Carb liquid-scintillation spectrometer.
The efficiency of counting was deter-
mined with tritiated toluene as the in-
ternal standard. Synthesis of protein
and collagen was measured just before
the addition of thymidine to show that
synthesis was going on during the
FUdR block and to demonstrate the
rate of synthesis.

In the aneuploid mouse line (Fig. 1),
a burst of DNA synthesis begins im-
mediately after the FUdR block is re-
versed and reaches a maximum in 4 to
6 hours. Protein synthesis is only mod-
erately changed, increasing slightly dur-
ing the first part of S from the rate
prior to release of the block. Collagen
synthesis also increases slightly, approx-
imating the changes in general protein
synthesis. In these aneuploid cells,
therefore, specialized protein synthesis
is not shut off or decreased during the
S period.

To determine whether the control
of synthesis of collagen in diploid cells
is different from that of aneuploid cells,
similar experiments were performed
with diploid rat (PR105) and diploid
fetal human (PR100) cell lines. Cells
of PR105 make 10 percent of total
protein as collagen, whereas 3.5 per-
cent is the highest we have obtained
with the aneuploid cells (3T6). In Fig.
2 a sharp burst of DNA synthesis is
seen in cultures of PR105, with a peak
at 3 to 4 hours after reversal of FUdR
block. The rate of incorporation of
proline into protein increases moder-
ately from the level prior to addition
of thymidine and the changes in colla-
gen synthesis follow closely the changes
in protein synthesis, as found for 3T6
cells. In the cultures of diploid fetal
human cells (Fig. 3), synthesis of DNA
was maximum 3 to 5 hours after addi-
tion of thymidine. Protein synthesis
fluctuated, but showed a slight tendency
to decrease during maximum DNA syn-
thesis. Changes in collagen synthesis
are again similar to those in protein
synthesis.

Stollar, Buonassisi, and Sato (I7)
noted that synthesis of adrenal steroids
per unit number of cultured adrenal
tumor cells remained unchanged in
logarithmic and stationary. phases of
growth. We have shown (I8) that syn-
thesis of collagen per unit number of
cells in culture fluctuates with general
protein synthesis during the logarithmic
and stationary phases of growth and is
more rapid during the logarithmic
phase. Our results indicate that pro-
duction of collagen does not cease dur-
ing that portion of the cellular division
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cycle when DNA is replicated, but in-
stead that it again fluctuates with
changes in general protein synthesis.
Moreover, aneuploid and diploid cells
respond similarly. In both types of
cultures the rate of transcription of
collagen appears to be controlled by
a mechanism that alters the rate of
transcription of all proteins.
Lois M. DaAvies*
JEAN H. PRIEST
ROBERT E. PRIEST
Department of Pathology, University
of Colorado Medical Center, Denver
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Isotope Separation by
Carrier Diffusion

Abstract. Nitrogen isotope fractiona-
tion in the Hoering-Moore experiment,
injection of N, into CO, carrier and
flow through sandstone, is due to dif-
fusion in the gas phase rather than to
surface interaction. This process, called
“carrier diffusion,” produces a charac-
teristic fractionation pattern relative to a
fraction coordinate, with points of zero
fractionation at 16 and 84 percent and
heavy isotope enrichment between these
points. Carrier diffusion is an efficient
enrichment process for low-abundance
isotopes lighter than the abundant
species and for helium and hydrogen in
gas mixtures.

Diffusional separation processes for
gaseous and isotopic mixtures are of
two general types: those which do not
require an additional gas as a separat-
ing agent and those in which separa-
tion of the mixture occurs by diffusion
through an added gas component. The
first type includes the well-known proc-
ess of ‘barrier diffusion or effusion, char-
acterized by molecular flow through a
porous barrier, and the method of ther-
mal diffusion across a temperature
gradient. Processes which depend on a
third component include mass diffusion
(1), in which the mixture and a separat-
ing agent flow in opposite directions
separated by a filter through which
they interdiffuse, and sweep diffusion
(2) in which a separating agent dif-
fuses across the flowing mixture and
sweeps the less-diffusible component to
one side of the stream. Both mass and
sweep diffusion operate with continuous
flow of mixture through the separation
unit and depend upon differential rates
of diffusion perpendicular to the direc-
tion of flow. In this paper a one-dimen-
sional separation process is described,
in which a mixture is injected as a
spike or batch into a flowing carrier
gas and diffuses up and down stream
from the injection point during the
bulk flow. This process, called carrier
diffusion, accounts for the nitrogen iso-
tope separation observed in geochemi-
cal studies of gas flow in sandstones
(3) and is applicable to unusual isotope
effects observed in gas-solid chroma-
tography (4) and to separation of gas
mixtures in general.

In their experimental study, Hoering
and Moore (3) injected N, inte CO,
flowing through a dry core of Torpedo
sandstone and found that the emerging
N,, first increased and then decreased in
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N15 content. Fractionation factors cal-
culated according to conventional Ray-
leigh treatment were highly variable,
which led them to propose a combina-
tion of molecular flow (with an effusive
separation factor equal to the square
root of the 29/28 ratio), viscous flow,
and surface interaction effects, acting
in combination to produce the experi-
mental effects and possibly causing the
isotopic variations in natural gas N
which they had observed.

The carrier diffusion process in sim-
plest form is ‘applied to a natural iso-
topic mixture in which one isotopic
species is of very low abundance; the
subscript “i” always designates this low-
abundance species regardless of the sign
of the mass difference relative to the
abundant species (non-subscripted). The
mixture is injected into a carrier gas
as a spike at a point x = 0 in a one-
dimensional ‘moving coordinate system
which has the bulk flow velocity of the
carrier gas in the column. The volume
concentration of the abundant isotopic
species, C, in this coordinate system is:

C — sopai P [—z7] 1)
z = x/2(D1)* 2)

D is the binary diffusion coefficient for
the abundant species and carrier gas;
N’ is the total number of moles of
abundant species injected in the spike.
N'/2(zDH)*% = C,, the concentration
at x = 0, which decreases with time.

The distribution of the abundant iso-
tope along x at any given time is de-
scribed by a running variable f, the
fraction of the total moles of this species
which lies between (—o0) and x. The
sign convention is that the bulk flow
is toward x = (—), so that f increases
from 0 to 1 as x (and z) range from
(— ) to (+ =), and measures the frac-
tion of the mixture which has emerged
from the column at any time. Inte-
grating Cdz from (— ) to z at a given
time defines z in terms of this fraction
as

z = —erf* (1 —2§ 3)

the function in Eq. 3 being the inverse
error function. The fraction of total gas
which is between two points x; and
Xy at any time is fo — f; = (erf zo —
erf zy)/2, while the fraction between
the injection point, z = 0, and point z
is simply erf z/2. When the rare isotope
is in low abundance, as is assumed
here, f may be taken as the fraction of
the total mixture.

The isotopic ratio in the mixture is
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always defined as C;/C = R, the ratio
of rare to abundant species; from Eq.
1 this ratio is

R (x,0) __ D\ ¥ D 2
2= (p)" e [‘ (51): ]
()
which, with Eq. 3, defines the ratio
variation along f at any time. R’ is
(N;{'/N"), the mean ratio in the total
mixture, and D; is the diffusion co-
efficient for the rare isotopic species.
In this report it is assumed that the
mixture is in low enough concentra-
tion in the carrier gas that D; can be
taken as the binary diffusion coefficient
between the rare isotopic species and
the carrier gas. Ratio variations are
described by the variables = In
(R/R") and § =(R/R") — 1 which are
approximately equal when the variations
are small (5).

Defining ap = (1 4+ ) = (D/Dy),
the binary diffusion coefficient ratio,
the isotopic ratio at the injection site
x = 0 is time independent and is given
by 8, ~ ep/2 = constant (6). The injec-
tion point lies in a symmetry plane for
the ratio variation on =x and is char-
acterized by a heavy isotope enrich-
ment, relative to the mean ratio, which
is constant for all time in the “spike”
injection model. Elsewhere the varia-
tion of the isotopic composition with
x and ¢ is related to variation in mix-
ture concentration by

(sine)= "

(ine) s ==l1-gmm] ~ ©

At any fixed time A is a:linear func-
tion of InC with slope ey. For any
fixed point x in the moving coordinate
system, the right-hand side of Eq. 6
may be thought of as a local single-
stage fractionation factor for the vol-
ume slice at x; plotted against time this
function is a hyperbola with vertices
ep, 0, and —ep, x2/D, and asymptotes
0 and ¢ = x2/2D. When ¢ is positive,
then for times less than x2/2D, the
“local fractionation factor” at any point
x is positive, increasing from e at
t = 0, to 0, and R and C are both
increasing. At times greater than x2/2D
the “local factor” is negative, varying
from (— ) to 0 with increasing time,
and R is increasing while C is decreas-
ing as in familiar Rayleigh processes.
For negative e, R is decreasing at all
time, but in both cases the heavy iso-
tope concentration is increasing at all
time except at x = 0.

(5)

In any instant of time the variation
of mixture composition along the co-
ordinate f is, from Eq. 4,

Ax,f) = In ac — Z(ad® — 1) ™
8(x,) ~ eo (1 — 229 — (ec2)® (3 — 22°) (8)

the latter equation being correct to sec-
ond order. The characteristic fractiona-
tion factor in the carrier diffusion proc-
ess is g = (1 + e) = (D/Dy*. At
x = 0, the composition is 8§ = ey =~ ep/2
for all time (7); at other points the
composition is calculated along f via
Eq. 3. At f = 0 and 1, § goes to
(4 ) or —1000 per mil, depending on
the sign of ¢y, and the heavy isotope
concentration goes to zero.

There are two values of f at which
A = § = 0 for all time, corresponding to
272~ (1 — ¢y) and occurring at f7 =
0.1587 4 0.12 ¢ and at (1 — f7). These
fractions are 17.1 and 82.9 percent for
H,-HD separation, and 15.2 and 84.8
percent for He3-He* separation; for all
other molecules except HT the values
are almost precisely 16.0 and 84.0 per-
cent. At these ‘“zero-points” the ratio
C/Cy is 0.6065 + 0.30¢q for all time
and the concentration is about 61 per-
cent of that at the injection point
x = 0; these points therefore character-
ize the fractionation pattern of the
model in a distinctive fashion.

Figure 1 shows the calculated curve
for N15N14-N,14 separation in CO, car-
rier for the theoretical value ¢ = 5.3
per mil, together with the experimental
data (3), which are the § values of
seven equal fractions of the emerging
gas. The theoretical curve correctly pre-
dicts the shape of the measured rela-
tionship and the two ‘“zero-points” at
f = 15.9 and 84.1 percent, where § = 0
and there is no fractionation relative
to the original mixture. The exact pre-
diction of the two “zero-points” shows
that the theory is correct and that the
fractionation takes place in the gas
phase. However, the observed N5 en-
richment is somewhat less than pre-
dicted in the central portion of the mix-
ture and somewhat greater at the ends.
The predicted curve is flattened in the
manner expected for turbulent, non-
fractionating, mixing between center
and ends, presumably taking place af-
ter emergence from the rock but pos-
sibly also including some bulk mixing
within the rock itself. This is a common
effect in diffusive separation processes,
resulting in an effective separation fac-
tor which is less than the theoretical
maximum value calculated for pure
diffusive separation.

The effective value of ¢y can be ob-
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tained from the curve at x = 0, but

if the symmetry is distorted by flow

effects, a better way is. to plot X (or
d) against —2z2; in such a plot both the
slope and the intercept are equal to
ec and § should be zero at 2z2 = 1.
The data in Fig. 1 are somewhat
skewed, so that 2z2 is actually about
0.8, but a good fit is obtained with an
effective ¢ = 3.0 per mil, as shown in
the figure. The measured data actually
refer to finite fractions of 14.3 percent
each; near the ends the calculated § at
the midpoint of a fraction will not be
the same as the average of the fraction
because the heavy isotope concentra-
tion goes to zero. When finite fraction
intervals are collected it is therefore
necessary to compare with the calcu-
lated mean § values of such intervals.
The concentration curve for species “i”
is characterized by the variable z; =
‘apz and the corresponding fraction
parameter f; = (1 + erf z;)/2. The
mean isotope ratio in any interval f;
to f,, obtained by integrating the two
concentration curves between z; and
Za, 18

R_ (—fk
R (=1 ®

where the bar refers to the mean value
for the fraction interval. The function
erf z; = erf (z + ¢o2) is obtained by
Taylor expansion and, to second order,
the result is
= —€c

=R

[8(z)) (1 — eczs®) — g(z1) (1 — eczs®)] (10)

11)

where § is the § value of the finite
fraction of mixture in the interval f,
to fy (fs > f41). The z values are obtained
from Eq. 3 for the various values of f.

Calculated values for the composition
of the seven equal N, fractions, using
an effective ¢, value of 3.0 per mil,
are compared with the observed data
in Table 1. The standard deviation of
observed points from calculated values
is *=0.4 per mil, which is the same
as the experimental uncertainty (3). The
local values of §(f), calculated from Eq.
7, are 1.6 per mil greater (heavier) than
the § interval values for fractions 1
and 7, 0.1 per mil greater for fractions
2 and 6, and no different for the other
fractions. It should be noted that as f
goes to 0 and 100 percent, § goes to
—1000 per mil as a limit when ¢y is
positive, as in the present case. For
negative ¢y as in He, § goes to (4 =) at
the ends, corresponding to infinite light
isotope enrichment.

2(z) = —niz exp (—2°)
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Table 1. Isotopic composition (§ in per mil)
of seven equal fractions (14.3 percent inter-
vals) of N, diffusing in CO,, calculated for
€. = 3.0 per mil, and observed (3).

TN BN (cale.) BN (obs.)
1 —5.0 —4.6
2 +1.0 +0.7
3 +2.6 +3.0
4 +3.0 +3.2
5 +2.6 +1.8
6 +1.0 +0.5
7 —5.0 —4.8

*No. 1 is the first fraction to emerge (f = 0 to
14.3 percent).

The simple “spike” model for car-
rier diffusion separation, with an effec-
tive separation factor approaching a
predictable upper limit in the absence
of mixing effects, accounts for the frac-
tionation pattern observed in the Hoer-
ing-Moore experiment. A more sophisti-
cated model, in which the injected mix-
ture fills a finite space at ¢+ = 0, predicts
a time-dependent enrichment at x = 0
with §, growing from 0 at t = 0 to
e¢ at infinite time (in the spike model
8y goes instantaneously to ¢, because
the injection volume is infinitely small)
(8). A study of the time dependence
of §, will show whether ¢, has been
lowered by mixing effects or represents
a transient value due to finite injection
volume in particular experiments.

The fractions of interest for separat-
ing mixtures by carrier diffusion are
the “double end-cut,” consisting of the
intervals O to f plus (1 — f) to 1, and
the center cut, containing the fraction
intervals f to 0.5 and 0.5 to (1 — f), ob-
tained by splitting the emerging gas
at f and (1 —f) and combining the
ends (f is taken as less than 50 per-
cent). From Eq. 10 and material bal-
ance, the delta values for the material
in the end and center cuts respectively
are (9)

EE' = ——Ecg(z)/f
30 = +ecg(2)/(0.5 — f)

It is important to note that f is the
coordinate value at which the cut is
made and not the size of the fraction.
The double end-cut contains 2f, and
the center cut (1 — 2f), of the material;
correspondingly, z is —erf—1 (1 — 2f)
where f is the coordinate value of the
cut.

In Fig. 2 the function g (z) is plotted
against erf z for calculation of enrich-
ments in finite fraction intervals. The
f coordinate scale is folded back on it-
self at x = 0, so that f runs from 0.5
aterfz = 0,to 0 and 1 at erf z = =1.
The function g (z) has a maximum at
erf z = *0.682, z = =*=2—%, corres-
ponding to the “zero-points” at 16 and
84 percent, where § = 0. The composi-

(12)
(13)

+6|—
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+2

SN (%o0)

~~~~~ CALCULATED FOR
& =23.0%o, TO FIT
HOERING and MOORE DATA
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&
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20 40

60 80 100

Fraction collected (%)—=

Fig. 1. Nitrogen isotope fractionation in CO. flowing through sandstone. Solid points
are experimental values (3) for seven equal fractions (range of f shown by bars); since
they represent finite fractions they fall below the calculated continuous curve in the

first and last fraction.
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tion of the end-cut at this point is §z =
—1.5¢¢. As f goes to zero it can be
shown that the ratio R/R; of the iso-
topic ratios in a slice at f and in the
entire end-cut, is «p, so that any slice is
enriched in the heavy isotope by the
binary diffusion coefficient ratio relative
to all the material farther from the in-
jection point.

Carrier diffusion enrichment may
now be compared with that of the
porous barrier or effusion process by
writing the mean isotopic composition
of the effluent cut from a barrier dif-
fusion element, namely

M=In{[l — (1 — F"/F}  (14)
op ~ [er (1 — F) In (I —=F)l/«F (15)

where F is the fraction of input materi-
al which has effused from the element,
Sp is its isotopic composition, and
a = 1 + ¢p is the fractionation factor
for effusion = (M,;/M)*. (The equa-
tion for §p is always valid for F less
than 0.5). Then let F = 2f in order
to compare light isotope (or more dif-
fusible component) enrichment at the
same total fraction of material obtained
in the cut (that is, the double end-cut
for carrier diffusion). The enrichment
factors are related by 2¢q ~ epM¢/
(M + My), so that the ratio of enrich-
ments of a light isotope by the two
processes is

dep A Mo (16)
sy (U—FIn(l—-F M+ Mo

in which CD and BD refer to carrier
diffusion and barrier diffusion, F is

and Z = —erf=1 (1 — F). As F goes to
0, 83p goes to the single-stage factor
—ep/ o Wwhile 8;p goes to (4 ) or
—1000 per mil, and the carrier diffusion
enrichment becomes infinitely larger
than for barrier diffusion.

For large values of M,/M, carrier
diffusion gives greater enrichments per
stage for light isotopes (e negative) for
all cuts less than F 28.5 percent
(f = 1/7 in carrier diffusion, with the
cut from each end combined as a dou-
ble end-cut). The ratio §y,/8p is 1.8,
2.35, 3.1, and 3.7 at cuts of F = 10,
5, 2, and 1 percent respectively. For
He3 enrichment in CO, carrier (7),
the carrier diffusion enrichments in the
end-cut ard §p = 234, 462, and 568 per
mil at cuts of F = 10, 2, and 1 per-
cent respectively, while the barrier dif-
fusion enrichment approaches a limit
of 151 per mil as F goes to zero.
For U235 enrichment in UF, if a much
heavier carrier could be found, ¢ =
—2.15 per mil and, for the same ef-
ficiency per stage, the number of stages
required for a given enrichment would
be 55 percent of those in barrier dif-
fusion for cuts of ' = 10 percent.

For heavy isotope (or less diffusi-
ble component) enrichment, the com-
position of residual mixture remaining
in a porous barirer element is XBD =
—(ep/a) In F' ~ 85, which can be
compared with the composition of a
center cut in carrier diffusion as given
by Eq. 13. The ratio of enrichments
is Son/Spp ~ [—g (Z))/F' In F1] * [M/
M + My)] where F’' is the center-

the total fraction obtained in the cut, cut fraction (1 — 2f) remaining after
L s
+.25F— -
T +20— —
S r ’ n
0 — K
g .. / .
N +IS— ~%erfz Y, ]
YOL N/ .
] | J —
~ +HIO— / —
~ - —
o
+ — —
+.05—— —
Lo Ly e by by Py by by Ty 1
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Fig. 2. The function g (z) versus erf z. The
and 1 at erf z = =1, and 0.5 at erf z = 0.
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coordinate fraction f = (1 + erf z)/2 is O

removing the end-cuts at f and (1 — f),
and Z’ = —erf~1 (F"). For M, much
greater than M, carrier diffusion pro-
duces greater enrichment per stage
only for cuts of F’ greater than 71.5
percent (f < 1/7), that is, for cuts so
large that the barrier diffusion enrich-
ment is less than one-third of ¢p. Thus
carrier diffusion is not efficient for
heavy isotope enrichment compared to
effusion because, for better enrichments,
the cuts are so large that the enrich-
ment per stage becomes very small.
Carrier diffusion is likely, therefore, to
be most useful for concentration of
rare isotopes lighter than the abundant
species, and of H, and He in gas mix-
tures. Although the individual stages
are injection points rather than ele-
ments with continuous flow, the stages
are presumably subject to cascading
with suitable carriers.

H. CraiG
Scripps Institution of Oceanography,
La Jolla, California 92037
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