were all 

analyzed separately by the scheme previously described. (Section 3.1). 

The activity data are presented in Table 4. The activity of Mo in the 

dlffusates and graphite boats was too low to be identified. It can be 

concluded that Me did not leave the metal to a measurable extent. 

The gamma activity of the thin slice in sample A was measured through 

0.739 ~cm2 Pb and compared with the activity of a standard unheated 

piece before and atter the heating experiment. Contrary to expectation, 

heating produced a slight increase in relat,ive ga.mma activit;yo Since 

measurable percentages of known gamma emitters were driven out by the 

diffusion process, there should have been a slight decrease in relative 

activity. ~.. • • ~ J 
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'f1lae Att.r the ia>d of Bombardment (!:Ioure) 'I 

iF
". x.non _tl"lty 111 the 15·· atreAIII h'om _1_ .... td heat • .i .t looooe. 

.,... NI.Obe4 J.OOODc :12.6 !lour. anal' tbe end ot the bowIbardmsnt. Th. upper _ 
- or each 1'.11' 1. the aeuU1'e4 actt"u, co ..... cted tor OOUl'ltel' tutie b~, I l i 10nl' carYe 1e 001"l'00te4 to 9.4 h eoU,,1ty by the lIubtraction ot 5.lI d zenon. \' ~ ., : ' 'U') 8ap1e A beated oClllt1maOl1aly 111 t\u'nllce .... AoU"U;y 1: 10. . 

- (fI) Sapl. 8 beated 111 furnaoe BI turnaoe t1U'!led ott U hOIll'l after bOmberdllent. 
(8'1 0014 41ffu •• t. condenae4 1n turn.oe 8.' . 

I Ie) S&mple II Nheated 111 ru ..... ce Cl temperaturll reaohe4 locooe 48.5 
hoUl's anal' the end ot the bOlllbar4mant. 

, (D) Dotted line 111 ext?apolatlon of ourve 8 parallel to A, polntll are 

IIIUlIUnat10n ot II' plus C. Beoause ot suspected cont"""inatlon in counter 
chamber C. a new one was substitute4, and tbe orl~ln.l evacuated, \ 

tE) Act1v1tv 1n thA or1,lnel eh.mber .tt~r disconnection and evacuatloni 
ahowing contaminatIon. 

(P) Actlvity In the new counter chamber when connected to tumace C, 

• 
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TABLE 4 

THE DIFFUSION OF FISSION PRODUCTS FROM 
CAST UPJlliIUM AT'~OOOoC 

Fission Activities of Various Elements in the Original Sample 
. (div/min/gm) -

- I "T! 
Sample I Ba Sr I Te I Np I Ce I La$ YJl Pr 

Original 1 10.74 14.9 3055 12.1 53 12.22 6.80 
Original 2 ..:1.22 !Q..4. ~ ~ ~ 12.2~ . 6.18 . 

Average 9.98 12.5 3.55 13~2 47 12$22 6050 
- -

=========================================~ 
Per Cent of Original Elemental Activity Diffusing 

into Various Fractions 

S~e-A n~~ Te~~l La, Y, Pr 

Diffusate A 0.94 0.106 0.087 0.020 0.011 2.39 0.63 
Graphite A OoO~ 0.265 O.l~ OoOJ~q 00062 6.t!6 .'h9-

Total 
Diffusion 0098 0.371 0.250 0.0556 0.074 9.25 3 .. 63 

:....--

Sample B I Ba Sr Te Np I Ce I La, Y, Pr 

m.ffusate B 1021 0.060 0.059 0,,004 0.003 
~--~'-

0.42 0.07 
Diffusate C 0.71 0.054 0"..Q22 00141 ~ L88 MZ 

(B-C) 1.92 Oo1l4 00118 0.145 00024 2.30 0 .. 64 

Graphite B 00042 0.120 0.093 0.0146 00023 1.38 .' 0 • 

Graphite C 0.055 -0.206 O~171 0.138 -0.074 !&:!11. · .. 
(a-C) 00097 0.326 0.264 0.1526 00097 6.35 · .. 

Total 
Diffusion 2.02 _ , 0.440 0.382 0.298 0.121 8.65 (B-C Graphite · .. 
and Diffusate) 

.. , 

'r .. 

, 
' ~ , 
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6. The Calculation of Diffusion Constants 

A mathematical treatment of the diffusion resul ts is desirable in 

order to make them generally usefuL This treatment can be given by the 

calculation of diffusion constants for each of the diffusing elements. 

The constants recorded in the following tables were calculated by the 

equation. -~ 

where 

.2 2 
D = £c £.:..!.... 

s2t 

f = fraction diffusing in time t 

v = sample volume in cm3 
2 s = sample surface area in cm 

t = time of heating in seconds 

D = diffusion constant in cm2/sec 

The agreement among the constants for a given element is reasonably 

good, and indicates the order ot accuracy or reproducibility of the con

stants. The total activities in diffusate and graphite together were taken 
o for the last two 1000 C experiments, because the analyses indicate that 

the graphite combined strongly with the diffusion products. 

Because the growth of Xe from diffusate I makes such a large contri

bution to the total Xe activity, the diffusion constant for Ie indicates 

only an order of magnitude. The diffusion constants for the La, Y, Pr, 
fraction also indicate only:the order of magnitude because of the compl~t

ity of their growth-decay relationships. 

7. Discussion 

The diffusion of a number of the more important fission products from 

slow-neutron-bombarded pressed U
3
08, sintered U, and cast.U at selected 

temperatures between 400°C and l8000C is reportedv . The data for the fis

sion product diffusion from U
3
08 and sintered U are for diffusion from a 

sample heated in a vacuum, and they identify Xe; I; and Te as the elements 

whose activities predominate in the diffusate. The rough magnitude of the 

-l~Private communica.tion fl"om Dro Eo Teller). "" 
. . . ~ ~ 
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diffusion has been determined, but the data do not justify a quantitative 

treatment. , 
/' 0 

The diffusion from cast U heated in a slow stream of A at 600 C and 

10000 C has been measured mora accurately and diffusion constants for vari

ous elements have been calculated. Tables 5 and 6 summarize these data 

and suggest the following conclusions concerning the nature of the diffu

sion. The diffusion of all elements at 600°C and of some elements at 

1000°0 is quite smalL Since the diffusion process removes the fission 

activity the surface of the U and leaves a concentration gradient 

toward the center of the sample, this indicates that, for those elements 

whose diffusion 1s small, the depth from which diffusion takes place is 

quite smalL In these exper:i.m.ents a diffusion of 0.1 per cent could be 

produced by the activity within 00003 rom of the sample surface. 

TABLl:!; 5 
. 

CONSTANTS FOR THE DIFFUSION OF FISSION PRODUCTS FROM 
CAST URANIUM AT 10000c 

Section 5.3(a) II Section 5o:3(c) A Ii Section 50.3(c) B-t·C 

Gl D lI%r D 11%1 ,D Element 
'} t """""'"-W' i - "W":lfZ::<'~==-'-tr i • --==c:= 

I 

]3.3. 

$1" 

Te 
Mo 

Np 

Ce 

La,Y,Pr 
1(6 

-11 
005 4.9 x 10 

Oc13 3.3 x 10-12 

-11 0 .. 3 L7 x 10 

0.1 L9 x 10 I 
-12 

=13 0004 ,3.1 x 10 

.. " 

-11 0.98 4.6 x 10 2.02 
-12 0037 ,6.6 x 10 0.44 
-11 0025 0.,30 x 10 0.38 

. =12 
0,,056 0.15 x 10 0.30 
... 

0.074 

9.25 

3 .. 63 

. .. 
0,,12 

8 0 65 

1~3 1:3.3 x 10-10112.12 

(30h) 

2.6 

4.1 

6.3 

4.7 

x 10-13 

x 10-9 

x 10-10 

x 10-10 

.3 Vol. cm 2304 17.9 18.2 
2 

Area cm 91.8 93087 95.54 

21 x 10-11 

10 x 10-12 

0 .. 75 x 10-11 

4.6 x 10-12 

7.4 x 10-13 

3.8 x 10-9 

Time, Sec I 104,900 237,900 221,700 . 
'. ' , 

~ ".' .i,,,,,, ,,), ", 
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TABLE 6 

CONSTANTS FOR THE DIF~JSION OF FISSION PRODUCTS 
. FROM CAST URANIU1~ AT 6000 c 

Unpolished Uranium Polished Uranium 

39 

Section 5.3(a) r--;~ction 5.3(b) Section '03(b) 

Element I % I D II % D % D 

I 
Ba 
sr} 
Te 
Mo 

Np 
Zr 

'!'h, Ce ,La, Y 

Xe 

VoL em3 
2 

Area. em 

Time sec 

0.00111.9 x 10-16110.004-

00' • • • 1°00009" 
0.003 1.7 x 10-15 0.001 

-16 0.001 109 x 10 0.001 

. .. I · · . 1100002 
••• 1°0003 

I 
... ~Oo002 

0.14 3.8 x 10-12"0,,04 

15 x 10-161°00004 0015 x 10=16 
8 x 10-1'7 0.0000,3 9 x 10-20 

. -17 -17 
9~5 x 10 0.0004 105 x.l0 

-16 0.95 x 10 ••• • •• 

308 x 10-16 0.001 906 x 10-17 

806 x 10-16 0.002 3.8 x 10-16 

3.8 x 10-16 0.001 1 x 10-14 

1.5x 10-1~ 0.018 3.4 x 10-14 

2301 

90.4 

1904-
106.8 . 

18,,0 

9902 

108.11 000 106,900 108,000 

The effect of surface=polishing a sample of cast U is to decrease the 

diffusion of an element at 600°C by a. factor of from 2=10. The mechanism 

of this decrease is probably the reduction of effective surface area by 

eliminating the irregular surface of the raw cast metalo Since the dif

fusion is from such a shallow layer at the surface of the ~QP1e, it ie 

critically dependent upon control of surface oxidation; chemical reaction, 

and thermal rearrangement of the metal structure. More significant than 

the quantitative values of the diffusion at 600°C is the fact that the 

diffusion is very small and is essentially a surface process. 

At 10000 C the diffusion dr fission products has a greater quantitative 

significance. With the exception of Mo which was not conclusively identi

fied in the 10000C diffusate, all elements diffused to a much greater 

extent than at 600°C, the increase being from 10-100 told. The large dif

fusion of Xe (2 per cent) and I (1 per cent) wa.s'in line with other 

,.' '-", .'" ""'>i· . 
. , .' ~ ~ , "'':-
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results, but the still larger diffusion of both Ce (9 per cent) and the 

La, I, Pr fraction (306 per cent) was unexpected. No positive explanation 

for the large diffusion of these metals is apparent fI~m the data, but it 

is possible that valence and atomic volume characteristics of these ele

ments permit interchange uith U in the lattice, or compound formation with 

U, and so permit diffusion. Xenon, which has negligible combining affinity, 

might not be able to break through the bonds of the U lattice in which it 

is enmeshedo With these cases of more extensive diffusion, the process 

can no longer be considered a surface one, and the diffusion constants are 

no longer entirely valid since the derivation of the diffusion equation is 

based on the assumption of diffusion in one direction only and from a body 

whose internal concentration is not changed in the processo The true 

diffusion constants for these elements diffusing in larger amounts must be 

greater than the ones given in Tables 5 and 6. 
The measured diffusion constants can be used to calculate the amount 

of diffusion from U in piles under similar conditions, taking into account 

the phenomena of radioactive formation and decay. Ample cqnslderation 

m.Us"~ be given to the chain relationships of the activities concerned; for 

when an active element diffuses, it produces in the diffusate not only ita 

own ac,/:,ivlty but all of its daughter activities as '!iV@11. Thus, in these 

experiments it was found that 20 Inours after 10000C heating began" 

42 per cent of the diffusate Ie arose from the decay of diffusate I." 

Since a great many fission elements have either gaseous or diffusable 

parent.s, and Bince in a pile even the short·-li ved members of the chain 

have their chance to dif.fuse, this is a serious consideration 0 The equa

tions used in this calculation may be derived for any specific case in a 

manner similar to that used by Met~opolis and Teller(S), but the variety 

of cases makes a discussion here inadvisableo " 
The object of this research, the determination of the nature and 

extent oi the diffusion of the fission products from U and U
3
0S with an 

accuracy sufficient to aid in pile design, was accomplishedo With the 

aecision to operate piles at much lower temperatures and to encase the 

U in a coating of other metal, further stUdies were not essential, and 

the work was discontinuedo 
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