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Introduction 

The first observation o:t the ph nomenon of t hermal dif'f'u ion was 

made by SGret in 18781 ' 2• He found that concentration gradient was set up 

in a liquid solut i on when a t emperature g~ ·aeli nt existed in the solution . Hence 

t he li ghter molecules or ions in the solutions moved toward th hotter rt of 

the solution :taster than the heavier p ticla ... , whi ch distributed the homo-

geneity of the solution . Two gase or gaseous i sotopes ware setarated i n the 

ame ay by t peratuz·e dient . ri •orous thematioal and theoretical 

tr t ant w s van to tmr 1 dift\lsion by Enskog in 1911 , nd independ ntly 

by Chapman in E Jand in 19171 • In 1918 first xperimental data a obtained 
. 

by Chapman and Dootson . 

ullikan d i soussed the use of the tber 1 diffusion process for the 

separation of aseous isotopes , but conaluded that othe r eth a at that ti e 

superior3. Ho ver, he did n t consider the new twist g iven to the application 

o:t thar diffusion by Clusius and Dickel which consisted of thermal diffUsion 

in conjunction with convection cur.r ts which incr ased the effect f thermal 

diffusion enonaously . I n order to produce this effect, they used a specially 

desi @led col consisting o:t t wo concentric tubes mounted vertically, the 

inn r one of which was a 11ot wall and the outer one cold all . A temperatuxe 

gradient a set up radially from the cold wall to the hot wall. Then the 

convection currents c rried the 11 ht molecules, concentrating at the hot 11 , 

up the tube and brou ght the heavier molecule , at the cold wall , down the cold 

all4. This effect is eo times call d tte rmal syphoning . 
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The se rated stable i sotopes f hydrogen • carbon, nitrogen, oxygen 

and sulphur, are of considerable i mportance in isotope excha e and tracer 

wor k . Thes isotopes can be se}'llrated with r lati ve ease by chemical exchange 

ethods which are rtioularly suited for t he production of relatively large 

ount of terial at medi oonoent tion • The thermal diftuaion met ho d, 

on t he other band , the method first used by Clusiu and Dickel, is one of the 

best method for producing small quantities of h i ghly enriched i s otopes . It 

would be most eoono leal, ther fo , to concentrate these isot opes by chemical 

exchange in a f irst stage i n order to pro uoe the large quantities of enriched 

mater al at medium concentrations, ioh will be r quired tor most chemical 

and aedieal tracer work, and to nrich a · uoh smalle r unt or m terial still 

further by a second at age the nnal d it fusion unit for the few experiDI.en ta where 

very high concentrations are desirable or necessary , 

High concentrations of t he i soto e 11 be requir d in experiments 

where hi dilution of the "ta ged" material 1 encountered and t or x riments 

designed to study th physical and che• i cal properties ot the as rated 

1 otopes . Thei~l diffusion column have been set up at Me aster Universi ty to 

e possible the further enrio nt of the 1 ro to pes which have already been 

cone ntrated by chemical exchange met hod • Severa l years a go t he heavy 

i otopes of oxygen and sulphur ere separated in this laboratory by distil

lation and chemical exchanee t hods , re spectively. The latter involved the 

exchange between sulphur dioxide a nd bisulphite ion in oolut ion . Our tMr 1 

diffusion columns will be used first to further enrich o18 a plea now on hand . 

Of the elements mentioned a bove, deuter1 has been an article of com.m.erce 

tor some ti e, and 75 percent N15 pr uced by chemical methods is now on the 

market . In the latter case , 1 t i ght b or interest to cxluc 11 quantity 
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o high c nc n trat1o FUrther, the Roudry Ch t bl ytic Corp ration a plan 

to p o ce o13 at two cone ntration.s , t we ve per c nt a nd 1xty . er oent, in 

t o s ·t. g BJ~ Ste , the latt er st ge bel. , g a t b r l dif'i'u ion unit . Here 

a in ther may b experiments where hi ar cone ntr tiona ar aesi rabla . At 

the pr:esent t · e, ho ev , the isotopes of oxygen n sulphur ere n )t e.vailab l e 

cot roially, but can be procured fro• s veral universiti es ( caster) only t 

lo cone ntrations. 

l!'our t her mal ditfueio n un1 t ve be n complet ed . One of t hese units 

a already be n tested on th sera ration of t he nitro en i sotopes usin nitrogen 

ga s as a wo r ki ng sub stance . The sults ar most encouraging and indicate an 

e.n:richment factor of seven tor the nit r o , n isotopes using four unit or 36 

fe t of colwun . Details af the thermal diffusion oolumn and of t he test runs 

made wi th one unit e.re discu ad t-~l o • 

pparatus 

Several designs of theri. l diffUsion column ha.ve been built by Clusius 

and Dic kel, Bramley nd ewer4 ,5, and atson6 . The 'a tson t ype of column was 

used both because it was proved to be efficie nt, and because General El ectric 

ca.lrod heaters re obtai nabl e . 

Th uni t ther mal diffusion col (see Fi re I) consists of a Gener 1 

El ectric 2000 watt c lrod heater of " diameter and ni ne f ee t long , .suapen ed 

one ntr ica lly in a co ~per tube of one inoh I .D. 1v1ng an annular s oe of t "• 
The cold wall i s surrounded i n turn by a l " I.U. wat r jacket . The assembled 

column is mounte vertically . The xpan ion of t he calrod heater which operates 

at 530°0 . amounts to over an i noh, and this i nc rease in l ength is t en up by a 

syl phon bellows silver soldered to the bottom of the 1 " I. D. copper tube . The 
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convection tubes of 3/4" I.D. copper tubing , hich are connected to the cold 

wall t hrough a brass adapter, are in t .lnlves silver soldered tog ther by 

means of a coupling collar. At this junction another unit column can be 

con cted in place of a rase voir. Therm couple Wires silver soldered to the 

calrod heater for indio ting 1 ts tempe rat ur ar bro t out through the 

con action tube b~· rueans of Kovar glass ee l s ich provide an air- tight joint 

and also in~ulate the wir s f rom t he metal column. All t he e details my be 

seen in Fieure I. The calrod heater is kept centered alon the hole length 

of t he cold wall by Btainles steel pins of 0.055" di meter which are pl oed 

120 degre s apart around the cold 11 t intm·vals of t o feet along the wall. 

These pins have to be ecision macluned in order to center the oalrod heater 

accurately in the cold all , which is necessary to obtain sati sfaotory 

separation of the 1 eo topes :l.n the oolumn . Glass flasks serving as gas 

resenoirs a attached at e ch end of t he column by m ns of copper glass 

housekeeper seal s . 

Th de s i gn of column wor d t isf ctor1ly but the follo 1 modif-

ications, see Fi gure II, were made to facilitate the construct! n of additional 

units , The s.ylphon bellows of 0 .005" phosphor bronze , which were very difficult 

to silver solder to th oo pp r tubing , re replaced by an expansion chamber . 

l eotrioal contact with the bot tom of t he calrod mater is ada through a 

Kovar a s seal in the side of the cha r by means of a flexible co pper 

braid . For t he conn otion bet en intermediate units , the convection tubes 

are replaced by a bras connecting sleeve llbioh also allow fo.r expansion of 

the calrod heater . Here again electrica contacts arc brought out through 

Kov r gl.as s~al • At the top of each unit, t e C<:1lrod hea ter 1 supported 

by a :perforated br ss plug , whioll allo s t he s to p ss between units . 
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Convection tubes re used on the top and bottom units af several unit oolumns 

in series for <X>nneoti ng t ha glass re se1·voirs to t he oolUillll . 

All connecting rts are of brass which ara all silver oldered in 

place to ensure an air-ti ght an d s trong m.echanioa.l ·connection. 

Th Theory of Thermal Diffusion. 

The theory of tbe phenomena oecurri i n this type of tube un er 

oon itions necessary for its operation is not comp tely understood2 ' 7. A 

knowledge of the in tic energy of gases is a prerequis1 te which gives s.ome 

knowledge of the equations of t~eport in gases ieh 1 s the onl y of 

knowing the phenomena of them 1 diffusion1 • The theory based on the trans-

port of gases was treated 1 t e mathemat.i cally by skog am. Chapman . 

The thermal dif fusl. on process as occurring i n the Cltis ius-Dickel 

type of column 1 r esult f rom tbe simultaneous action at a number of pr oce ses8 • 

In such ca e the simultaneous pr c sses are thermal diffusion and swirling of 

the gas when the all cl earance is great enough to permit ell defi ned swirls , 

or, if the clearance 1 not gr at enough , the oper tion 1 d e to thermal 

di f fusion and convection eurrents4 . 

The lighter s mole oules upon heating have a higher average velocity4 

than the heavier gas molecule and rebound fro the hot wall faste~ than the 

heavier ones. Hence they are in t he r ~ont row or a s front movi ng away from 

the hot wall . This gives a rtial separation at the same ti the swirling 

action of the gas up the tube set up by the gas r1 Sin at the hot .,.-all .and 

dropping at t he cold all (see diagram) takes up th lighter lecules and 

ov s in continuing s · rls up the column. The lighter ones are lifted more 

ea~?1ly than the heavier ones which also enhances the sa ration. The swirls 
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moving down the cold .all catch t he m avier oleaules and Bive them omentum 

dONn ~ard which, aided by gravity , carry thEI1l. to t he bott;om· f the column. 

In columns wrere the wall clearance 1~ oo t great enough to allow well defined 

swirls to form, the convection current u p th hot wall is t he sub tituting 

factor and i n oonjunction with thermal diffusion picks up the light gases at 

the hot wall and carries them up• ard. At the same tim, the convection current 

moving down t he cold wall carries the heavy molec\ues to• ard t he bottom • . 
Ordinarily . a convection current counteracts t he effects or the~al diffusion 

but in this type of column 1 t aids the s e:taration and in tall columns greatly 

multiplies the thermal diffusion effect. 

ith thi mode at operation , the column i s quite e f ficient i n 

separati i otnp:~s even where t he cone ntration of one isotope is very 

all oomre.red to ttte concentratio n of t Je other isotope present. 

The fundamental equation of diffusion 1 

D grad 

hich upon integration gives 

where o1 
is the concentration of th 

2 110lt isotope at the top of the column 

co 
2 

is the concentration or th light isotope at the bottom of the column 

DT is the co f ti cient of thermal d :if fusion or the anount of gas .under the 

i f luence of ~;. te pE!II•ature gradi ent diffUSing through Chl.e cm. 2 per second . 

D is the coef-fi c ient of ordinary di ffusion which in t he case ·of isotopes 

1 called the coefficient of self diffusion and is the amount of t h e 
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lightv!.' i EJotope di ffu in · tluo eh on 2 
CR . per · cond i nto the 

i sotop t:t.t th s u t.a l'f:l.t Ul'El 

T1 is th t~l.'l.porat ·~ ot the ho m :-,.1 i n °K. 

T2 i s th tompor t ure of the cold wall in °K. 

ea.vier 

For hard el stic s pheres Q.t = kT 9 hioh depends on the r elative concentration 
D 

of the t ·w isotop s but not on the te erature or pres sure. 

I n the ea e of isotopes ~ i s gr eatly simplified Sinc e the mode ot 

inter ction and the di tars of the two olecules are the s e because these 

properties are determined by t ~electronic con:f'1guration.3. Then kT depends 

only on t he dif ference in asses and 

where 105 
118 

and c>( 1 t he ther 1 d iffusion consta nt. 

u2 and M1 r e the masses o f t he heav i r and lighter isotopes and 

c2 and G1 are the concentra tio ns of the heavier and lighter isotopes 

where 

Discusoion and Result a 

S veral experiments were carried out with one the r mal dif fusion unit 

of tho Vl tson t ype t o etermine 1 t efficiency in seta rat i ng the nitrog n 

is tope s using nit r ogen gas as the wor ing substance . The column vas operated 

ith the s at atmospheric }:re-> sure , the surface of t he calrod heater at 

5.30°0 . and t he cold wall at 15oc. The ga s reservoirs at the to p and botto 
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of t l1 oo l W!Ul ' wtn·, .3 1 itars an d 100 tnl , c p3.01ty , res ect ively , 

The r-<3.:.~ lt b t a i ned );" th nal sis of L • .ffi!lles With a .mass spectro

meter show tbat a s i &).e 9 .foot t her. 1 dif f usi on unit will ef fect a 6P. percent 

hu.nc.;.e in tho ro.tio f the nit rogE~n i otop s. This mflan •• lmt four such units 

a· oul v an enri ch.Itlent ft~.otor of (1.68 }4 or 8 fold ch ange in the ratio of 

the n1 ·rogen iso t opes . These r suJ:t are tabulat d i n 'lnble I. 

In t h e further conoent r at ion of ol8 by t . .re rme.l diffusion it is planned 

to use carbon .monoxide e,oaa enri h ad 6-7 fold i n o18• It is reasonable to assume 

t t t he enrichment btained Will be t-. t l east as go )d as thlt lndi cated i n the 

test r uns using nitro ·en gas . otually ol8 enrichment y be a little hetter 

since t he fractional mass difference between ool6 e.nd ool8 i s 2 in 28 as compared 

to 1 in 28 for Nl4Nl4 and Nl4Nl5. 

Conclusions 

This new method of isotope separ tion J:Bs received <»nsiderable 

attention since its discovery. Many papers have appeared to explain the quite 

complex t eory , to present experimental data , and to o mpare the experiments 

with the t h oary . However, t h ere is no .Wliv r eally ecepted theory and not 

enough experi ental work has b ean published to g i ve d finite corroboration 

between the theory and facta , 



Run T1 e in 
hours 

l 0 
26 
98 

123 
126 
193 
200 

2 0 
73 
91 

#.Estimated. 

- 9 -

TABLE I 

Thermal D1ttu ion Test Run 
Using Nitrogen Gas. 

Si le Unit 
Leng~h of Column - 9 teet 

• ssux·e of 2 - l a tmospher • 

ass Ratio 
bottom 

133 ·4 
100.1 

86 . 7 
110.1 

8<) .6 
90 .0 

135 . 1 
93 . 6 
91.1 

(28/29) sa Ratio (28/.29) 
top 

133·4 

135 .4 

151 . 2 

135.1 

Enrich ent Faotar 

1 

1 . 68 

1 

--- # 
1.65 
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Introduction 

The Separation of Isotopes 

· by Thermal Diffusion. 

D. L. Prosser and H. G. Thode. 

The separated stable isotopes of hydrogen, carbon, nitrogen, 

oxygen and sulphur are of considerable importance , in isotope exchange 

and tracer work. These isotopes can be separated with relative ease by 

chemical exchange methods which are particularly suited for ~he production 

of relatively large amounts of material at medium concentrations. The 

thermal diffusion method on the other hand, · a method first used by Clusius 

and Dickel, is one of the best methods for pDoducing small quantities of 

highly enriched isotopes. It W)Uld be most economical therefore to 

concentrate these isotopes by chemical exchange in a first stage in order 

to produce the large quantities of enriched rra terial at medium concentrations 

which will be required for most chemical and medical tracer work, and to 

enrich a much smaller amount of material still fUrther by a second stage 

thermal diffusion unit for the few e xperiments where very high concentrations 

are desirable or necessary. 

Hi gh concentrations of the isotopes will be required in experiments 

where high dilution of the "tagged" material is encountered and for experiments 

designed to study the physical and chemical properties of the separated 

isotopes. Thermal diffusion columns are being constructed at McMaster 

University to make pos sible the further enrichment of the isotopes which 

have. already been concentrated by chemical exchange methods. Several years 

ago, the heavy isotopes of oxygen and sulphur were concentrated in this 

laboratory by distillation and chemical exchange methods respectively. The 
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latter involved the exchange between sulphur dioxide and bisulphite ion 

in solution. Our thermal diffusion oolumns will· be used first to further 

enrich o18 samples now on hand. Of the elements :rrsnt ioned above, deuterium 

has been an article of commerce far some time and 75 percent N15 produced 

by chemical methods is now on the IIBrket. In the latter case it might be 

of interest to produce a small quantity of high concentration. Further, 

the Houdry Catalytic Corporation have plans to produce c13 at two concentrations, 

twelve percent and sixty percent, in a two stage system, the latter stage being 

a thermal diffusion unit. Here again tmre ID:ly be experiments where higher 

concentrations are desirable. At the present time however the isotopes of 

oxygen and sulphur are not available commerci ally and can be procured from 

several universities (McMaster) only at low concentrations. 

Two thermal diffusion units have been completed and two more are 

under construction. One of these units has al eady been tested on the 

se]E.ration of the nitrog.en isotopes using nitrogen gas as a working substance. 

The results are most encouraging and i ndicate an enrichment f actor of 7 for 

the nit rogen isotopes using 4 units or 32 feet of column. Details of the 

thermal diffusion columns and of t he t est runs made with one unit are 

discussed be low. 

Apparatus 

The unit thermal diffusion column (see Fig. 1) consists of a 

General Electric 2000 watt calrod heater of i" dia:rrster and nine feet long 

suspended concentrically in a copper tube .of 1" I.D. giving an annular space 

of i". The cold wall i s surrounded in turn by a li" I .D. water jacket. This 

vert i cally mounted column is essentially the same as that used by W. W. Watson. 
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0 
The expansion of the calrod heater which operates at 530 c. amounts to 

over an inch and this increase in length is taken up by a Sylphon bellows 

silver soldered to the bottom of the 1" I.D. copper tube . The convection tubes 

· of i" I.D. copper tubing which' are connected to the cold wall thr ough a 

brass adapter are in two halves silver soldered together by means of a coupling 

collar. At this junction another unit column can be connected in place of the 

reservoir . Thermocouple wires silver soldered to the calrod heater for 

indicating its temperature are brought out through the convection tube by means 

of Kovar glass seals which provide an airtight joint and also insulate the wires 

from the metal column. All these details my be seen in Fig. l. The calrod 

heater is kept centered along the whole length of the cold wall by stainless 

steel pins of 0.055" diameter which are placed 120° apart around the cold wall 

at intervals of two feet along the wall . These pins have, to be precision machined 

in order to centre the calrod heater accurately in the cold wall which is 

·necessary to obtain satisfactory separation of isotopes in the column. 

Glass flasks serving as gas reservoirs are attached at each end of 

the column by means of copper glass Housekeeper seals. 

This design of column worked satisfactorily but the following 

modifications, see Fig. 2, were made to facilitate the construction of 

additional units. The Sylphon b allows of 0. 005" phosphor bronze which 

were very difficult to silver solder to the copper tubing are replaced by an 

expansion chamber. Electrical contact with the bottom of the calrod heater is 

made through a Kovar glass seal in the side of the chamber by means of a 

flexible copper braid . · For the connection between intermediate units the 

convection tubes are replaced by a brass connecting sleeve which also serves 

as an expansion chamber. Here again electrical contacts are brought out 
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The Sef8ration of Isotopes by Thermal Diffusion. 

Introduction 

m de by 

up in a 

The f irst obsurvation of the phenomena of thor al diffusion was 
1,.2 

Sor t in 1878 • He found that a concentration gradient was set 
- d.t. 

liquid olution hen a temperature· gr~~. Here the 

lighter olecules or ions in the solutions moved to ard the hotter part of 

the elution faster than the heavier particles which disturbed the homo-

genei ty of the solution. This phenomena here a temperature gr dient 

produced a -gradient or the elative co ncentr tion of two gases) when mixed~ 

or gaseous isotopes as called thermal diffusion. A rigid thematical and 

theor~tical tre tment .ao given to thermal diffusion by Ens gin 19ll ,and 
1 

independently by Chap n in E lan in 1917 • In 1918 the first experimental 

dat as obtained by Chapnan and Dootson . 

Mullikan di cussed the use of t he thermal diffUsion process for the 

Qep~·ation of isotopes but concluded that other methods at that time superior3. 

However, he did not con ider the new twist given to tho application of thermal 

' 
diffusion by Clusius and Dickel lhich consisted of thermal diffusion in 

conjunction Mith convection currents which incr ased the effect of thermal 

diffusion enormously . In ord r to produce this effect they uoed a specially 

designed column consisting or t o concentric tubes mounted vertically, the 

inner one of which was a hot wall and the outer one, a · oold 11 . A temp-

erature gradient as set up radially from the cold wall to the hot all . 

Then the oonv~otion currents car iod the 11 t molecules concentrating at the 

hot wall up the tube, and brought the heavier molecules, at the cold wall , 

4. 
down the tube This effect is sometimes called thermal syphoning . 
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D cription of Apparatus. 

In order to un er tand the theory of th~ thermal diffusion process 

more easily, it is best to know the construction of the apparatus. As 

stated before, th apparatus consists of hot inner wall or tube ilhich is 

concentric · dth a cold outer wall. The outer wall is kept cold by a ater 

jacket . The heating or the inner 11 has been achieved in var ious ways . 

Clusius and Dickel ran a dre, heated electrically, up the axis of a vertical 

hollo. metal tube. 

the hot wall itself. 

Here tne Wire which was either chromel or platinum was 

4 5 In other columna used by ey and Brewer ' the 

hot ~all w s a glas tube heated internally by coil of chromel wire. The, 

outer wall in this case is also a glass tube of larger diameter concentric 

with the inner glass tube .ith a glass water jacket around the outer tube 

: along its full length . The columns built by Va taon used a General Electric 

o lr6d heater for the inner wall . The calrod heater is a brass tube from 

2 to 3 metres long and half inch in d.iameter heated internally by a chromel 

· coil, the brass tubing acting as the hot all. The outer tube is of copper 

surrounded b a copper water jacket. Tubes as much as 30 metres long have 

bean used. The radial distance between the inner and outer walls is. of the 

'ordor of 7 mm. which is called the annular space. Nevertheless this dimension 

varies depending on the pres re of the eas in the column during the process . 

In the Clusius-Dickel type of column, the temperature difference 

between the hot and cold 11 varies from 800-1500°0., whereas in the columns 

built of glass or using a cal rod heater the temperature difference is about 

At each end of the column is a reservoir which leads directly to 

the annular space. If the heavier isotope in a gas is being concentrated , 

then a mall reservoir is placed at the bottom and a large one at the top, 
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which is large to keep the concentrations of the i otopes in th gas the 

same before and after the run. 

Tho accompanying iagram shows th column mounted. in a vertical 

position and being used fOr t he concentration of ~ heavy isotope. 
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Th Theory of Thermal Diffusion. 

The theory of the phenomena occurring in this type of tube under 

conditions necessary for its operation is not completely understood2• 6• 

A knowledge of the kinetic theory of gases is a prerequisite which gives· 

some knowledge of the equations of transport in gases which is the only 

1 
way of knowing the phenomena of thermal diffusion • The theory based on 

the transport of gases was treated quite mathematically by Enskog and Chap-

man. 

The thennal diffusion process as occurring in the Clusius-Dickel 

type of column, results from the simultaneous action of a number of· 

8 processes • In such oases t he simultaneous p ocesses are thermal diffusion 

and s irling of the gas hen the wall clearance is great enough to permit 

well defined S\nrls or, if the clearance is, not great enoughJ the separation 

is due to thermal diffusi on and conv ction currents4• 

The lighter gas molecules upon heating have a higher average 

+ 
velocity than the heavier gas molecules and rebound from the hot wall faster 

than the heavier one. Hence they are :n the front row of a gas front moving 

away from the hot wall . This gi ves a partial separation. At the same time 

the swirling action of the gas up the tube set up by the gas rising at the 

hot wall and dropping at the cold all (see diagram) take up the lighter 

molecules and move in continuing swirls up the column. The lighter ones are 

lifted more easily than the heavier ones which also enhances the separa~ion . 

The swirls moving down the cold wall catch the heavier molecules and give 

them momentum do nward wh ich , aided by gravity , carry them to the bottom of the 

colwnn. 1n colu wh:1ro the 1·~a1 l ~.:lear·ance is not great enough to allow 

well defined swirls to form, the convection current up the hot wall is the 
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substituting factor and 1n conjunoti~n .with thermal diffusion picks up 

the light gases at the hot all and carries them upward. t the same time, 

the convection current moving down the cold wall carries the heavy molecules 

toward the bottom. Ordinarily a convection current counteracts the effects 

of t hermal diffusion but in this type of column it aids the separation and 

in tall columns greatly multiplies t he t hermal diffusion effect. 

With t his mode of operation the column i c quite efficient in 

separating 1 otopee even 1bere the concentration of one isotope is very small 

compared to the concentration of the other isotopes present. 

The fundamental equation of diffusion is 

D grad C1 =~ grad T 
D 

\' hioh upon integration g1 ves 

(1) 

( 2) 

1 
where c2 is the ooncent~ation or the light isotope at the t op of. the col 

or in the upper reservoir 

cg is the concentration of the light isotope at the bottom or the 

column or in the lowar r~servoir 

DT is the coetf1 o1 en t at t herrnal diffusion or 1 s the amount of gas 

under the influence of a t'emJ;eraturo gradient diffusing through one 

cm2• per second . 

D i the coefficient of ordinary diffusion which in tho case of 

isotopes is called the coefficient of self diffusion and is the 

amount of the lighter isotope diffusing thr6ugh one cm2. per 

second into the h avier 1sotvpe t the same temperature . 

T1 is the temperature of the hot ~all in °K. 

To is the temperature of the cold all in ~. 
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DT 9 
Fo h<1rd ela~:~tic ... pheras- = k.r hich depends on the relative concentration 

D 

ot the two isotope s but n..>t on the temper ture or pres~ ure. 

In t h case of isotopes k.r is gre tly s1 pl1f'ied 1>ince the n1 od or 

int r ction d tt.e di eters of' t t. molec los are the s e bec~use these 

prop· rties re deter i nod by the electronic conf'i ration3• Then kr depends only 

on tl.e ' irter · c s in 

wh re 
105 

t?( = 118 

s..,e and 

k.r ~ 

( 
M2- M1 ) 
112 + 1 

d o<.. is the thermal diffusion con tant 

Dr 
D (J) 

(4) 

2 and :u:1 are tho · set:s of th e heavi r nd li ghter isotopes 

and c2 and c1 are the concentrations of he heavier and liehter i sotopes where 

The coo1ficient of thermal diffusion vanishes and hence ~ also for 

3,10 ( -llia .. molecules .molecules where tm force of interaction between th 

varies a s the inverse fifth po · e~ of these tion) . For molecules which 

interact th fore wh ie varies with an inverse power of separation greater than 

five the 11 [;hter mole oule s move toward the hot wall and ~ is positive nd for 

.. nolecules i ch interact w1 t h a force ~hi oh varies ith an in-verse po er of 

separ tion less tban five the lighter molecules move tow r d the cold wall and 

o<. is negative . 

In isoto p s, however, the mode of i nt eract ion and the diameters are 

the sw: e so that o<. will depe d only on the ssee of the two isotopes and hence 

ill always be positive . 

Pollowi · upon Equation (1), tbe equation for diffusion with thermal 

diffusion inc luded, s tdkes place in tte Clu ius Dic ·el type of oolumn, is 
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( 5) 

wher v1 is the convection velocity of the li ;hter iSJtope 

and V is th convection velocity of the s as a whole 

E periment~l Data effecting Theoretical V lues. 

he ove equations nd deduotionp were based on rigid elastic sphere 

as th olecule under examination. This is purely theoretical and correction 

factors must . ba applied to experim nt 1 results to make them comp tible with 

theoretical c lculations . Furry, Jones and On~ ger3, de allo ances for this 

difference in the t o ts of valuos n cal oula ting the possible separation 

of an isotope and let q(::. 0.35 ( 2 - Ml)· Later exper1ments11 proved this to be 
2 -t 141 

rather high for the isotope under consideration (heavy c rbon) hen the dimensions 

. of the column ~~ere considered. Nier8 •12 determined a val ue for P<. for heavy carbon 

hich i s given in the follo~ng equation set up from experim ntal data. It is 

• :t'l + 1 
To {6) 

log T1 
To 

h re C~ is the concentration of the heavy carbon (c13) in the bottom reservoir 

c2 is the cone ntration of heavy car·bon in the gas used in the column 

c1 is the concentration of light ar normal carbon in tho gas so that 

0 
nd c2 - c2 

c2 
i s the fractional chan in the re lative abundance of the 

carbon isotop • 
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The r tio of the ax riment. l c::< to the o< calculated for elastic pheres 

R__ lJ, 14,15 
is correction factor -~ and 

Rrr o<.. ~ ...!1.. (7) == o< e . s . ~ e. e-: D 
--.....-

D.r 
D e. a . 

Further experiment l ork by Gillespie produced correction factor 0 which h 

found as bett r than Rr for fitting experim ntal values to theoretical values. 

This correction r ctor C is giv n as 

0 
0 2(M2 - 1) _ d ln c1 2 

2( M1c1~¥2c2 ) d ln T 

where M1, o1 is them sa and concentration of th~ light isotope 

and M2 , c2 is the mass and concentration of the heavy isotope . 

(8) 

o( is given a value of unity for rigid elastic spheres and so Rr for actual gases 

is a fraction of one, tho lower the value of ~ the "Softer" the molecul e is, 

that is it rebound from a wall with rre ter loss of energy than a harder 

olecule2 • The gre t r the value of Rr is th greater the po siblo separation. 

- 16 ET for \ hich 0 may be substituted is given by the following equation 

or 
118 (.M __ -"" M' \ 
105 M+1f7 

ln 

where T2 is t mp . of hot ~all in °K. 

and T1 i s temp. of cold ' 11 in °K. 

(9) 

(10) 

and subscripts l and 2 desi gnate concentrations of c1 and c2 in top and bottom 

reservoirs respectively . 
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I t w s al o found .by Bra.vn16 that the me an temperature T2+ T1 
2 

as not as satisfactory as the value of ~emperature he calculated hich 

was to be used f or c lculating the viscosity, den sity , thermal conductivity 

nd other factors used to determine the effi ciency of a thermal di f fusion 

and which are effected b" temperature . The value of temperature he used was 

(11) 

He also found this temperature ~r gave a bet ter value of' Rr in compar i ng 

experiment 1 v lues with t heoretical ones . 

The Se~ ration Factor . 

The separ tion in t he the rmal diffusion column depends on c1 c2 whi ch 

can be seen ·from the definition of the· se~ation factor ··hi oh is 

o1c2(top reservoir) f or a light isotope . The reciprocal of this i s 
01 c2( b ttom r eservoir} 

u ed for determining the separation factor of a heavy isotope . 

where 

The equilibrium sa ration fact r may be expressed s 

. 
a 12 

2A1 _ 7 
1+ ~ 

p4 

2All7 

and and bare tio constants, 

and here K0 is the equili brium concentr ation of o~ 

c£ i s the concent ration of the light i sotope in the bot t om reservoi r 

1 in em. is t h l engt h of he column uaed in pi·oducing the s epar ation 

p is the pre ssure in atmospheres 

H 18. 
A is a constt1nt e iven by 

2K 
here H and Kin turn are e iven by 
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; (13) 

) 

(14) 

B is tht: .mean circu.mfe~ence of the annular space in em . 

is the thern 1 conductivity in cal./cm .deg ~eo . 

Q. i s th heat flow in cal/cm2 • - ec. and Q. .::AdT/dx ~here x i s radial ordinate 

fro hot to old all and 

G(T) is expressed in the different! 1 equation 

~._L._L. n ._L. 1 ·~ ( ..QD ) G(T) _ g E£ 19 
(15 ) 

dT /\. dT 7\ dT Xr. dT 1)-.. - dT 

"l is the viscosity in poises 

f is density 

g 1 the acceler tion duo to e;r vi ty in cm/sec2 • 

Fro t hose quatlons it is obvious that the physical properties of the gas being 

used ar important in determining the separation factor. 

a light a oleoule as possi ble should be us ed t o eat a large speed 

for the se ration where t he speed is characterized by the fol lowi ng quantity 

here f is t he raction of the molecular weigh t contributed by the 

-· 
ent being se r ated , mt is the mass of t he gas in the top reservoir and 

tr is the rel xation time or the time for t he system to come to equilibrium. 

The relaxation time may be e pressed in three ways dependi ng on the concentration 

of cl20 . 

If o1 is small oompaJ.•ed to unity , 

If o~ and Ke are about one half each, · 

tr ~ 2Almt - H 

(16) 

(17) 



- ll -

clos to unity 

( 
. - .2Al) 

l - ..12. {l8} 

From th abov eq tiona .;e can conclude t t the eparation factor depends on 

1. the p &sure, the be t r n e bein between 0 • .3 and 0.7 tmo pheres, 

depending on the gas us d, for n nnular spac at 7 . , 

2. the composition variables hich re essentially th rel tive 

concentrations of the t\'.0 1 otopes pr sent , 

.3 . the d1 ff er nc e 1 n se of the t n camporw nts di vid d by their sum 

ml- m2 
ml + m2 

and mast clecidely an th 
21 

temp3rature gradi,_. nt. 

Separation is h lped 

1. by ba Vi ng the di ter of the cold all nat tao large (aver 1") 

since bac diffu ian increases considerably 1th incre e in 

diameter and counter eta th effect of the 1 diffusion , 4 

2 . by using the proper diameter lla inc goad swirls which incroases 

th possible s r ation in th column , 

.3 . by u ing sh rs or b fflea4 , 22 an tho cold all to holp form good 

tirla. They also prevent a maos movem.ent of the gas down the ·alls , 

4 . by h ving the pres -u.ra lo.., en ugh so t t the Re nolds nuni.ber where 

turbulence b glns i · not xceeded since only l amellar. flow is 

conducive to eparation . 2 3 , ~ The larger th diameter the higher 

the pressure permis ible , but is :overned by 1 , 

5. by having ~~ try in th~ column . he hot Wld oold all s must be 

concentric to •ive con ~tant tem.pel'atur e dient in all directions 

in the ame pl ne t 25 
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6. by using as lieht gas as possible26 and using ~ird inert 

gas which vee initi 1 5 -50 mass m1xture27,28 , 

7 . by haVing suit bl ·pressuro, u u ly less tb n l atmosphere 

depeming on :¢) 
• 

The Continuous and Di continuous Processes. 

There are t ·o methods tor op3rating a thermal diffusion column. 

ThCJ are the discontinuous thod and th continuous method . In th d18-

oontinuous method, the bole process i-s definitely a batch process . The 

proximity to the quilibrium condition o n be determin d by removing s plea 

t various succeeding times nd ex ining them in a mass spectromet r . When 

equilibrium is reached , there is no chan e 1n the concentration or th 

enriched isotope . Th n the reservoir is s led ott from the column to prevent 

any rornixing o r the g ;ri th that in the ube ~hioh may reduce the concen-

tratlon of th d ired 1 otope in tl e res rvoirl7 . The predicted concentration 

can be . ore n arly attained th larg r the r servoir uaed. Ii' small 

reservoir is used the normal gas is soon oxhaust~d or all t o d ired isotope . 

A 1 rge reservoir ithin practical limits is then desir abl . l2 , l7 The 

reservoir co lecting tlo iaotop should ~ uite small to ,et t he isotope 

and yet keep o.ut tho more ubundant i~otope . In the discontinuous method a 

greater fraction of the e uilibrium s par tion ratio can be obt ined tor 

gi van speed . 

In th continuous process, t h gas of normal cone ntration is 

bainc cont1 lly adm1 tted io the column t o end while tho enriched 

1 ture in small amounts or about 5- 20 cc . /hr ., depending on t e si ze ot 

the column , are being ·ithd!· wn9 •12•27 at th ot r nd or the column . 
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Although not as great a separation f ctor is possible by this method, a 

continuous upply of enriched mixture is available making the continuous 

process better suited for oomm rcial processes. 

If the enriched mixture from one column is fed into another 

column ~e have a multiple unit column operated in series . By having 

number of trmsc columns in series the concentration of the desired isotope 

is incr~a ed beyond that u ing one column36. . atson30,31,32,33 , using a 

two column set up, obtained a separation factor of 2.77 for the concentration 

of bea carbon using .~ret ana as the He predicted that by using six 

columns in series he may get (2.77)3 or bout 20 for the separation factor 

operating it continuously . To get in~reased production of moderate concen

tration the columns may be oper ted in parallel where the concentration will 

b the same as that for one column, b~t the pro uction Will be increased by 

a fuctor equal to the number of columns 1 n parallel ~ 

Uses 

The thermal diffusion process is an e:t'ficient nethod4 f or separating 

isotopes hen the i otopes are in -a g seous phase. Enr iched mixtures of the 

isotopes produced in this w y have been used :tor radioactivity experi ments . 

Cl37 concentrated to a high de e from HCl gas haa been used for this 

purpose4,34 , 35 . O:f' course enriched concentrations o:t' i.ootopes produced 

this ay finJ t~9 s~e uses as produced by other methode . 

The therm 1 d"iffusion phenomenon as taking pl ce in the thermal 

diffusion column is one of the few phenomena ' in a s hi ch depends 

essentially on the peculiar character is tics of the molecule. By studying 

this phemomenon, information about the intexmolecular forces occurring in 

the s in question may be obtained. The study o:t' isotopes is particularly 
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v luable in this case since there is no intermixing of the char oteristics 

of two dissi lar moleculee.3,S 

Conclu ions 

This ne method of 1 otope separ tion has raooived considerable 

ttention sinoo its disco ery. ny papers h ve appeared to explain the 

quit complex theory, to present experimental dat , and to compare the 

exper iments With the t heory . flowever, th r is no universally accepted 

theory and not enough experimental ork has been published to eive definite 

corroboration between the theory and fac t s. ~ea.n bile, the work goes on . 
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