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THE ISOTCPE EXCEANGE METHOD FOR MEASURING SATURATED
VAYOR PRESSURE AND DIFFUSION COEFFICIENTS

I; The Effect of the Molecular Condensation
Coefficients on the Rate of the Exchange
Resotion

[Fhis i a translation of an article.
written by V. I. Lozgachev in Zhur. Fiz,.
Khim. (Jowrnal of FPhysical Chemistry ),

Vol. XXXIII, No., 12, 1959, pages 2755-2766.7

The interest displayed recently in the measurements
of saturated steanm pressures and diffusion ccefficients D by
wmeans of isotope exchange is not accidental, since this ex-
change 1s the only convenlent method which permite the de-
termination of the buoysncy of the saturated vapors of al-~
loya, where the concentration of a component during the ex~
periment should remain constant., This method permits, at the
same time, the determination of the other, not less important
characterigtic of the metal or slloy, its diffusion coeffici~-
ent. This fact, newely that the surface layer of a specific
thickness participates directly in the exchange, permits the
estimation of some asurface properties of the given substance
if the apprapriate egquations are solved, The availability of
convenient radiocactive isotopes of almost all elements of the
periedic table makes this method universally applicable to
the practical study of any subsiance in its 'condensed state,

Howsver, a broader implantation of the above method
in the field of practical scientific investigation is hine-

- dered by an incomplete understanding of its theory. The theo-
retical data published previocusly (1-5) ere insufficient. The
‘guthor & alm is to present a full and comnsecutive solution
{as far as possible) of a series of problems connected with
the application of the proposed method in the region of low-
presgure saturated vaper (less then 0.1 mm),

According to the kinetic theory, ges pressures are
determined by the mumber of impacts of molecules per unit of
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.awall area, per unit of time. A dynamic equilibrium exists
between the saturated vapor and solid (or liguid) ghase,
when the same number of molecules evaporate from the surface
of 2 substance per unit time as are condensed on it. If the
coeffiaient of eondensation ©X _is less than 1, the apparent
rate of v&p&rizatian_n(cmf,see“l), corresponding to the
buoysney of the saturated vapor, is larger than the true
' eva@argtion rate of the glven substance in vacuum
n,(cm~2gec™1). The two rates are related by the following
egquation: - '

n, = K n (1)

The lower the coefficient of condensation, the higher the
pressure of saturated vapor, at a given true evaporation rate,
Comdensation is defined as a transition of molecules
from a gsseous to & solid (or ligquid) phase, in ths course
of which the condensed molecule loses its "identity,” and
becomes indistinguishsble from the other surface molecules
of the substance. At vapor pressures lower than 0.1 mm it
may be apparently sssumed that the real svaporization rate
of the subatavice is independent of the buoyancy of the sur-
rounding vapor. In other words, the evapeorization rate in
veguum is the same as that in the pressnce of saturated vapor
(6} /et less than 0.1 mm/. These postulaies psrpit the use
of iSotope exchange betWeen the gaseouz and condensed phases
of the given substance for the determination of saturated
vapor pressures of solid and liguid substances.
It iz assumed that the analyszed substance is inerd
to the wall of the exchange vessel and that the numbsr of
intermolecular collisions is emsll as compasred with the number
of moleculsr impacts on the wall of the veszel. The mele-
cules of The substance which fall on the wall from the gas-
eous phase are reflected from it according to Enudsen s
Cogine law and may give part of their energy to the wall or
may rebound zccording to the lav of elastic spherss. In this
gense, even the surface points on whioch condensation does not
ccour are pasgive, and their number may be used for the de~-
termination of condensation cocefficients. A certain surface
layer of the aubsﬁanca‘(@xehange layer), consisting of one
or several monolayers ( ¥V -number of layers), ia subjsct to
& direct effevt of the exchange. This monoclayer is character-
ized by the fact that its isotope comcentratign gradient is
alwesys mero., The thicknmess ¢ and density p of the ex-
changs layer are constant for each given substance at a
given temperature and depend apparently on its crystalline
gtructure. Un the basis of the above agsumptions, it is not
toe difficult to visuslize & simple exchange mechanism, If
several samples of & given substance wlth different amounts




6f the radloactive isotope are placed at a certain distance
from each other in & vacuum chamber, the molecules escaping
from one sample with a specific probability L& , which is
independent of time, pass into the exchaenge layer of another
gample (absence of the isctope effects is assumed). A cop-
tinuous exchange of particles is thus sttained, which
results in the change of isotope content in exchange laysrs
or in the fluctuation of their specific activities. 4z &
result of this change, the isotope concentration gradients
at the inner interface of exchange layers appear. Their
nagnitudes and signs are a measure of the diffusion of the
isotope flux into the core of the sample or towards its sur-
face. Consequently, the process in exchange layers consisis
of 4two phenomens: lmotope exchange in the gas phase and dif-
fusion in the condensed phase (that is, an exchange by &
different mechanism of diffusion kineticz). Due to the ahove
phenomena, a gradual egqualization of the lsotope conbtent of
the sanipie eccurs, which leads ultimately to a stesdy state.
The rate of isotope content change will be determined from
the change of specific activities ¢f the substance with time
end will depend on isotope exchange rates and on diffusion
rates. In the final analysis, this rate will depend on the
evaporation rate n,, condensed-phsse self-diffusion coeffi-
eient D, ﬁraﬁﬁ€§? prgbability L% and properties of the ex~
chenge layer (0 , p'). If the system consisis of n epeci-
mens of different specific activities K(t), “A2(t)e..;

A nlt), one may show that in gemeral:

LT AR @)
‘ zﬂ(f';’ = ,fﬁ. [@a ({}),U, Ry, ])» 59 P’t gz,;”!

where ¢ is time and U is the specific activity of the gilven
gystem at the equilibrium. The solution of the sbove equa~
tions, while changing the activity of the sample with time,
permites the measurement of saturaited vapor pressure, diffu-
sion coefficient and other terms contained im the equations.

BEquation aysten (2) corresponds to'a multidirection-
al exchange. Depending on the number of specimens which
undergo the exchange, one mMay talk sbout unie, bi- or multi-
directional exchange., At the ssme $time, eguation system (2)
would consist of one, two or several equatioms.

The relationship between the svaporation rate and the
total number of gas~phase molecules contained under pressure
in the vessel in which the above mechanism applies, allows
ug to assuwe that the equilibrium between the vapor and ithe
" condensed phase is established instanteneously, since the
mean distance travelled by the molecule in one second is



times longer than the linear dimensions of the vessel
(Table 1), Therefore, it should be noted that no noticeable
changes in the substance will occur prior to the establishe-
ment of equilibrium.

Table 1%
‘ 1,0009K 1000K
ursg Rate of |[Evapori- |VaporiRate of Evaporiu Yapor
M € IMolecu- |zation Den~ (Molecu~ | zation Dene-
Hel1ar Mo-_, |Rat sity |lar Mo- | Rate eit
tion 10| cm™Csec~l|Cm? [tion 10~¢% CnEgec™t Om~
Cm/Sec
m_j;f 4.4 1012 w01t | 1.4 B0l f.6e1077
_8 4'4 1012 IGB 104 304 1612 9&6 lﬁa
10 1 4.4 10 10 1.4 3.4°10 9.6°10

¥ The table is based on molecular weight M = 107.9 and
condensation coefficient xR o= ],

If only one specimen is in eguilibriuwm with its
saturated vapor, the entire vapor is resnewed instantanecusly
at pressures which are of interesat te us, provided the con-
taining vessel is not too large. This fact may be inferrved
from Table I, However, one may select expsrimental conditions
in such 2 way that the specifie activity of the vapor over
the specimen (region U in Pig, J)
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" Pig. 1, Derivation of Transfer Coefficiente for Molecular
Tranefer fromw Different Type of Vessels Into Vacuum:
8,0 = Effusion chambers with an orifice aituated
correspondingly in the plane of egvaporizer or co-
axially with it. 1 -~ the chamber’s shell, 2 - the
sample, 3 = vapor-containing vassel (speeifig act~
[eont’d7 -
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ivity U); V ~ chamber b with an orifice in which
the sample ls replaced with an infinitely thin
diaphragm, € - cylindrical tube

remaing practically conatant, whereas the activity of the
specimen changes with time (4,5). Because of this choice,
such a system may have & praciical significance.

Probabilities of Transfer: The probabilities of
molecular transfer from one exchange layer into ancther de-~ -
pend on the shape and size of the container, the spacing of
specimens in relation to each other, and on the moleculsy
condensation coefficlients in the given layer, R

¥e shall study a variesnt, in which Knudsen g sf-
fusion chanmber is placed in the atmeaphere of saturated vapor
of ocomgtant specific activity, on the bottom of which cham~
ber ig placed & round, flat epecimen of surface area, sj. The
area of cross asctlon of the chamber orifice is sp. The ori-
fice s resistuncs is denoted by X (Fig. 1, &, b). The steady
rate with which the gas flows from the orifics of the chen~
ber iato the vacuum shall be determined. For this reasen, we
shall follow the process which lesdas o the establishment of
a steady state of gas fiow,

Let ug eall the probability Wq(Ws) that a molecule,
which leaves the zurface s3(sp), accaréing to the Cosine Law,
falls slways on the surface 82(s:). On its way the moleecule
mey collide several times with the wall of the vessel, but
‘cannot return te the surface of the evaporetor. The probebili-
tieg Wi(W2) are integral, or evenly distributed over ihe
entire surface of the evaporator, and depend only on geometrioc
facteors. Since all molecules evaporated from the surface of
'the specinmen sre g%givalenﬁ, it is sufficzient to measure the
Aincrease of molecular hombardment density with time on the
wall of the vessel, conditioned by only one molecule. The
over-all effect, in such a cmse, will be equal to the sum of
the effescts of all molecules,

The molecule leaving surface 8y has two possibilities
of returnimg to it: (1) as a result of a reflection fron
the wall of the chember, and when it misses the orifice with
‘s probability I~¥;, and (2) as & result of reflsction from
the wall of orifice sp. Similarliy, s molecule crossing the
‘lower cut € plane of the orifice in ths direction of s, may
return o gz after being bounced from the wall of the %hamﬁe
(probability of return is I-Ws), or afier the reflection
from the surface By (i£ it does not undergs condensation).

' One nust assume that the dirsctionsl distribution
of molecules in the plane C, upon their exit from the ori-
fice, ocours in accordance with the Coaine law, otherwise

the term Wo must take into account the parameters in whieh




+the orifice differs from the flat evaporator.

The increase of molecular bombardment density may
be conveniently studied 1in separate consecutive cycles,
taling as a2 basis the constant true evaporation rate in-
dependent of the surrounding pressure. Ths length of the
cycle is determined by the time necegsary for the molscule
to traverse the path from the evaperator to the wail of the
vesgsel and beck. For one molecule the given process is il-
lugtrated in Table 2.

Tahle 2
Over-all Molecular Flux, 1/Sec.
g To Surface 82 Tawar&a
Gy~ | From From Surface 8. . BEvaporater
cle | Evapor- (as & result of syhy
ator 84 bouncing off
Erom Prom ¥alls of Uri~ From From
Surface Walls of | fice) Bi Walls | Walls '
84 " hanher of of
Friﬁica Chamben
o 2o X S—— -
! g oW, 4 Witi2) BW § -,

2 i1 i At o ) HiP A (i~ Byl — W) 44 1em) ) Wi By BWe | {iAd1—8)} X
i * {=~WHa—K) X ~W)

. ' '
‘44». i

n A, G-} (A X LB (W) {[A | (-a Wty Bowy 144, %
H{f—n} I, _ L XU () R{tm 2} =W )
Punctions 4, and Bp represent infinitely decreasing series,

In the inteXrval n = oo the recurrent formulae relating the
two are transformed into a system of two eguations:

A= (14 A1 — 2] (1 —W,) + BW,,
CB={{1 + Al —a)| W, + B(1 — W) (1 — K).

from which by rearrangement one obtains:

A B KW+ W)+ We 3
A= : ,
B W1l —K) &)

z




where %= Ka + KW, (1= 0k) 4 XkW, (1 -K).

By substituting into appropriate expressions of
fluzes for simplification the terms for A and B, according
| to the equations (3) and (4), and multiplying the resulis
by ngeys the desired flux formulame are obialned. The e
pression for the total flux from & unit of gurface 8] bas
a form (Table 2):

Wt "
n' = n, w ] (5)

\ .

|

| The number of molecules impinging on a unit of the surface
} 85 of the orifice and coming from the specimen equals:

o : &y “’;
ny =Ny wE (6}

Let ue introduce the notation:

oy = K o

in which @y represents the probabllity of transfer of an
evaporated particle from specimen sy into the region U, The
gteady rate of ges outflow from the orifice of the effuaion
chanber, having the permeability* K, into the vacuum is
equal %o n.@; @3, ‘

Thé veverse flux from the surface 82 is represented
by the expression (Table 2): :

Wi(l —K)

TiyBy ‘ Z""""" (8)
The reverse flux towards the surface 84 equals:
oS, .X""K{WJ,_“%;W::)«FW} , (g} '
et X = O in equation (6) (orifice of chawber is closed),
thent ' ‘
. — Reti Wy | .
ng - ?&Wi * (“j)

Since the exchange chamber is unifcrmly f£illed with mole-
cules, the forward and reverse fluxes are equal in the sur-

* permeability is defined as a probabllity of passage of
ithe molecules through the orifice of the chamber.




rounding region U and are directly over the specimen. There=
fore, in the case of equilibrium vapor, one may write:

Wisy = Wy, | Y i

4% the same time, sccording to (1) from equation (10), en
finds that nﬁ = n, The term n represents the normal molscul-
ar bombaxrdment density, corresponding to the saturated
vapor buoyancy of the given substance, at a given condense-—
tion ooefficient, This normal density will be inevitably
attained in the veszel if the vapor flow outwards is stop-
ped.

Let us now find the sxpression for the moleculer
tranafer from the seitnrated vapor reglon U to the exchange
layer s7 (Fig. 1, a, b). Let uz essume that the sample does
not evaporste. Sinmece part of the molecules are reflected
from the surface 81 (X 3% 1), the surface is equivalent to
an orifice of srea sj, over which a net with a number of
fgyes” is seemingly stretched. The "eyes™ (cells) of the net
correspond to the surface units on which condensakion cocurs.
The reflection of molecules from the net s knots followz the
Iaw of Coaines, In such a setup the gas enters {the chamber
through an orifice and leaves it through the net at s con-
gtant mate. A measured pressure drep in ths vessel will thus
be produced, This drop may be determined by means ansalogous
to thoge used in the: previous measuremenisz, However, aince
the ccefficient X ia intrinsically the same as the coeffi-
cient of condensation. X (the only difference is their numer-
ieal value), one may make formally the same deductions which
interest us, from the above estsblished equations for gas
fiow from the chamber into region U, 1o cobtain this result,
it 18 only necessary t¢ substitute simultmneously X for X,
¥y Zor Wo and correspondingly si for sz.

giﬂme the original number of molecules traversing
the lower croass section of the orifice in one second is equal
to nks., the sorrespording single effects should be multi~-
plisd ﬁ» pEso, in such a manmer, the total flux psr unit
- aren of the orifice inte the chamber would be equal, accord-—
ing to (5), %o o '

at e Kn 2EHALo0 12) |

Expression Z, as may be readily ssen, does not change in
cags of the sbove rearrangement, Similarly, the nusber of

molsoules impinging on the unit sres g1 of the specimen per
second ls obitained from expression (6)




a2l (13)

Iet wa introduce the notation:

where & o represents the probvabllity of molscular transfer
from the region of saturated vapor U intc the exchange
layer 85, reduced to the true evaporation rate. The steady
rate of gas flow from region U through the orifice of the
effmsian chauber and further through the net is sgual o
Nyt o o {gec~l

Auamrding to (8), the reverse flux from the speci-
men &7 18 foumd 4o be

nepk Fall=@) (5

The number of molecules returning to the orifice ss equals,
according to (9) ‘

naK a‘m.‘x(ﬁ’;%&?@%w& . | {16}

If the conditions at which one may neglect the cellision
betwsen vhe moleoules are fulfilled, the regular flow rates
of gas from the specimen 87 towards the outaide, and the
reverse flow from region U into the chamber, are established
independently of esmch other, Therefore, upon ths transfer of
the chamber from vacuum inte the atmosphere of sztursted
vapoy, the two opposed fluxes are superimposed. Upen the ate
tainment of equilibrium their sum is equal to the sum of
fluzes, calculated separately for each process. In Table 3
are given the expressionas for pressure in the appropriats
planes, for the gas flow from specimen 87 into vacuum (I},
and from region U through the chauber and .the imsginary net
(I1) downwards pd or upwards p? . Sasturated vapér pressure
is taken ag a unit,



Plane [Type . Pressure Drop
’z? P‘L P’ &pmp«gf.u:gl?
Flux
WX Ko 4 Wse (i — K)
1 § e g 7 KaW,
U Wik KWi{t —a)j E
I ~z" AR
Waa(l — K) Waa
|1 T Z KaWy
¢ Ko+ KW, (i — aj eWs Z
lﬁ - A -
Ka Wa
EE a Kals
d KaWs ET
u 1 { — =t |

From the table it may be seen that the sum of pres-
sureg I and II in the given plane and in sach direction
equals one, since at egquilibrium in any point of the vessel
the common Ppressure equal to the pressure of the saturated
vapor is established,

Fig. 2. The types of exchangs chambers for s unidirectional
exchange: 1 =~ Shell of chamber; 2 - Spscimen,
3 «~ Vessel filled with the saturated vapor of a
given substance with a constant apecific activity.

It may be also inferred from the table that pressure drops
in each plane are equal for both fluxes. This Jequality/
means that the passage of the substance from one phase 1o
snother follows the law of mass conservation of these phases
This law should be fulfilled at equilibrium independently

-~ 10 —



of the geometry of the vessel., Therefore, it is sufficient
to know only ome coefficient of transfer. The other ome may
be found from the eguation

an |

H
i

. @y 8y == g B,

which follews from the mass conservation lav. Bguation (17)
is pot walid if the temperatures of the phases are differ~
ent e .
' If one lets X = 1 in equations (7) snd (14), the
appropriate expressions for the vessels witih infinitely
thin diaphragm (Fig. 2,a2) or altogether without the dia~
phregm {(Fig. 2,b) are obtained: ,

W 18) |
T GTWE—D e
(g T Ws f {19}

8 Wl {d —2) ! : ‘

If K =Wy = 1 ~ the case of direct contact of the studied
substancd with the vapor of constant specific aseotivity U
(Fig. 240); then @ 1 = Wo = 1,

By definition, the probability Wi may be replaced by
a certain generalized probability P of the impingement of
the molscule from an svaporator of any form on soms arbitrary
gurface. This assumpiion is valid only if the wmoleeule travel-
‘ling 4o its destipation is incapable of returming to the
evaporator. In such a case, from {(18) one obiains an expres—
%iﬁﬁ for the conbridbution of the condensation ccefficient ef-

eov:

p | :
Q)= Trpr T (20)

where P = J4 {1). The eguation ie valid for vessels with one
or several arbitrerily shaped orifices.

Expresaion {(20) may be used specifically for the
teromination of the mass of gas leaving the cylinmdricel tube
th an evaporating surface per unit time (Pig. l,g). The
peciimens of such a character are frequently employed for the
sravrensnt of ges bucyancy by lsngmuir s Method, using high-
regqusnay heatlng.

Whon X = 1, one obtains from (7)

Poe)m K

if one now substitubes the above expression inte eguation

(20}, one obtaims the original equation. Expressicn (21) re~
ipresents a general formula for the passage of the rarefied

- 11 =~



gas through a two-vesael system. Une such system is re-
presented in Fig. 1,v. The entrance orifice s of the tube
consists of an infinitely thin membrane, whereas orifice
8o is represented by a tube of length 13,

Une of the corrolaries evident from equation (21)
mey now be indicated. Since no limitstions on the size of
the vessals were imposed in the derviwvation of equation {(7),
and if one assimes 8] = 5p = 8, one obiaine a emooth
cylinder of length 11 + 12 (Fig. 1,8). The correctness of
the following squations is then appsrent,

WismWem W () K=WhE m=Wh+h).

where W{1) is the Clamusing Coefficient. In such a case,
equation (21) is transformed into

W WUy
Wh+h=FE+wig—w )W)~

Agguming 1y = 12 = 1, we find

i
1+ En -

Eoustion (22) assumes that the directional distribu-
tion of the molecules upon their exit from the tube is sub-
jeet to the law of cosines., In Table 4 the results calculated
by mesus of equation (22) are compared with the tabular
raesults for several valuea of length (radius of the tube is
taken &8s & unit). A5 may be seen from the table, the smallest
devirtions ocour when the shortest and longest tubes are
ussd. Therefore, one may assume that in the case of short
and long tubes the directional distribuiicon of moelecules in
the plane of the tube crifice is the same as the one on the
surface of e fiet evaporator, which distribuition follows the
Cosine Imw. ,

- ¥

Table 4
[ fﬁglﬁ
glouinved Irom Ve
1 Bguation (22) Tebular
0.4 0,952 (,952
.5 0,803 0,804
g 0,677 0,872
1,5 G, 592 0,681
5 6,328 0,315
10 G,203 0,197
‘




.The probabilities W ; and @3 in equations (7)
and (14) are real in the case of the wnidirectional transfer.
1n order to establish the equivalent equations for a bi-
directional tranafer in a closed vessel éFig. 23%/, it is
sufficient to let K = X in equations (7) and (14). This
value is possible, since the orifice of the chamber, with
permeability K, is equivalent to a flat evaporator formed
et the intersection of ¢ by the surface s, whose condensa-
tion coefficient 4 eguals XK (restatement of an assumption
made above). In such a manner the probabilities of passage
in bhidirectional tranefer for vessels and evaporators of
arbitrary shapes are expressed by the following equations:

o W, Wa .
O W T Wi —a T e R W FWal—a %
where the probsbility Wo hasg one well defined meaning,
In an snslogous manner one can find the dsperndence
of molecular flux magnitudss on condensation coefficients
a1 and go betwesen discs I and II with areas s; and s, In a
vacuum {(Fig. 4). Let disc I be an evaporstor and disc I1 a
collector. In the abzence of 2 collsotor ngs; molecules/
seaond would pase fron the evaporator into vacuum. If one now
introducad o dise collector at the evaporater, an eguilibe-
rium will be attained in the system at some tine. in such a
system The total number of molecules lesving the surface 1
would be larger than from the original one, since s fragtion
~of the molecules will reflect from the collector and wsy re—

“turn again to the evaporator. The flux growth for one mole-
cule is represented in Table 5.

Tahle 5

gver-sil Nolecular Flux, 1/Ses

Cyelel From Bvaporaior |ito udli From Col- | To Bvaporator
lector: lseotor

1 T APy Ay Pi(i — gg) APyl gy Po
2 { b APy g) Pali )= A5 APy AgPiif ~ g4} AP {l —- g2} P
e f";”Aa;iipl'i);{{“‘:qi‘}‘ii““:'f;;; ) -‘anjpl ’ Aap =g APl —q3) Pa

‘:.“.“:An




Where P, is an integral (evenly distridbuted on the
disc) probebility of a straight impingement of molecules I
on disc II; whereas Pp is a similar probability for the col-
lector.

At n = &, the recurrent formula 4p is transformed
into an equation with one unknown. Its solution is of the
following type: A.? = 1/1 - P1Po(1 - q%) {1 - %2). Therefore,
the probability of the trensfer of molecules from evaporator
to the collector is equal to:

- P10 : : (24)

O TP Pall —q (1 — 98)

iFig. %s The types of specimen positiening in bidirectiomal
exchange in a closed vessel. I - Shell of Exchangs
Chamber: I -~ Specimen-donor; II - Spscimen-acceptor,

"Fig. 4. Bidirectional exchange in & vaccum: I - Dise with
an svea 84; il -~ Coaxial disc with an area ap.

Por the reverse trensfer one geis:

- Psqy o 75
wémi*"P]Pﬁ{i*‘?l)ﬁ""?ﬁ)‘ ( }

Internction of Exchange Iavera. Azsuming that the sub-
stance has the ssme specifie sctivity, K, in condensed and
in gassous phages, let ua define X as & retic of the number
of sotive molsoules to the total number of molecules in the
given vhase, According to this definition, ome obtains:

™ ¥
N® ng v R :

o PRS2 T e 4
o = Na” = e’ U 7’ ‘ (06)

where Ngz¥ , N¥ are the total number of molscules and the
Emmh&r of active molecules per unit of the exchange layer



area, correspondingly; n¥*, n are the numbers of active mole~
cules, correspondingly impinging on the unit of surface area
and truly evaporating from the unit surface area per unit
time; U i= the constant specific activity.

From now on, indices 1 and 2 will describe, cor-
respondingly, specimen I and II in bidirectional exchange,

Iet us determine the change with time of the number
of active molecules in the exchange layer, in the case of
unidireetional exchange (Fig. l,2,b and 2). According to
(77 and (26), the exchange layer looses nye1«1Xdt active
molecules in time 4%, at the same time gaining ngey@Udt
aotive moldcules from the region U (Phese Conservation lavw).
Comseguently, per unit area of the exchange layer, the fol=-
lowing equation is valid:

dN* = nyo, (7 —a)dt. QN

The diffusional flux inwardas inte the specimen did
not enter into our conmideratioms in this given ocase,

Considering the specifie activities, a differential
equation is cobtained from (27) asccordiug to (26):

dni) Ay pr
& =Wy U

which can be solved at conditiona O (®=) =y, K(0) =
of (U}, to give the following expression

— Dt
a=U 4 @0)—e ¥ (28)

The sxponential multiplier @ 3 is defined asg the tranafer
coufficlent, Iun this cese, it is identical with the transfer
probability and may be calculated from eguation (7).
Two gignificant cases may be inferred here:
1y U=0, o%{0)==0, in which case the analyzed substance
' is & donor with an originasl specific mctivity X (0);
2y U0, %K {0) = 0, in which case the asnalyzed substance is
an zccepbor with an originsl specific sctivity egqual to zero.
The solution of (28) is real for any shape of the exchange
chamber 2% apn approvriate value of the transfer coefficient.
In the c¢ase of bidirectional exchange in a closed
vesgel of any shape, the change of the nvmber of actlve mole~
cules in lsyers I and II (Fig. 3) in ftime &t may be re-
presented by the follewing relatiomships according to (23),
{17) and (26) (per unit surface area):

ANy = nyoy (2 -—ay) dt, ANy = nows (2 — 0z} Al (29} :

— 15 -




According to (26), a ‘systexn'of simulteneous, simple dif-
ferential eguations may be obtained from (29):

%’5 = %?:%‘ (s — oy); f"‘% - %‘fj{a, — ). ‘ (:30$
Multiplying (30) correspondingly by 87 and 85, Oone may prove
that 8d ™) = ~spd &y, From which it %ollmrs that
238; ~ ®g8y = const,
Asguning :
230 =3 (0), o3 (0) = 12 (0), %, (00) = ata (e0) = U, (31

one finds that U (sy + sp3) = &y (0)ey + XK, (0)sy = comst,
Gonsegusntly,

n{)s -+ (32)
& - 82 ! .

In other words, the average magnitude of specific activity
of the saturated vapor in the chamber is independent of time
and iz equal to the activity of the given gyaten at steady-
gtate conditions.

The solution of the system of equations (30) at the
conditions of (31) leads to:

R - Ay - . Py
() = + @0~ Upxy [~ e@), (33)

where the transfer coefficient is determined from (23}, ac~
cording to the formia Jn (X) = Wy + Wy, or fronm (20)
whers P = Wy + Wp; i = 1,2,

In such a way the character of the eguation for the
interasction ¢f exchange layers doss not change upon the
gwitch from uni- to bidirectionsl sxchange.

Une may arrive at the expression for the probability
{23) by studying the interaction ¢f exchangs layers with the
vapors above them, The change of activity per unit surface
srea of the specimen may be expressed in such s case by the
following equation ,

AN, = nyfa’ —ay)df, dN; = (e —2)dt; (29')

where al] = Wy = 1, X *and K o ere vapor activities over
the donor and acceptor.




| . The quantities X¥* and ©X° are related by equa-
tions: :

nsy” = rygys Wy - (0 — ng) 5.0°W, 4 [nesya; -+ (n — ngdsya’] (1 — W),
nsgn? = pus Wy 4 (1~ np) 8, Wia® 4 [ngsamy 1 (n — nf;}s:,a*’] { imW;)%

With the aid of relatiomships (1) and (11), the
solutions of the above equations are obiained. Their sub-
stitution in (297) leads to (29) and conmeguently to (23).
If the thickness of the exchange layers varies (the case
of liguids), relationship (29) still holds, and hence may

 be used for the calculation of the change in the number of
radioactive atoms in layers V; and Vj in at, Switching
to the speg@fia activities accdrding to (26) and intreducing
thickness = No¥/n, one obtaine a system of simultanecus
equations fronm (%9):

didy __ Re2 (. a,)
v (@2 —x1)s B aen (2 — 22,

where B is the rumber of molecules per unit volume of the
condensed phase, The solution of the above system of equa~-
tions at conditions of (31) yields:

() = U + (2:{0) — U) exp {m = (5 + fg«z“; z}u , (34)

o

The expression for the steady-state specific actlv-
ity is obtained by & method enalogous to the one employed
for (32)

s () 338y + Qg (£} 825

,
U= 535y + =l

For coaxielly spaced specimens in vacuum Fig. (4),
one nay genevally write ‘

48N == Ingsyory — Ry (1 — Py {1 — gg) g} 1,1 dt,
s:dNg = [nysytg0y — Mgsy (1 —Py{1— gy} v) 2] AL,
where ny end np are the evaporization rates of discs I and
11 {mes Table 4).
If ¥4 and Vo are considered constant, the fol-
lowing system of equations is obiained:

da, {1} 1 -~ T ‘ : '
:ﬁ = N nass052y ~— mysy (1 — @ Py (1 — g2} s, (33)
day (1) - 1
di - Ng\igSg

{nlsii:;lal — ﬂszS: (1 — ;“1)2 (}' - QI)) ai}’




Let us limit ourselves to two casea: 1) the temper-
ature of the scceptor is low (ng = 0); 2) the temperatures
of the discs of the same surface ares are identical. If

np = O, one obtains from (35):

e {l) = 2, {0} — K ‘M( &; (f) —ay (O}). (36)

7,00, -

- g

. ? = G)e Ngvgh K“‘_ _ (03]
(O 1 { by Py (1~ q9)

where

~

n. & -

o Ot
g 272

which means that the initial asctivit by of the acceptor is in-

deperdent of the thickness of the exchange layer of the
donor,

If 4 is small and &K ,(0) = 0, then HKy(t) =

If ny =03 = np and 8] = sp = s, when V) = Vo=,
qi s gy = g and Py = P2 = P, for the initial conditlﬁnq
o (0 = (0} =" ®,(0), the solution of (35) is of the £ol~
0w1ng xa%m

o — M"M- ‘ﬁ(y ‘f
' 0) 4 an(®) T a4 (0) a0 T

g {8) {0} @ () ISR

where S CL2
i"""p i'{*’ﬁ‘) €

KRk vy ot e R Rl v ey Rt

Phe probabilities of itransfer (2u) or (23) are the
exchenge reaction rate constants.

A Wy + ¥, <1, a /MM;G (23). This relation
meang that with tHe increase 0¢ the condensation coefficient
the probability of transfer and, consequeéntly, the exchange
rate degreass, %h@ explanation for this apparently paradox-
ieal conelusien is that asg © increases the buoyancy of the
gaturated vapor decreases, Conseguently, the number of cole
lizions of the melecules with the surface of another specimen
decreases. Ihis fact hag a stronger effent on the result at
givtm weasel ge@memry than a simple increase of the condensg-
tion coefficient

A condition at which X does not have any effeet
on the rate of exchange, nsmely when Wi 4 Wo = 1, follows
from the above explanatien,

The derivation of the probability {(¥y and W2) equa-
tiona and of Pl and Pz will be published in %he future.




Conclusions

Bouations were presented for the probabilities of
tranafer of the molecules from one specimen to another, in
a clesed vessel or in a vacuum, a2s a function of the gec~-
metry of the system and of the condsnsation ccefficients.
It has been shown that under certain geometric conditions
the rate of isotope exchange through the gaseous phase is
independent of the condensation coefficient.
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