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SUMMARY .

The work described in this thesis concerns two
problems involving the micro-determination of the rare
gases: the egtimation of the ages of minerals by the
argon-potassium method, and the rare gas content of

the atmosphere.

Apparatus has been designed and constructed for
the purification and measurement of quantities of argon
of the order of 10~ to 10~4 cc. N.T.P. t0o an accuracy
of about 0e2%. For the mineral work, further apparatus
was constructed for the extraction of the gases and
removal of interfering impurities. After this apparatus
had been tested, the urgency of the stratosphere analyses
made it necessary to postpone further work on the
minerals; and it has not yet been pbssible to take up this
aspect of the work again; the argon-potassium method of

age determination is, however, critically discussed.

The work on the atmosphere was mainly concerned
with samples obtained through collaboration with the
U.8. Army Signals Corps who have floﬁn rockets to
altitudes of about 100 km. Analyses were made for‘Nz,

A, He and Ne, and the results show that, above about

55 km., there is a significant deviation from the uniform ;
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composition which is found up to this height. The
results seem to indicate the existence of a state of
partial gravitational-diffusional equilibrium in this
region, and a theoretical interpretation is developed,
based on the work of Lettau and others on the effects
of "eddy diffusion", which appears to provide an
adequate explanation of the observed facts. The
separations observed for helium are somewhat smaller
than would have been predicted from the neon and argon
separations, a result which is consiétént with the
occurrence of a steady flow of helium through the
atmoaphére; "the rate of such flow has been deduced, and
is found to lie within the range of estimates based on

geochemical evidence.
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CHAPTER I.
Introduction. (£) General.
The work in connection with this thesis involved the
investigation of two different problems, the argon content of
minerals with a high potassium content, and the composition of

the atmosphere.

Of the two problems, that of stratosphere analysis
occupied by far most of the time. The question of the argon
content of the potassium minerals was taken up initially as a
result of the recent discovery of extensive deposits of these
minerals in North Yorkshire, with a view to determining their
ages by this method. (#). Before much progress had been made,
however, results were published from practially identical
investigations in Germany (2). As the analysis of the
stratosphere samples had to be given a very high priority, the
first problem was shelved for the time being} unfortunately,
very little opportunity arose later on for tackling it again,

and it therefore received a rather incomplete treatment.

With regard to the stratosphere analysis, altogether a
dozen samples from heights between 50 and 90 km. were analysed.
They were all supplied by the University of Michigan, who
collected them with rockets. The results obtained were very
interesting and rather unexpected, indicating for the first time
a composition of the stratosphere materially different from that

of the lower layers. Theoretical reasons for this are
LR,
25 MAR 1954
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rather difficult to find, and the question whether the
compositions found are actually representative of the outside
air, or whether they are a result of some peculiarity in the

sampling technique, remains unsettled.

If the two problems themselves are somewhat different,
the experimental techniques are very sﬁmilar,_involviﬁg the
micro-analysis of rare gas quantities of the order of 10-7 ccse.

Helium and Neon and 10"3 ces. Argon.

The apparatus has .been develbped over a number of years by
several people. (3). For Helium and Neon, the first start waé
made in 1928, when Paneth (4) and his collaborators managed to
construct an apparatus capéble of detecting quantities of the
order of 10'10 ccs. of these gases spectroscopically. They did
this by condensing all gases except Helium, Neon and Hydrogen
on charcoal at liquid air temperatures. The hydrogen was then
removed as water by burning it with oxygen, the excess of which
was condensed on charcoal again afterwards. The remaining gases
were then measured by using a McLeod gauge, and the proportions
of helium and neon were determined by comparing the strengths
of their characteristic sﬁectral lines. The accuracy of this
method was about 50% when 10~/ ccs. helium was involved (%)
but was later impro%ed-considerably when in 1930 the Pirani
gauge was first used for the final measurements (5) (6).

8

The quantities then measured varied between 10~° ecs. with an

T R o o



- 3 =

accuracy of 50% to 10‘“ ccs. with an accuracy of 14, The Pirani
gauge, being a—hot wire manometer, has great advantages over

the discharge method of measﬁring as, during the latter,
quantities of hydrogen may be released from the glass walls under
vacuum and large amounts of helium and neon may be mopped up

by the walls instead. In addition, the mercury and the
caplllary tube walls very easily become dirty as a result of the

discharge, causing the mercury to stick badly.

The helium and neon was first measured separately‘when,
in 1939, (7) Gluckauf constructed a fractionating column for
these two.gases. The accuracy had also been improved by this
time, 1076 ccs. of helium being measured with less than 1%

error.

The measurements of small quantities of argon has remained
basically the same since 1903, when Soddy introduced the calcium
furnace (9). By heating a stick of pure calcium metal, he
removed all except the rare gases which could then be measured
on a McLeod gauge. The furnace was usually made of pyrex
glass until quite recently (10) (11), when it was found that
stainless steel furnaces after initial cleaning gave equally |
good results. This made possible the substitution of barium
metal for calcium (12), which can give quite a lot of trouble
due to impurities. It is at the moment possible to analyse

less than 1/10 cc of air with an error of less than 0.9% in

the final measurement of argon. -
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A short description of the various sections of the
apparatus is given below. A more detailed description and the

operating procedure will be found in the experiméntal sections

in the following chapters.

(a) Dissolving Section where the powdered salts are
evacuated and the solvent freed from dissolved gases prior to
solution. This section also includes a reservoir of pure

hydrogen for flushipg the argon out of the solution.

(b) Transfer section which consists of a charcoal U-tube
and two cold traps. The gases are here separated from water

vapour before the argon is condensed on a charcoal in %

(¢) Cleaning section. At this stage some electrolytic
gas is added as well and the oxygen condensed on the charcoal

g

1
i

with the argon. After pumping the hydrogen away, the gases are%
released and passed over a platinum-iridium spiral at red heat, |
and the resulting water vapour and carbon dioxide is taken up

by KOH pellets. Afterwards the remaining'gases are transferred

into

(d) The Barium Furnace, a steel furnace containing a stick
of pure Ba which on heating combines with all except the rare

gases which are then passed into

I T I Y. ST e
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(e) McLeod gaunge, where the final argon volume is measured

after removal of helium, neon (and hydrogen) by pumping.

The apparatus for this analysis falls into two parts,
one section being used for the analysis of argon, and the
other for helium and neon., The first 3 sections however are
common.

(a) Ihe opening Mechanism, and the section where the

sample bottles are attached.

(b) Ihe Téepler Pump, and storage bulb to which the sample
is transferred immediately the bottle 1is opened.

(c) The Air Pipette, where the initial volume of every
portion of the sample is measured prior to znalysis. This
~section also incornorates a Cu~-spiral for removal of O2 and a

KOH pellet which removes any water vapour present.

When analysing the sample for the argon content, the sample
is passed into the Barium Furnace and then measured on the
McLeod gauge as mentioned under (@) above. For the analysis
of heliuwm and neon, the gas is passed from the air-pipette on

to

(f) Circulating Svstem, which includes a Palladium furnace,
through which the sample is circulated if the presence of any
H, is suspected.



S A g T WIBST e s S AT e s 2 s

ot

e TRt AR s R Tafeenyd TTTET TR ERATT. (TR T |y T s el T e e e e T e

(g) Ihe Fractionatine Column, consisting of 15 Charcoal
units. This operated on the princip#d that in the He-Ne mixture
present about % of the Helium and 3 of the Neon is absorbed on

the charcoal when this is at the temperature of liquid nitrogen.

(h) Ei;ani_ganégs When a sufficient number of operations
of the fractionating column has ensured the collection of all
the Helium, this fraction is.compressed into one of the two
Pirani gauges and the resultant deflection on a galvanometer
is measured. Both the measuring and the compensating gauge
are immersed in liquid nitrogen to ensure greater stability,
and accuracy, and they are connected in adjacent arms of a
Wheatstone Bridge network. The quantities normally measured are

7

of the order of 10 ' ces, but quantities down to 1077 - 10710

ccs. can be detected. ’

(i) Calibration System. The quantities of Helium and Neon
measured are-always calculated by measuring known quantities of E
the same gases of the same order of magnitude on the Pirani
gange. For this purposé, supplies of spectroscopically pure
Helium and Neon are available, First, a volume about 15000
times the amount needed is accurately measured using the MecLeod -
gauge. This volume is then expanded into the bulb and side-
tubing and a small known fraction of this is expanded a second
time into a bulb of known volume. A small and known fraction of
this is finally compressed into the Pirani gauge and the result-

ant deflection on the galvanometer is measured.



CHAPTER 1II.




v e

40

K~ is the naturally occuring radio-active isotope of

. _ 0

potassium. It decays by by B-ray emission to Ca , and also
40

by K-capture and zﬁray emission to A -.

If we denote the atomic abundances of K40 and A&o by N

and N’’ respectively in atoms per gram mixed total mass, and
call the total disintegration constant of Kyo)\ and the
disintegration constant for the formation ofa40 for A

N
we have

_-_N%X~ dt - (1)

N dt - (2)
| N

an’

d-N”

Let (1) and (p) refer to initial and present moments, and

t the time interval, we have then N’( ; is the atomic abundance
i

of N initially and by integrating we get

-0-0-0-0

N” - N
(p) (1)

1s usually referred to as the radio-genic

.- Y " T
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argon, and is usually found by subtracting the atmospheriec
argon determined by mags-~spectrometric analysis from the total
{7\,,

argon found.

]\ + A =?\, where A 1is the disintegration constant for
N M M

N/A. is referred to as the branching ratio.

40 40
the decay by P disintegration of K to give Ca .

We therefore have the following expression for t, the time
since solidification of the minerals:

N® ; N
t = 1 1p () ) . A +1] -,

A : an

(p)

=~0=0~0-0~

At the time, it was thought that the half 1ife and branching
ratio of Kuo was known with an accuracy of at least 10%,
(13)=»(21), and it would be worth while to use this method of
argon and potassium analysis for age determination. The salts
in question occur in the Permian Rocks (1) here at a depth of
from 3000 feet and downwards. They are sometimes very rich
in potassium, an average content of 40-45% KC1 was found in a
31 feet layer in the case of one borehole. In general, there
are two layers of minerals of commercial value, the Upper Salt
with 10-19% KC1 and a thickness of 20-28 feet occuring between
3000 and thO feet; and the Lower Salt deposits with 25-45%
XK€l and a thickness of 12-32 feet occuring approximately 200
feet below the first. These deposits consist mainly of

Nofeaz. . L
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Sylvinite, a mixture of halite (NaCl) and sylvite (KCl), in
varying proportions; but several other kinds were also found
although not in such amounts, carnallite (KcuMg012-6H20),
polyhalite (Kgsoh- x Mgsolr x 2Cas0, x 2H20), and patches of the
rare mineral rinneite (NaCl X 3KC1l « FeC12).

As g1l these salts appeared in the Lower Trias and Upper

" and Middle Permian evaporite beds, there would have been some

independent éheck on their ages as theMr deposits have been
estimated to be from 170-200 million years old on the basis of

other geological evidence (22).

It was at the time hoped to carry out a series of analyses
of the different types of salts from various depths in each of
the 5 boreholes, and also possibly in the borehole sunk by
Fyson's at Robins Hoods Bay nearby. This, however, was not
carried out. The reasons were firstly that the work in
connection with the stratosphere analyses described in Chapter
IIT had to be given absolute priority; coupled with this was the
fact that very soon after the work on ﬁhe'potassium minerals had
been started, results were publishe@@%n Germany from almost
identical investigations concerning the Stassfurt salt
deposits (2). There are reasons, however, why these analyses
migﬁt be carried out as originally planned, as a result.of
recent work carried out both in this country and in Germany

(23) (24%), but this will be dealt with at a later stage.

bt TR T S S N S PO o
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Although no complete analysis was carried out on any
sample, the apparatus had been bu;lt and tested and the
procedure standardised by the timé the problem was abandoned.

A lot of time was spent on finding a systém of dissolving the
minerals and flushing the gases out of solution which would
prevent too much water vapour from beilng carried with 1t at the
same time. Another problem to be solved was to find a gas for
flushing the solution which would purify easily and itself being
easily removed later on. For the initial pﬁmping down of the
solvent, electro-lysis could be uéed, but owing to the liberation
of chlorine, this could not be used to remove the gases after
dissolving the salt. = Oxygen had to be discarded owing to the
difficulty in freeing it from argon. Finally hydrogen was used.
This was ordinary H2 from British Oxygen Company which was
purified by passing if very slowly through a large U-tube
containing charcoal and cooled in liquid nitrogen. This method
effectively removed all traces of argon as well as other non-
permanent gasesj any traces of helium and neon which might

have been left would be removed with the hydrogen at a later

stage.

The extraction and analysis of the argon content of the
minerals, therefore, would have been as follows:-

(1) Dissolving (Fig, 2).

The solution to bg_introduced into A" consisted of about
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10 grs Naesoh pefﬁitre H20 which was pumped down to vacuum and
any dissolved gases removed by electrolysing six times. A weigh-
ed quantity of the salt was introduced into B® and after this
too had been completelyevacuated it was dissolved by running
some of the solution from A“ through tap T37. By closing V )
and cooling charcoal C" in iiquid nitrogen, the gases conta%ned
in the mineral were trénsferred from B" by bubbling hydrogen

through K" and then opening T.,, for a short time. This was

38

repeated éix times,and after ten minutes another six times.

, ?
Finally, after a second interval of ten minutes to allow the
solution in B" towarm up akain, six more flushings through were

carried out.

(11) Removal of Water Vappur (Fig,2).

All the gases in the mineral thus being condensed on C%,
T39 was closed while vl# and V35 were only just closed, TLS
open and D", E" and F" all cooled in liquid nitrogen.
Charcoal C" was then élowly allowed to heat up and the gases to
bubble pasf vlh and Vis. The water vapour was mdétly taken up
by D", the rest being removed in E,’ and the condensible gases

absofbed by the charcoal in F”.

When C" had warmed up to room temperature, T45 was closéd,
V1L+ and Vis opened completely and E" allowed to warm up, thus
transferring all the water vapour to D". When this was
completed, ThS was again opened and the water vapour slowly

redistilled into E®. This was done to remove any traces of




FIG.3
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SECTION FOR REMOVAL OF ORGANIC VAPOURS
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trapped argon from the ice and condensing it on F"., One
redistillation 1s sufficient for the purpose after which the
ventils 1% and 15 were shut and the H2, He and Ne pumped away.
from F?* through Thh'

(1i1) Removal of Organic Gases (Fig.,3) There are always

some methane and ethane in gases from salts and minerals (25),_
and these ought to be removed before the remainder of gases are
treated in the Barium furnace as they otherwise cause the
formation of barium carbide which may stop the action of the
furnace owing to its high melting point.

This removal was done -by burning the gases with oxygen

in a small glass chamber G" containing a Pt-Ir spiral HY

and some KOH pellets I, ‘By adding a small amount of
electrolytic gas and pﬁmping away the hydrogen, sufficlent pure
oxygen for the purpose was obtained. The spiral H" was
electrically 'heated to a very bright red heat and the KOH pellets

absorbed any CO2 and H20 being formed in the process.

The burning was carried out by passing the gas mixture from
F% to J" 4-5 times while the spiral was hot, and then allowing
the gasés to cool down for 10 minutes before transferring them
to the Barium furnace. The whole of the burning off chamber
. was immersed in cold water during the treatment to prevent the

glass cracking.

B brso e T dsars ™ s 2B b e,



Barium furnace and McLeod gauge.
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(iv) Barium Furnace (Fig.W).
When the organic gases had been removed, Vl wes lowered.
By cooling charcozal S in liquid Ng, the whole of the sample was

transferred in a matter of 45-60 mins. Then, with both V. and

1
V2 shut the current was switched on in R, the heating element,
and when this was red-hot, causing the Ba inside Q@ to evaporate,
the sample on S was released and given 25-30 minutes treatment

at 900 - 92000o The heating element R was then at a very
bright red-orange temperature, and would burn out every so often.
It consisted of an iron core with 4 layers of asbestos paper

on which was wound ,025" nichrome wire in 2 layers with 4% layers
of asbestos paper betweén, followed by 10-12 layers of asbestos
on top; the cause of a burn-out was the two layers of nichrome
wire coming in contact with each other due to the asbestos

papér reacting with it, and producing a hot point which
subsequently fused the nichrome wire as well. As asbestos

fuseé round 95000, it was assumed that the temperature of the
furnace as a rule was 20-300C lower than this, The total

resistance of the furnace winding was 8-10-m and the current

used was 5 - 5.5 amps.

The furnace itself consists simply of a hollow steel rﬁd
with an accurately turned cone on top to fit a standard B-19
glass soclet and a water-jacket to keep the joint cool.
Black picein wex was used as a joining material. Another cone

and socket was situated on top of the glass envelope so that
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the furnace could be recharged without disﬁantling it altogether.
This black-wax join between the actual furnace and the glass
envelope is liable to fracture when the cooling water is put on
unless both the metal cone and the glass socket are thoroughly
warmed when first put together, and they must of course be well
ground into each other originally to ensure a perfect fit. The
furnace itself should preferably be drilled from stainless steel.
Ordinary mild steel ws tried out at one stare, but it tends to

give a lot of trouble. The initial degassing takes longer, and
the furnace walls flake rather badly on the outside after each
heating with the result that after a while it de¥elops leaks and hés
to be discarded perhaps within a matter of months. With stainless
steel, however, although the initial drilling and machining is much
more difficult, the furnace once it has been thoroughly degassed

will give continuous service for years.

Initial degassing of a steel furnace even in the case of
stainless steel takes quite a long time and even when the furnace
is continuously pumped while heating it with a glass-blowing
torth to a bright red heat, it takes several days before it will
give a good vacuum. It was found to be qulte an advantage towards
the end to introduce 1-2 cms. pressure of H,, leaving it overnight
after a moderate heating the night before. The hydrogen presumably
displaces the other gases absorbed in the walls and 1is 1tself very

much easier to .pump -away.

Once the furnace is sufficiently degassed to give a good’
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vacuum while hot, the Ba is introduced. The Ba used was supplied
in sticks from the G.E.C.Research Laboratories. It requires only
a few hours pumping and heating, in order to give a good vacuum.
After a couple of hours phmping and heating at a dull red heat,

the currefit can be increased until normal operating temperature

is reached when very soon a black and silver mirror will start
forming on the glass envelope above the furnace, indicating that
it is ready for use. The Ba of course forms solid compounds with
all exeept the rare gases. But if at all possible, one should

try and prevent H20 or any organic gaées or CO2 from entering the
furnace. With water the Ba forms oxides and hydroxides, the

latter dissociating again quite freely at normal working
temperature, giving endless trouble later on with H2 being evolved.
If quantities of water vapour do by mistake get treated in the Ba-
furnace, the best thing to do seems to be to dismantle the furnace,
scrape out the deposits (careful drilling being the best) and
recharge it, as this takes very much less time than trying to
remove the H2 gas, which seems to be evolved continuously from

the Ba(OH), formed in the first place. With CO_, CO and
2

2,
organic compounds , the reason for keeping them out of the Ba
furnace at all cost is the fact that one of their prdducts will be
Barium carbide which forms a skin on the pure Barium. As the
carbide has a very high ey, (~ 170000)5 this effectively stops
the action of the rest of the Barium completely with the result,as

in the case of water,that one has to remove the furnace for scraping

or drilling and recharge it. With these precautions and an
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initial charge of 1-2 grams (1" stick) the furnace is quite

capable of well over a years céntinued service without recharging.

_ After 25-30 minutes treatment in the Ba-furnace, the
current is switched off and the content allowed to cool. At the

same time, the McLeod gauge has been pumped down to a sticking

vacuum and t__ closed again. Charcoal U is then cooled in liquid

Nitrogen andlzhen the Ba~furnace is cool, v, is opened and the
gases allowed to condense on U, This process 1s easily followed
by measuring the pressure in the McLeod gauge when it is found that
all the argon is condensed inside 20-25 minutes. The argon is,
however, frequently accompanied by varying amounts of H2,
gspecially with a new Ba-furnace. In those cases, it was found
that not only was the decrease in pressure much slower, but after
30-40 minutes pressure stated increasing again which was taken to

indicate a steady evolution of H2 from the furnace combined with

the saturation of the charcosl U with this gas.

This surplus gas being mostly H2 therefore with small
amounts of He and Me as well, it is easily removed by pumping.
For this purpose, the-traps on the pumps must be scrupulously
clean, both having been cleaned out by heating with near-boiling
water immediately beforehand and cooled in liquid N2 during the
pumping. The level of this liquid N2 must not be allowed to fall
during pumping, and it is therefore preferable to have the dewar-
flasks only half-filled when the pumping starts and to fill them

up gradually as pumping proceeds. Unless these prefautions are

At i s mmmes ke N R R . Y . L
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taken there is a danger of condensible gases, in particular water-
vapour condensing back from the cold traps on to the charcoal,
when the level of the liquid N2 in the dewar -flasks fall, giving

an apparent excess of argon.

The removal of H2 is completed in about 5 minutes and v3
is closed. The liquid N2 is removed from around U and the argon
released. 10 minutes is allowed for this, and the volume of the
gas is determined by means of the McLeod gauge W. The gas is
then taken back in the Barium furnace for a second treatment of
about 10 minutes. This process is repeated until the volumes
after two consecutive treatmenté agree to within 2-3 parts in
1000, Normally this is so with Just the first two treatments,
but a third treatment is sometimes neceséary if there has been a
lot of H evolved or the pumps have not been cleaned out carefully
enough. °

The charcoals S and U mﬁst also be cleaned out periodically
by flaming the glass three or four times in a soft gas-flame while

punping. It is however sufficient to do this after every 3 or

4 analyses.

(v) Ihe McLeod Gauge, (Fig, Y4).

The McLeod gauge has a bulb of approximately 275 ces. and
the parallel closed and open limbs are both taken from the same
piece of tubing, with an internal diameter of 3mm. The closed
1imb has a flat top and the McLeod gauge was usually read by
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bringing the shoulder of the meniscus in the open 1limb level with
the top of the closed limb,'and then reading the level of the

shoulder on the meniscus in the c¢losed limb.

The volume of the closed limb was calibrated by weighing
with mercury and measuring the length of the thread each time.
By plotting the mass of the mercury M versus the length of the
thread 1, the relationship

M = 1,054 (1) - 0.058 was obtained, and hence the radius of

the tubing r = 0.153 cms. From

Vm = ’_Lr_ a® [3 (1.'_2_-!--__33)_ - ‘k where
3 2 . a a )

Vm = menlscus volume

a = meniscus height

the mass of the meniscus was found m = 0.0263 gms.
(M - @p =1.05%(1) - 0.111

This was fitted into the general{equation:

vV = M-2m @ . 1L . 23 . £

NTP < Hg 76 293
where
D Hg = sgpecific weight of mercury

dead~-space factor = 1.238

P

giving the equation
2
VNTP = 1.179 1 . 0.123 1 cu.mm

when 1 1s read at 20°%,
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The deadspace factor was determined directly by expanding
a measured quantity of gas from the McLeod gauge into the previously

evacuated sidetubing and remeasuring the volume.

The question of error due to non-linearity of the tube
walls was settled by fitting the observed values of M to a curve
of the form |
M-2m = A+3B + le by the method of least squares.

This gave M - 2 m =.0.110 +1.053 1 - 0.001 12,

from which it will be seen that this error at reading of 1 =1
cm only amounts to 0.1% and the second order term was therefore

left out.

Finally, a table was constructed by calculating vﬂTP
for values of 1 between 0.5 and 3 ems. in intervals of 0.02 cm.
and interpolating between these values so that the téble can be

read with the same accuracy as the cathetometer, namely 0.002 cm.

The range of volumes which can be determined by this method
is from 0.2~ 10.2 cu.nm. But as smaller volumes had sometimes to
be determined, a graph was constructed covering the range of
0.2 - 0.5 ems. for 1 corresponding to a range in volumes of 0.02--
0.2 cusmm. At readings around 0.2 ems. the expetiﬁen&él error
involved is as large as 10% sinking to 1% at 0.5 cms. and 0.5% at

1l em.
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3. Discussion.
As was mentioned in the introduction, no full analysis
was carried out on the potassium minerals for several reasons

although the apparatus was built and the procedure standardised.

There are, however, some justifications for taking the

whole question up again in connection with recent% publications.

Firstly, the branching ratio of KBO was until recently
thought to be fairly well eétablished at 12K-captures for every
88 B-ray transformations, with about 10% accuracy (26).
Mousouf (27) however, whenanalysing somé very old rock salt whose
age was well defined by other methods, found the value of the
branching to be around 0.06, a value consistent with that found
by a few earlier workers (2£8)(29)(30). This then brings in the
possibility of an error of 50% in the accepted value for the
branching ratios. If Mousouf's figures are proved to be correct,
the ages found by the potassium-argon method would be increaged by
a factor of two. Tﬁis would indicate an apparent excess of argon
in samples from deposits in geological formations whose ages are

already well established. The gtrassfurt salts f.inst. from the

‘lower oligocene period, 20 ., 106 years old, analysed by Smits and

Gentner and the North Yorkshire salts appearing in the permian
rocks thought to be about 100 . 106 years old.. A series of
experiments covering several deposits from the very young to the
very old would thereforebe very useful as a guide to the actual
value of the branching ratio, although the final proof will have

to be sought elsewhere by more accupate methods using eounting



techniques.

This question of excessive amounts of rare gases in rocks
and éalts has turned up in connec*ion with helium as well as argon.
Wardle (24) has found helium in coloured rocksalts far in
excess of what was expected from the uranium, thorium and radium
contents, and he discussed the possibility of occlusion of small
amounts of brine in the crystals at the time of the déposit.

Both helium and argon are sufficiently soluble in brine to make
this theory seem at least plausible, the solubility of argon in
saturated brine is about 0.1% cecs. NTP/litre under atmospheric
conditions and 0,2-0,4% ccs NTP/litre in sea water in equilibrium
with air. That is, 0.07 ccs. of brine per gm. of K€l would
account for the amount of atmosphetic argon found in the Strassfurt
salts by Smits and Gentner and seems a not unreasonable quantity.
If, this, hovever, is the origin of the atmospheric argon found
with the radio-genic in these salts, there ought to be an
appreciable amount of argon in other rocksalts which contain no
potassium, and experiments ought to be carried out in this
connection, perhaps firstly on the same kind of coloured rock

salts in which Wardle found excess helium.

One final problem which ought to be investigated further
is that of di@iu@ion of argon in salts. Gentner, Prag and Smits
(23) obtained results which indicated a rélationship between the
A content and the size of the crystals, the larger the crystals
the more argon they contained. They interpretated this as a
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volume diffusion process and even determined the diffusion
constant. It might, however, be possible for these deposits to
remain in a liquid state for a considerable period owing to the
enormous pressure they would have been subjected to, and the
crystals might well be of more recent origin. One possibility
then is that the difference in argon content is the result of the

larger crystals trapping comparatively more brine than the smaller

_ ones, but this question cannot be decided either before qonsidérably

more experimental evidence is availlable.

=D=D=D=0=D=

Cieome ) B g



CHAPTER III.

L R - I . T



- 23 -
CHAPTER JIII.
Rare gas content of the Stratosphera.

1. Introduction.

As a result of a world wide investigation by Gluckauf
and Paneth (31), it was concluded that the composition of the
atmosphere remains constant over the whole surface of the earth
with respect to the rare gases helium, neon, and argon.
Very small variations in the amounts of non-permanent.gases
do occur from place to blace as a result of local conditions,
such as the presence of large industrial centres, oceans, jungles,
and so Sh, but these variations are usually ignored-and the '
composition of the atmosphere at ground level is generally
regarded as constant, the values for the different gases in
Table 1 being quoted from Gluckauf's figures (32), where the

oxygen results are those found by Benedict (33), the argon by
Moissan (34) and the CO_ by Krogh (35). "



Gas. % in.air Density Mol.wt.
(by vol.) (air = 1.000) | (0 = 16).

Nitrogen] . 78.084% + 0,004 0.967 28,016
Oxygen | 20.946 + 0,002 1.105 32.000
Argon o.93l+; o.o01 1.375 39
|Carbon | |
Dioxide | 0.033 + 0.001 | 1.529 .01
Neon 1.818x10"3 + 0,04 x 1073 0.695 20.183
Heliﬁm 5,24x10-% =+ 0.004x10™* 0.138 | 4.003

ethane |  2x1o~* . ] 16.ou2 |
Krypton 1.14x10~% + 0.061x10-h 2.868 83.7

ydrogen | 5 x 1077 0.0695 2,016
Xenon 8.7 x _13'6 £ 0.1 x ;0'6 4,525 131.3
Ozone (1)]0 - 7 x 1076 1.624% 48,000
Radon (2)] 6 x 10-18

(1) Variagble: increases with height and varies with the season
as well
(2) Variasble: decreases with height.
=0=0=0~-0-0~-
Other gases like sulpher dioxide and carbon monoxide
occur only in certain places and cannot be said to be universal

constituents of the atmosphere (36).
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Apart from analysis of air samples from all over the world,
Gluckauf also analysed samples from the troposphere and the lower
stratosphere; and found the content of helium and neon to be very
nearly constant (37) (31). He nowehere found any composition
where the helium content exceed that of ground level air by more
than 8%, ahd the variations were of a quite randomcharacter.

His reéults havé been uséd by other people (38), to prove a state of
partial seéparation of the atmosphere between heights of 1% and 28

. kms. in conjunction with the figures obtained by Regener (39)(%0)
for the oxygen content of the lower stratosphere. Regener found a
gradual decrease in the Percentage of oXygen with height from 1% wup
to about 25 kms. but these figures aré not quite reliable owing to
the ease with which okygen is adsorbed by gost materials.used in the
sampling apparatus and.during analysis. Hence the conclusion

has to be drawn that the composition of thg atmosphere remains

constant up to these heights as well,

After the war, it became possible to obtain samples of
air from much greater heights than previously by the use of
rockets, and several samples were analysed from 40-60 kms. height
by Chackett and Wilson and at the University of Michigan (12) (41)
(¥2) (47), but no difference in composition from ground level air
was found. The present work concerns the analysis of a number of
samples obtained by rockets from heights between 50 and 90 kms.
the majority of which do show a substantial difference in the

composition-with regard to helium, neon and argon from that of

ground level air.
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2. Experimental P;gégggggo

(a) Sampling.

The samples of stratosphere air which have been anhalysed
were all obtained by means of rockets, either German V-2, or
Aerobee rockets, developed by the United States Air Force.

All flights took place at White Sands Proving Ground in New Mexico,
and were arranged by the Engineering Research Leboratories,
University of M?chigan, under contract with the United States

Signal Corps.

Three evacuated steel bottles were usually located
immediately behind the hollow nose cone of the rocket, although in
one instance seven bottles were used (46). The bottles (Fig.5)
were soldered to thin copper tubes, one inch in diameter, the -
sealed-off ends projecting into the cone. The latter was ejected
automatically before sampling. At a predetermined_instant, a
steel knife was arranged to cut through one tube and a few seconds
later this was squeezed shut at a lower point by a2 pyrotechnically
operated vice. The second and third bottles were opened and shut
at successwvely later times. When sampling was completed, the
bottles were ejected and the section lowered to the ground by means

of parachutes.

Before instelling the bottles in the rockets,; control
experiments were carried out to ensure their vacuum tightness.
The original welds were first tested, then the whole bottle was

washed, dried and evacuated. It was pumped for 24-48 hours at a
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maximum of 150°C and sedled off. It was then checked for leaks by
means of a pirani gauge incorporated in the bottle before use.

The data from this leak check are not always available, but in the
case of 19D and 25D they were 2 x 10'5 mm/Hg/hr and 5 x 10~7
mm/Hg/hr respectively (48). In the case of the last récket, the
preflight pressure in the seven bottles was determined and were

4 x 1077 mm Hg in the case of C11B and C5, 2 x 107 mm Hg

for C4, C7B and C6Bl, 1 x 10-5 for €1 and too small to be measured

in the case of C3 (49). Thus, in the case of Cl, it smounted to

only 1% of the total pressure found in the bottle after sampling.
As 1is ﬁointed out later on, however, the rates of leakage observed
with previous bottles which are.frequently of the order of
2.x 10-5 mm Hg/hr, makes it impossible to.rely too much on the
results obtained for Cl and C3.

In ail,lﬁ'samples were available for analysis from N
rocket flights, covering the atmosphere from 50.4 ¥m to 105.8 km.
Of these, two samples were wasted through leakage into the bottle
after sampling, one sample showed slight leakage, but not sufficient
to completely invalidate the analysis, and one sample has not been

analysed yet for reasons given later on.

Apart from 19D and 25D, which were transferred into glaés
vials at the University of Michigan, all samples were shipped to us
in the original steel bottles. This overcomes the objection
present with earlier experiments of running the risk of losing part

of the Helium in particular by adbsorption in the glass (12). On

the other hand, it prevents any reliable oxygen figures from being
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obtained ss O2 readily combines with the copper tubing attached
to the bottles, even at room temperature. This is amply borne
out by the measured 0 contents shown in the table at the_end of
this section, and alsi by the 02 contents of the 4 sample bottles

described later on.

(b) Analysis.
The steel bottles were then shipned to Durham where the

samples were extracted, measured and then analysed for helium,

neon, argon and oxygen on the apparatus described below.

(/) The Opening Mechanism. (Figs, 6 and 7.)
The steel bottle containing the stratosphere sample is
joined at A to the opening mechanism B3y this consists of a
steel plunger E (Fig,6), which is attached to the end of a brass
bellows B, (Fig.7). By rotating the disc B3, the plﬁnger is
moved forward by means of a screw and pierces the copper diaphragm
at the mouth of A, The opening mechanisim is attached to the

rest of the apparatus through a glass-metal seal which is joined by

a standard cone and socket at Bh' C is a manometer giving a rough !

guide to the pressure during the initial pumping down of the opening
mechanism. After the bottle is opened, however, the pressure is
too small to give any indication on C, but the change in pressure

will be shown by the use of a Tesla coil.

The method of attaching A to B was mostly by soldering
a short piece of copper tubing B to the tubing at the end of A,



,,.,
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(Fig.7), the other end of the tubing (Fig.6) having a flange which
fitted a flange on the opening mechanism and was joined on to
this (with a rubber washer D to make it vacuum tight) by means of
a nut (e). This system worked satisfacorily in the beginning,
but after a while it became increasingly difficult to get a
vacuum-tight seal. This was probably in part due to slight
alterations in the shape of the cone and socket type of flanges,
Iringing them slightly out of line; but it was mostly due to
difficulties with the rubber washers. These-were at first
stamped out from ordinary Dunlop's cycle tyre patches and used as
they werg}without any grease which tended to make them suck in.
After the first lot of material had to be discarded through
aging, however, great difficulty was found.in acquiring new material
which would give a vacuum tight seal., Neither PVC, polythene,
neoprene, or ordinary rubber would give a gas-free seal although
some rubber washers gave a reasonable vacuum after a considerable
time of pumping and degassing. As against 3 ~ 4 days with the
first tyve of materials, a matter of weeks had to be spent on
getting the seal vacuum-=-tight towards the end,and.finally the whole
- method of opening was zltered. The bellows-type of mechanism
was discarded altogether, and the bottle was joined to the:
apparatus in a vertical position through a standard cone and socket.
The opening was done simply by lowering a steel plunger which was
normally held in position by a small steel bar whit could be
removed by means of a magnet. This system seems to work admirably,

it pumps down to a good, lasting vacuum on a couple of days.
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(11) The Toepler Pump and Storage Bulb (Fig, 7).

After opening the bottle, the contents were transferred by
means of the Toepler pump E to the storage space at G confined
between tap Th and the ventil F on top of the Toepler pump. This
requires about 100 strokes. By raising the mercury to a certain

| level in G, the volume of which had been determined accurately to
be ﬁh-SVé ccs. and measuring fhe pressureon a travelling microscope
(cathetometer) the volume of the sample could be found. During
transfer the U-tube D was cooled in liquid N2 to remove any 002

and H

0 there might be in the sample.

2

).

Active 002 is released in the sampling compartment five

seconds before the sampling sterts in order to check any possible
contamination by air swepf up with the rocket. In practise,
therefore, after all the samrle has been collected in G, tap T,

is closed, and a certain amount of inactive CO, is introduced
thrpugh T2. This is aliowed_to mix with agy active 002 by removing

the 1liquid N_ around D, and is then withdrawn in 2 lots by.

condensing ii back into the sample tube by cooling it in liquid
nitrogen for 20 minutes. When the sample had been withdrawn, the
tube was detached and analyse@ for any 14C activity on a specially
designed Geiger counter, The results of this investigation are

gquoted later on.

(iv) The Air Pipette (Fig, 7).

Wheh a sample is needed for analysis, the whole section
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y and V is first pumped down to a

between T T T T T
h’ 5’ 6’

’

"sticking3 vacuum, T5, 27 and T8 are then closed and the mercury
raised a éouple of centimetres above the cut-off below M.
Tk is then obened, and enough gas admitted to the line to give
0.5-1 em. pressure on the manometer L.  After shutting T, again,
the mercury is lowered and the sample admitted into the air
pipette M and P. The mercury is raised again until the top of
the meniscus just touches the etch mark af P. The whole system
is immersed in a waterbath whose temperature is thermostatically
controlled, and 5 - 10 minutes is allowed to let the sample reach

equilibrium.

The volume of the air pipette is known with an accuracy
of more than 1/1000. The calibration was at first done by gas-
expansion. Some dry N was confined in the gir pipette and the
pressure measured by reiding the mercury levels in the two
parallel tubes. The mercury was then lowered and the gas
expanded into the sidetubing which was previously evacuated,
and the pressure was read on the manometer attached to the side-
tubing. Finally, the gas was expanded into a bulb of known

volume (about 48 ces) and the final pressure was measured on the

manometer,

We then have ¢
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PV = p‘(V +v)
11 2 1 2

_-f'z' (vl + v2) = (v:L + v2 + v3))-}3

where v = Volume of air pipette,
1l

v = volume of the sidetubing and v 1is the known volume of the
2 3

E . fi i‘

= %3 _ |
v =[ pl .p2-pL or if 1
| 1 Po P; p2 f’_)

n
M

2

P
"UI N’U
e

n
]

v . .
v ={Zl _ ces,
1 \x(y-1 ‘

The results obtained by this method, however, were very
poor. At firsty the values found varied from 5.5. to 12 ces.
for the éir-pipette‘ The air pipette was then fitted with
thermostated water tank and the temperature of the whole room was
also thermostatically controlled. This reduced the spread in the
results considerably, but the mean volume obtained after several
dozen determinations was still far from satisfactory, 8.5 + 0.25 ces
The manometer was then remadej the new one having a wider bore to
reduce the effect of sticking mercury, and several more

determinations were made. These gave values for the volume of the
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air pipette with a much smaller spread, but as the error was still
nearly 1% the above method was abandohed altogether., Instead,
the air éipette was cut off, and its volume determined by filling 
it with an accurately measured quantity of water. This is a
rather more tedious procedure. The volume.of the KOH pellet

at N was determined by weigﬁing and substracted from the total
volume. This method has been used repeatédly over the last 30
monfhs, and gave very consistent results around 8.838 ces.

whereas the gas-eXpans;on method gave volumes varying between 6

and 12 ccs.

(v) Estimation and Remoyal of Oxvgen (Fg.7)

After reading the'pressurelbl, the mercury is lowered .
a couple of centimetres and the Cu-spiral O is heated slowly until
it reaches a-very dull red heat. It takes out all the O2 in the
- air sample in the coufsq of 10 - 15 minutes. The current is then
- switched off, and 10 minutés is allowed for the temperature to
reach equilibrium when the Hg is raised and the pressure readgbz.
The process is repeated after a further § minutes heating and -
pressure p3 read. |P3 should never be less than p2, but it is
sometimes a 1ittle higher (a matter of 2 - 3%), which is probably
-due to the Cu-spiral being too hot, causing some of the oxides
forming to disséciate again at a rate appreciably higher than.
that at which they are formed. 1In such cases, p, was taken as the

pressure representing the N, + A content of the sample.

2
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The Cu-spiral had to be cleaned at intervals, It was
found that after it had been used a few times, the action became
rather slow and it was difficult to remove the last traces of 02
from the samples. The Cu surface was regenerated by heating 1t in
the presence of H2, from the reservoir I, at a fairly bright red
heat. Whereas 3-3.5 amps. was necessary for the removal of 05,
as much as 6.5 - 7 amps. was needed to set the reaction between the

copper oxide and H_ going, or rather to get the spiral to a red

2
heat. Once thls was obtained, the current had to be reduced at
once. To prevent the spiral from burning out, it had to be
carefully watched all the time and the current reduced as the
pressure in the air pipette went down, the final current being

1.5 - 2 amps. less than the initial one. After 10 - 15 minutes,
treatment, the mercury was lowered and the surplus hydrogen

pumped away. The pumping was continued for a while with the spiral
at a dull red heat to remove any traces of H2 absorbed in the metal,
and after about 5 minutes the currentswitched off and pumping

" continued for a further 10 - 15 minutes, until a good "stécking"
'yacuum was obtained. The H2 used was ordinary H2, as supplied on

’ qylinders without further purification.

Any water formed will be taken up by the KOH pellet N
lying in a side arm of the air-pippette.

Owing to the presence of the KOH pellett, and the fact
that mercury vapour had a tendency to condense on the sidewalls,

and in particular on the Cu-spiral from which it would flash on



- 35 -

to the walls and sidetubihg together with other impurities, the
air-pipette had to be removed for cleaning every 3-4 months to
prevent the mercury sticking. This usuvally happens very suddenly,
when one may get-a depression of the mercury in the tube leading
into the air-pipette of the order of .05 cm. or 5 - 10% of the
expected total reading. For this reason, as well as Sne of
accuracy, the setting of the cathetometer x-wires on the mercury

levels in the two tubes was always checked while the apparatus was

evacuated immedlately prior to starting an analysis.

(vi) Estimation of Argon Content (Fig, 4).

When the amount of oxygén has been fouﬁdi it remains to
determine the argon content or the helium and neon content. In
the case of an argon determination, the sample is transferred to
the Barium furnace by cooling the charcoal for 45 minutes. After

closing T_ and V., again, it is treated in the same way as described

7 1
in the first part of this thesis for the analysis of potassium
salts, in Chapter II, section (IV) and (V), and the final volume

is read on the Mcleod gauge described in the same place

(vii) Transfer, B

The present helium apparatus described below and built
specifically for this work, is capable of measuring amounts of

-8

helium and neon of the order of 10 - ccs with an accuracy of 1%

to 2%.

As was mentioned in the introduction to this thesis,
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the method of estimating the helium and neon is based upon the

earlier work by Gluckauf and others who have published a full

. description of the theory behind it (3) —» (8), and the

conditions governing the separation of helium and neon (36) (37)

(50).

For this reason,only an outline of the principle involved

will be given here together with the vresent operating procedure.

When a mixture of helium and neon is brought ‘into contact
with charcoal at the temperature of liquid nitrogen, they are
absorbed to a different degree (51). In fact, under certain
conditions only about 25% of the helium is absorbed by the charcoal
and 75% of it remains in the gas phase whereas 75% of the neon is
absorbéd leaving 25% of it in the gas phase, at the temperature of
1iguid nitrogen. The,two other factors governing this process
apart from the quality of the charcoal is the amount of it and the
volume of the gas phase.. By repeating this absorption process
a number of times on successive charcoals, one can separate the
two gases completely. The present apparatus utilises 15 such
charcoal units, compared to 12 on-Gluckaufs, vhich makes it ﬁossible

to get a better separation of the two gases,

(viii) Transfer (Fig.8)

The gases remaining in the combustion chamber P are then
transferred to the first charcoal CHy, as follows. T, is opened,

and Tll closed, the mercury in V) lowered, at the same time the
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Oxygen reservoir.
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mercury in the Toepler pump Vl,is just above the cut off, the
mercury in the front and the back of the column is raised:; with
T closed, and T

14 15
column immersed in liquid nitrogen. By opening T9 a fevw

open and the charcoals on. the fractionating

millimetres of 0, %o act as g carrier gas is admitted, and on

opehing Tll the mixture of air sample and pure oxygen is admitted

into the circulating system. - By operating the Toepler pump 8
times, about 99% of the mixture is transferred to the first
charcoal. This process was repeated five times which had been

found to give lQO% transfer of the gases.

The oxygen used as a carrier gas was supplied from the
oxygen reservoir, Fig.9. It was purified from ordinary

cylinder oxygen as follows.

First, the whole reservoir was evacuated and the charcoal
in K" baked out for about one hour at 200°¢. The oxygen cylinder
was then connected up at M" by rubber tubing, and a T piece
digging into a mercury flask was included in the connhection.

After this was well flushed, out and the O, bubbling continuously

2
past the mercury, T50 was slowly opened admitting the gas into the

reservoir,. When atmospheric pressure had been obtained T5 was

0
closed, and the major part of the oxygen condensed on L" b&
means of liquid nitroggn. THB was then closed and most of the
remainder was condensed on K" leaving only a few mms. of pressure
in the system. T#9 wvas theh opened and this remaining gas, which

contains most of the helium and neon; was pumped away for 5 minutes.
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When T49 was closed again K" was first allowed to warm up
and then L" releasing 211 the adsorbed and condensed gas into the
reservoir égain° The whole process was then repeated six timés,
and afterwards some of the oxygen, about ten times the amount
normally used, was passed through the fraciionating colmn to make
sure than no trace of helium and neon was present. Once the
oxygen is purified, in this way, 1t will remain helium and neon-

free for months in the reservoir.

(ix) Ihe Fractionating Column (Fig,10), was automatically operated,
and up to 27 operations could-be carried out without further
attention. This was done by having the vacuum and air inlet to the
mercury reservoirs drawn out to fine jets, the opening and closing
of which was done by steel slugs with rubber gaskets on the bottom.
The raising and lowering of the slugs was done by solenoids controll.
ed in pairs by means of two relays, cam-operated by a synchronous
motor. The cams were conngcted up in such a way that when at the
front of the column f.inst. the air inlet was open and the vacuum
lead closed, the opposite would be the case at the back of the
column. One complete operation consists of lowering the mercury

in the front of the column to just below the bulb, that is in
bulbs X% ’ X%, Xé coo X%9, and raising it again followed by the
same procedure for the back of the column, bulbs Xé, Xl, X% ...X%O.

The column was first set for 1% operations and at the end
of these the mercury in the compression bulb %! was raised to close

Ventil V12 and the tap T21 to the measuring Pirani gauge was opened
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in order to see if any deflection of the galvanometer resulted.
As the first amounts of helium only begin to come through after
operation 16, this check after 15 operations was done to see if
the column had been properly evacuated before the experiment was

started. No deflection was in faét ever found at this stage.

After this, the column was reset to perform operations 16
to 36, and the deflection caused by the gas coming through during
those 21 operations was measured, This number of operations had
been found experimentally to give the same deflection as 100ﬁ>of
the helium, although it in fact contained 99.3% helium and 0.1%
neon. A further 25 operations were sufficienﬁ to get all the neon
through the column, but only if the liquid nitrogen is removed from
the charcoals at successive stages during the operations 16 -36.
The first charcoal is alwéys dipping into the 1liquid nitrogen to
prevent the oxygen and nitrogen in the gas mixture ffom desorbing,
but the 2, 3 and 4th charcoal are allowed to warm up after
operation 25 as the last amounts of helium have passed this stage
by then. Aftercberation 29, the next four charcoals are allowed
to warm up, after the 33rd operation the liquid nitrogen is removed
from charcoals CH9 - CH12 and CH13 - CH15 is warmed up after the
36th operation.

.t £
The helium and neon were measured on a Pirani gauge Dl.
This is balanced in a Wheatstoﬁe Bridge network by a compensating
gauge of identiéal design El.. The filaments are about 30 cms.
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long, and they are made of very fine nickel tape which is in the

shape of a W, A small amount of charcoal is placed in the sidearm

of the gauges to prevent other gases given off by the walls or the
tap-grease from interfering with the measurements. To achieve a

high accuracy with small amounts of gases, the total volume inside
the gauges were made as small as ~ossible and both the gauges were

immersed in 1liquid nitrogén.

A potential of exactly 1 volt is avplied across the
gauges when they are used, and a sensitive moving coil
galvanometer is mounted across the bridge, the deflections being
read on a 50 cm scale. The sensitivity of the Pirani gauges were

altered by varying the galvanometer shunt.

When measuring the amount of gas, the mercury in the
compression bulb is raised, this brings more than 99% of the
gas into the measuring space. Readings of the position of the
galvanometer spot was carried out every minute, before admitting
the gas to the Pirani gauge until there was a steady drift. The
gas was then admitted and when readings indicated a steady drift

again, T __ was opened and the gas was pumped away while the

20
readings were continued until the drift was steady. This method
of reading allows for both the zero drift which always seems to be
nresent and the slow.approach to eq:ilibrium when the gases are

admitted or pumped away.

One further error had to be allowed for, namely the one

due to the non-linear response of the galvanometer system.
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It was found that equal amounts of gas gave smaller deflections
near the centre of the scale than near the ends. To estimate

the size of this error, a megohm resistance was connected across
one of the Pirani gauges with a mercury switch in the circuit, the
turning of which gave deflections in the same way as the presence
of a gas in the Pirani gauge. By adjusting the sensitivity of
the gauge, the size of this deflection could be altered and
readings were taken for various deflections over the whole scale,
There was about 10% difference in the reading of equal angular
deflections giving reédings of 6 cms. at the ends of thgiscale

when there was only 5 - 4 cms. deflection near the centre.

By plotting a graph of these deflections against position
on the scale and fitting a parabola to it, a correction table was
constructed showing the amount of correction to be applied to read-
ings between any two points on the scale, thus reducing the
readings to the values one would have obtained with a perfectly

circular scale. . Y

(x11) Calibration (Fig,12)

After the measurement of each sample, the Pirani gauge was
calibrated absolutely with.an accurately known amount of the same
gas of the same order of magnhitude as the unknown sample and as

far as possible over the same range of the scale.

This was done by measuring a small amount of spectrally
pure helium or neon in the MclLeod gauge M' and expanding it into

the previously evacuated sidearm O' and pipette K'L', the volume
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of which had previously been determined very accurately. By
raising the mercury in J', the gas in K'L' was cut off from the
McLeod gauge, and sidearm, and could be expanded again into the
bulb I' from which another pipette-full in G'H' was obtained, and
expanded into the compression bulb and thence brought into the
pirani gauge. By this method accurately known amounts down to
about 6 x lOf of the amount measured in the McLeod gauge can be
measured on the Pirani gauges, and the whole calibration apparatus
had a range of from 1 x 10 - ccs NTP down to 3 x 10-8 ces NTP which

was quite sufficient for the present work.

As the gauges are not equally sensitive to helium and neon,

separate calibrations were always carried out for both gases.

(xiii) General.

During each serles of experiments control analysis were
done with ground level air in such a way that eash aﬁalysis of
a stratosphere sample was sandwiched between two ground air
analyses. This was done to keep a check on the experimental

procedure as well as the efficiency of the apparatus.

Usually, two or three analyses were carried out for each
sample for helium, neon and argon unless the initial amounts of
samplewas too small to allow for this as waé the case with the
highest samples. Any air left over after this in the storage bulb
6, Fig.7?, was transferred to the previously evacuated bulb K by
raising the mercury in the Toepler bulb and in the air-pipette

and then opening T3 and Té; After sealing off,the bulb was then .

*

L e e o
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returned to the U.S.A. for other investigations, usually the

measurement of the 14N/15N ratio or similar experiments.

3. Resnlts.

In the following section, the results of all the
stratosphere-analyses are given as well as a summary of the
determinations of helium, neon and argon content of ground level
air, and also the results of the analysis of some test bottles

filled with ground level air at Michigan anhd analysed at Durham.

The results are quoted as the abundance of the respective
gases relative to-nitrogen in the sample, compared to the

abundance at ground level - denoted by &€ .,

(a) Stratosphere samples.

I ABLE

{see Page W),
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Results on Stratosphere Air Samples.
Fgépgg Hei§ht Aggugg of Ratio to ground level gir
_ Egtﬁlg é?) He. Ne. |4, 0o
l25D 504 - 53.3 8.6 0.981 | 1.003 'o.998 0.6
19D 5k, 7 | 58.3 2.04 1;013 | 1.h50¢ 1.609 0
B-13 |55.56 - 58.18 6.78 0.998 | 1.005| 1.001 | 0.5|
-15 |58.18 - 60.35 5.15 | 1.035 | 1.008] 0.996 | 0.01
£C-11-B|57.0 - 64.3 0.398 1.113 | 1.040] 0.962 | 0.7
B-6 |64.3 - 67.0 0.415 1.4%5 | 1.080 | 0.929 | 0.07
£-5  |64.3 - 71.0 0.20% 1.570 | 1.232%0.90 | 0.10
B-8  [67.0 - 69.6 0.218 2.02 | 1.177 .0.886_ 0.25
B-9 |69.6 - 71.8 0.182.ggzr. 2.11% |1.20% | 0.85° o.o;
-1 |8%.4 - 89.0 0.015 2.9% |1.39 0;82 o.ol.
£-3 [89.0 - 93.2 0.0032 - - Jo.82 o.o§ |

¢ wunreliable because of contamination

confirmed by mass spectrometry.

® corrected for leakaga.

by Hg in original sample,

v ' eemier o ..
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+ suspected to contain small amounts of hydrogen as well.

(C)corrected for loss of oxygen.

Description of Samples.
(1) 19D and 25D, |

19 D Sc 4 and 25 D Sc 3 were both analysed mainly for the
~ reason that McQueen had found a slight separation of the nitrogen
isotopes in these two samples (52). The results as shown beiow
did not confirm McQueen's findings however (53), and he discovered
later on that his results were duse to an experimental error in the

mass spectrometer.

_ The Ne result was found to be due to contamination with
hydrogen which starts coming through towards the end of the neon
fraction during the analysis. The presence of H2 in the original

sample was confirmed by mass spectrometer analysis (48).

(11) B6; B8; Bo..
The next samples to be analysed were B-6, B-8 and B-9.

The results obtained for these have already been published,

together with 19D and 25D (54), and later with B-13 and B-15 (36).

They were the first samples which showed any conclusive evidence of

a composition of. stratosphere air different from. that of ground

level air.

When first analysed, B-6 and B-9 were shown to have nearly
the same composition in spite of the fact that B-9 contalned air

from about 5 km above that of B-6. B-9 also contained more air,
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0.535 ces. as against 0.338 ces. for B-6 and 0.231 for B-8,
Because of this, experiments were made to find out if any of the
bottles had leaked which, of course, would introduce an error in
the results. Both B—6‘and B-9 were therefore put back on the
apparatus and pumped out again, and the pressure developed after
a few days was measured. In the case of B-6, no leakage was
found at all, even when the sealing wax was removed from the end of
the copper tubing over the cold weided seal. With B-9 however
an appreclable leakage was found as soon as this was was removed.
The rate of leakage was found to be 3.4 x 1073 ces/hr, and it then
appearéd that a gfeat deal of the air found in the bottle was in
fact ground level air which had leaked in before the Glyptal wax
had been applied to the seal. To correct for this it .did not seem
to be reasonable to extrapolate the values for the amounts of
air in B-6 and B-8, as B-8 may not have collected all the air it
should have done. Although B-8 sealed perfectly, the opening
knife was found to be in a position only about half way across the
tube on recovery, and may therefore have impeded the flow of air
considerably. Instead, it was decided to take the amount of air
in B-6 as correct and calculate the amount of air to be expected
in B-9 from the formula

P = Po exg(’ﬁ) .
‘where z = height above z,

H

scale height for
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280°K
8.31 x 10’ cm2/sec? oK

air with T
R

= 980 cm/sec2

m = 28 (Nz)

The temperature of 280° K was rather approximate, but the
final results are not very accurate in any case.
The nitrogen pressure at 62 km was taken as 1, giving

2
at 65.6 km is 0.338 ces. and we should therefore expect 0.184

a N, pressure at 72 km of 0.3077. The 02- free volume of B-6
ccs., in B-9 at 70.7 km. Thus 0.34%7 ccs of ground level nitrogen
appeared to have leaked in. '

The experimental values for B-9 were:

HeMN2 = 1.49 Ne/N, = 1.07 A/N2 = 0.95
The true value is therefore for Helium:
1.49 =(°¢ie_.__0.J.QL:_L._Qd&9

. _ 0.531

and XA = 0,8

These "corrected" figures are entered in the summary of
the results abéve, and although it is very unsatisfactory to apply
such a correction, it is the only way to obtain the maximum

amount of information from these analyses.
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No correction has been applied to B-8 glthough it is
quite probable that the sample is representative of somewhat
higher layers than the mean height which is used throughout.

(1ii) B=11; B-13; B-15.

The next rocket contained the samples B-11, B-13,
and B-15, All of these were thought to have opened and closed

perfectly, but ﬁhen Bottle B-11l was opened it was found to contain
air at atmosphere pressure and on close inspection a large pinhole
was discovered in the coldweld seal on the copper tubing. It was
in fact so large that when the tube was immersed in water.only a
small pressure of.air was suffieient to produce a stream of

bubbles from this point.

The other two sample bottles B-13 and B-15 both contained
air at a pressure in accordance with that expected at their |
heights, and the highest of these two, B-15, again showed a

distinct difference in composition as comparéd to ground level air.

(iv) Cc-1, C-3, C-Y4, C-5, C-6BL, C-11BL,

The last of the present samples was obtained with a rocket
containing 7 sample bottles, sampling all the way from 57 to 104 km
(46). Of these, 6 were of the usual size, 500 cu.ins. whereas
the seventh, C-6-BL, was made 3 times as large in an attempt to
overcome the difficulty of brihging down a sample from 100 km,
height large enough for an analysis. This analysis has, however,
not been attempted yet as it involves some considerable

" modifications to the air plpette because 6f the smallness of the
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sample, probably less than 10~3 ccé. NTP (43) (h4).

O0f the other bottles, however, five were opened. C-k was
found to have atmospheric pressure as a résult of faulty seal
made during the closing of the copper tube. The remaining four
bottles were analysed and all of these contained air of a
composition markedly different from ground level air, with He

percentage up to 300% greater than in ground level,air.

The composition of C-11-B and C-5 were in accordance with

. previous results.

C-1 and C=-3, although there was a greater difference in
composition than in any previous samples, did not show a
sufficiently large difference compared to their height. One reason
for this may be that the vertical circulation in the air increases
again at heights above 80 km. This may be due to ionisatiop
currents set up in connection with the dissociation of 02
molecules at present thought to take place between 80 and 100 lm,
Another reason may be a minute leak or slight degassing of ths
bottles during the time between sampling and analysis. C-1 was
found to contain 0,012 ces NTP of air, and C-3 0,0026 ccs. N.T.P.
of air. As 248 and 263 days respectively elapsed between sampling
and analysis, a leakage or degassing rate of 1 x 10-§ for C-1 and
2 x 10~7 ces/nr for C-3 would account for as much as half the
amounts of air found. Rates of this'order of magnitude

would be difficult to detect as they involve pressure incfeases of
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2 x 10-7 mm Hg/hr and 4 x 10-8 mm Hg/hr. respectively and not too
much importance should be attached to these two sets of results
yet until further informatibn is available about the composition

of the air at these heights.

A further point about the resulits of the analyses for C-1
and C-3 is that the accuracy is much lower than for the rest of
the samples owing to the small amounts of air available. They
are certainly not better than 10% accurate in the case of the
argon figures where the final améunt of argon read on the McLeod

-5
gauge was 2.5 x 10 ccs NTP

(b) mmnmwﬂwmum

I A B L B 3.

Bottle No. C.poells Activity found in bottle compare;
to activity released from CO
contained. 2

. 6

C-5 160 1 part in 4 x 10

%C-l _ 800 1 part in 106

10-3 10 -

|C-11-B 360 1l part in 2 x 106

From the above table, it is quite clear that any
possibility of the samples being contaminated by air swept up
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with the rocket from ground level has to be excluded. The active
CO2 was released in the sampling compartment only five seconds

before the first bottle was opened.

(e¢) Zest Samples.

In order to exclude the possibility of the results of our
analyses being falsified by the adsorption of different gases on
the inside of the steel bottles during storage, a few test bottles
were prepared at the University of Michigan and shipped to Durham
for analysis. Altogether six bottles were prepared, B-17-P,
B-18-P, B-19~P, B-20-P, B-21-P, and B-22-P. Of these four were
analysed, of which two were found to contain air of the same
composition as ground level air. The other two, however, gave
results which differed considerably from the others, showing a
shift in composition in the same direction as that obtained with .
stratosphere samples; although the shift was not as great as in

some of these and not with the same relative magnitude between

Helium, Neon and Argon.

The reason for this change in composition is not yet clear
and several more expefiments are needed before one can decide
whether it is due to the methods of making up the samﬁles or due
to some selective adsorption of some of the heavier gases on some

part of the inside of the bottles during storage.

The methods used for introducing the air into the sample
bottles were of two different kinds. The first consisted in
having a glass vial of known volume filled with air from the roof
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of the bullding and sealed off. This was then put in a vacuum
chamber with the evacuated sample bottle. After complete
evacuation of the chamber the glass vial was broken and the bottle
opened and closed again five seconds later in the same way as is
usual during actual sampling in the rockets. This method was used
for B-17-P, which showed a composition the same as that of ground

level air.

The other method, used for B-18-P. B-20-P, and B-21-P,
consisted in filling the glsss vial with alr and séaling it off.
The vial was then plgced inside the steel bottle which was pumped
down and baked out at 15006. The pressure was measured in the
bottle to test for keakage after it was sealed off, and when
satisfactory the vial was broken and the pressure read again. Two
bottles filled by this method shoﬁed a composition different from

that of ground level air when analysed, and one did not.

The exact details of the methods used for filling the glass
vials are as followss--

B-17-P. '

The vial consisted of a spherical glass bulb connhected
to a 5 mm glass tubing through a capillary tube with internal
diameter of ca. 0.08 cms. The volume was found by weighing the
bulb before and after filling it with mercury. The mercury was
removed on the roof of the building. The buldb ﬁas attached to
another plece of glass tubing of equal size by a small rubber
tube. This plece of glass tubing was previously pulled out to
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a capillary of same internal diameter as that on the vial. After
emptying it of the mercury, the vial was returned to the laboratory

where asbestos was placed over the bulb to prevent heating and the

caplllary was then sealed off.

B-18-P,

The vial was here made of 7 mm. glass tubing, one end of
which had a small bead and could be suspended inside the steel
bottle from a copper wire. The other end was pulled out for
sealing off. The volume was determined by weighing before and
after filling it with water, The water was then removed and the
vial attached to a vacuum system. That pdrtion of the apparatus
was closed off from the rest, after it had been pumped down to less
than 10-5 mm HG as measured on a McLeod gauge, and a small )
quantity of ground level air admitted by opening a mercury valve

to the pumps for short intervals until the vial pressure was the

one desired, when it was sealed off.

B=20-~ B-21-P.

The vials ﬁere filled in identical ways for these two
bottles. Small sections of lime glass tubing were beaded on one
end, and a capillayry pulled out on the other, leaving a short
section of open tubing at the end of the capillary opposite the
vial. The volume was found with mercury as in B-17-P, and the
vials filled by that method as well. They were both sealed off
with a small alcohol torch at the capillary end of the tubing while
still on the roof. |
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The various data in relation to these bottles, and the

results of the analyses, are given belows-

TABLE L4,
ottle |Amt. gas in |Ratio to ordinary Bottle Bottle
0. bottle. . ory air. press- press-
(ce.N.T.P.) [He Ne A 02 ure ure
(mmHg) (mmHg)
as meas-| of air
ured in | put in
Durham. at
_Michigan.
B-17-P 0.151 0.99%| 1.001 | 1.00 o 0.0189 0.,0185
B-18-P 0.13%  [0.997| 1.003|0.99 | 0 0.0165 | 0.0165
[B-20-P 0.120 1.259| 1.032 | 0.92 o 0.0150 0.0202
p-21-P 0.130 1359 | 1.083 | 0.92 _ql 0.0112 | 050174
Wethod of filling bottle. |Date of |Date of  |Pressure
_ Filling, | analysis. |decrease.
B-17-P Chamber 15.10.52 | 17.12.52 | -0.000k
B-18-P Internal 15. 9.52 | 19.12.52 0.0000
B-20-P Internal . | 23.12452 | 3. 3.53 0.0052
|B-21<P Internal 23.12.52 | 1.5.53 0.0062

When comparing the analyses of these four bottles, it
seems as 1f the method of filling the bdttles is without influence
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on the results, the method of filling the wvials however may be at
fault in B-20-P and B-21-P. The important thing seems to be the
fact that the pfessures as measured in_Durham and Michigan agree
closely for B-17-P and B-18-P, but not for the two bottles which

showed a different composition.

As the adsorption of nitrogen and argon on the walls of
the bottles seems to be an unlikely cause of the observed
separation, the direct cause of it can only be ascertained after
several more test samples have been made up and analysed by the

same mathod.

As B-17-P and B-18-P however show no change in
composition, there is n§ reasoﬁ as yef to discard the results of
the stratosphere analyses, as there may have been some specific
and as yet undlscovered peculiarity about the bottles themselves
or the methods of filling them for B-20-P and B~2i-P.

(d) Ground Level Air Samples.-

During the experiments, each analysis of a stratosphere
sample was "sandwiched" between the analysis of a ground level
alr sample from the 1aﬁoratory immediately before and after.

The results of these analyses are given below.



T A B E_ 5.
He (%x107) Ne (% x 107) A (%)
5.253 ' 18.11 0.9292
5.311 18.15 0.9340
5;448 18.18 0.9350
50210 18.39 0.9311
5,290 18,42 ' 0.9378
5. 364 18.28 0.9471
5.274% 18.10 0.9350
5.411 18.51 0.9461
5.15% 18.24 0.9340
5.290 | 18.28 0.9350
- 18.13 0.9330

5.218 o 18.03 | o.9k3n
5.283 18.24 0.9350
5.290 : 18.28 0.9368
5.393 18.21

5.228 18.23

5.186 18.15

Mean '
15.285 + 0,010 18.23 + 0,020 0,937+ 0,005

These figﬁres are in fair agreement with those published
by Gluckauf and quoted in section 1. (Hes 5.239 + 0.00% ;
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Ne: 18.21 + 0.04 and A: 0.934% # 0.001) although he used 10 to 100

times the amount of air used in the pfesent experiments. (32).

Section U,
Iheory.

When the results from the analysis of B-6, B-8 and B-9
were available, they were thé first samples to show a composition
greatly different from ordinary air, and attempts were made to fit
these results into thé usual simple theory, using the barometric
formula (5%). That is, in a turbulence free atmosphere,the height
distribution of any constituent with molecuiar weight m in terms
of the numbexr concentration is.given by:

ho= Hy, explH - ()

where 22 is the number of molecules per unit volume at the base

of the layer. gz 1s the height above this base, and H is the
scale height.

Hl = RI , where R is the molar gas constant.
m -

]

The experimental results hovever did not fit in with this
theory. It was then assumed that no sharp boundary layer existed,
but a certain smount of mixing had taken place, and attempts were
made to find out what amount of undisturbed air haécbeen mixed
with certain amounts of thoroughly mixed air, both amounts in
terms of heights of layers, in order to give a separation of the

gases apprbaching the experimental results..
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The method adopted was a rather approximate one and
consisted of drawing graphs of density agginst height for the
different constituents at different temperatures, including ordinary
air from 0-10 km below'zo. The densities wererread at 1 km,
intervals from 10 - 1 km below z for air and from 0-27 km above

for He, Ne, N, and ;, and the figures arranged in a table.

2
For the sake of simplicity, the density was put = 1 at Z in all
cases., To find the ratio of He say, where the air was a mixture
of ordinary air from - 5= 0 kmg-énd separated air fromto—-+ 10
km. the ordinates of ordinary air were added up from O — - 5 km,
and those for He and N2 added up from 0* + 10 km. The ratio

is then the sum of the He ordinates plus sum of the air ordinates

divided by the sum of the N2 ordinates plus the sum of the air

ordinates.

This looked quite promising for a'single result, that of
B-6 where a mixture of ordinary air from -10 to O km. with
separated air from O—* + 26 km. would give the following ratios
(the experimental values are shown in brackets) 3

He/N2 s L1.45 (1.44), Ne/N, : 1.09 (1.08), A_/N2 s 0.93 (Q.93)

——t

The difficulty here, however, is what to do about B-8
and B-9, whose height of opening above that of B-6 is known.
It is pretty well impossible to assign any mixtﬁre of mixed and
umixed air to these two samples on the basis of what 1s assumed

for B-Go
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The last attempts made then were to assign an opening
height of B-6 in relation %o Zyy the boundary height, and presume
that the sample pbtained was an average for the height in which
the bottle had remained open. B-6 shéuld then represent the
average for (z) -- (z + 2.8) km, B-8 the average for (z+2.8) --
(z+5.4) and B-9 the'average for (z+5.4) - (z+7.6). The values
obtained for various heights and temperatures are shown in the
table to be nowehere near the values obtained experimentally,
and this method was finally abandoned with the conclusion that the

results did not fit any simple theory of gravitational separation.
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TABLE 6.
T = 280°
1st Bottle opened
' 2.90 1.43 0.588 B9
X - )"' lml- 2.28 1.32 .663 B8
1.72 1.20 .765 B6
. | 2.63 1.39 .615 B9
x - 3 km. 2.06 1.27 « 700 B8
1.5% 1,15 2804 B
2,38 1.34% .65 B9
X d 2 km. 1.87 1.23 .70 B8
1141 1.12 80 B
T = 220° K.
2.83 1.41 .60 B9
X - 105 ]ﬂno 2.02 1.26 071 B8
1.37 1.1 .86 B
T 2.61 1.37 .63 B9
X - o.)+ kIno 1085 1.23 .7,+ B8
1.21 1.07 .90 B6
o)
T = 15_g (]
3.32 1.45 .56 B9}
X - 0 m. 2.08 1-30 .68 B8 .
1.31 1.11 .92 B
T = 0 .
2.96 1.0k 59 B9
X - 0.6 lmlo 1.96 1.27 .7)+ B8
1.19 1.07 .96 BE

By the time the other samples had been analysed, however,
there was avallable a treatment of the case of partial
separation of the gases in the atmosphere of H.Lettau (38),

whose theories are the basis for the following discussions.

i o ka3 i oA R i o -
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Previous calculations (56, 57, 58), have been based on the
assumption that the atmosphere existed in one or other of two
well-defined states; the first being a state of complete mixing
caused by strong vertical movements in the atmosphere, whilst the
second state implied the total absence of vertical movements on
other than a molecular scale. In the first state (which certainly
appears to oﬁtain in the troposphere and lowepstratosphere) no
change in composition is to be expected with height. The second
state will allow an approach to a gravitational-diffusion
equilibrium in which the several components of the atmosphere will
distribute themselves in accordanée with the barometrie formula (l);

composition is consequently no longer independent of altitude.

These gravitational and diffusional forces will, oflcourse,
operate under all conditions, but it is clear that it may be
necessary to consider also the situatibn where they are supplemented
by macroscopic vertical movements which, although insufficient to
ensure complete mixing, are large enoughy.to disturb the
equilibrium distribution predicted by the barometriec formula,.

This intermediate case leads to a partial separation of -the
constituents of the atmosphere., It is also of interest to consider
the influence of 'sources' and 'sinks' on the resulting

distribution. This is necessary on account of the steady flow of

e e N I Y T & T TP . PP A S N o . AR,
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helium through the atmosphere - radio-active substances acting as
the "“source" and outer space, into which it is possible for helium
to escape from the upper reaches of the atmosphere, serving as a

[} complete list of the symbols employed in this'section will
be found at the end of the chapter]

Before proceeding to derive the expressions relating to this
intermediate state, it is useful to consider briefly the concept of
turbq;ence, and to find some parameter which can be used as a

quantative measure of the effects associated with it.

Large scale air movememnts take place broadly in a

horizontal plane, but the'flow is in general turbulent rather than
laminar. The small "eddies" which results from this turbulence will
give rise to mixing in a vertical direction on a scale much larger
than the molecular scale on which ‘ordinary' diffusion occurs, but
still on a scale small compared to global distances. (59,(60),(61),
(62)., The effects of this 'eddy diffusion' are thus in many ways
analogous to those of molecular diffusion, the differences arising
from the larger ?asses of material which are transported, and the
much larger distances covered by a single 'step' in the transport
processs in the lower parts of the atmosphere these differences in
magnitude are substantial, and eddy diffusion may be as much as 106
. ks as effective as ordinary diffusion in causing mixing. As the

pressure decreases, however, ordinary diffusion becomes more
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important and we may expect an ultimate approach to the idealised
Dalton atmosphere at very high altitude. |

Provided sufficient time of contact is available, the masses
of air transported by the eddy diffusion process will be able to
effect an equaiisation or éxchange of properties ("Austausch") and
it is clear that the same co-efficlent will be relevant to the
calculation of the transport of any property associated with the
pockets of air which ére exchanged. This concept has prdved_to be
of great value in modern meteorology, and can be applied for example
to the distribution in the atmosphers of dust particles, heat '
c;ntent, moisture content, or any other property which can be

expressed in terms of the-mass of air involved.

Consider a horizontal area f across which, in a time t,
masses of air M3 are being transported from a mean distancejf,
measured from this boundary. Then if 8 represents some proﬁerty
of the air, expressed per unit mass of air (e.g. dust content
/g. air, moisture content /g.air, ete.), then it can be shown that
(59) the net flux of this property per unit area and unit time

across this boundary is given by
S(s) = — : ¢S M -
O =-4x 5 {Z - 2)
If we put ii.M. == A w'jé get S(s.) =—A g—i— -3

- - . ")where A is the "Austausch" "Coefficient",

and has dimensions'é/bm.sec. A more exact analogy with ordinary

diffusion is obtained if we replace the property s per unit mass of

air by the corresponding property per unit volume. Then @

~at.
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S =-4.95 2. 0.28 _ W
P z oz

Where D =4Afp = p 4 25;' - ($

D is the “coefficient" of eddy diffusion, with dimensions cmz/sec.

_It may be noted fhat the coeffiqient of ordinary diffusion
is proportional to the product of molecular mean free path 1,
and molecular velocity'wa, whilst the coefficlent of eddy diffusion
is proportional to the product of the turbulent mixing path, 1_ and

D
the mean turbulent mixing velocity W = ¥

L els o

Wa'and 1d are of course unique functions of the pressure
temperature and composition of the region of the atmosphere
considered, 1D and Wb on the oﬁher hand, depend.on a variety of
less well defined conditionsj weather, season, latitude, as well

as altitude (62). D has been estimated to have a maximum value of
about 108 cm2/sec. We are not, howe#er, concerned with regions of
very 1arée D (where the mixing will be virtually complete) but

rather with those regions where D =~ d

e ®

It is convenient to define also a'separation factor ' Q.

Q'-- -T%LT = .]in;__‘ - (6)..

which is more useful than the ratio d/D which could also be used as

a measure of the general state of mixing at any point in the

atmosphere.
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Since d and D are both positive quantities, it is clear
that Os Q< |

The two limiting cases are apparent; wﬁen R=1, D=0,
and the Dalton atmosphere, with maximum sepération, results.
When Q = 0, D 00, and complete mixing is to be expected. The
intermediate case, with 0 « @ <1 describes the state of partial

separation which we will now discuss.

We shall restrict consideration to an isothermal atmosphere,
with uniform gravitational field, and an assumed absence of
horizontal variations in properties. Our interest centres upon
three gases, He, Ne ahd 4, which are present in such small amounts
at least up to the heights so far investigated, that we can safely
neglect their influence on the bulk properties of the atmosphere,
especially on the density. Further, it would appear reasonable to
regard the bulk properties of the . atmosphere in which we are
interested as being those of a pure nitrogen atmosphere with the
same préssure and distribution. These simplifying assumptions
resolve an impossibly complex multi-component system into three

separate two-component problems.

By a simple hydrostatic argument, one can show that

. i’ ==[E:a?’“5 -

(7
%/ m.s)
where H, the scale height = m.g.
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The net flux of molecules of type s crossing a horiztontal
unif area can be regarded as the resultant of several component

. fluxess

.s=s&+.sbi-$*>‘¥»f.s°+s‘I -(a)

The jonisation flow, SL, arises from the interaction between
ionised gases and elec%ric and magnetic fields in the upper
atmosphere, and can only be of significance above the highest levels
with which we are concerned. We shall therefore put S, = O

throughout.

The basic flow, So, may be of importance, as mentioned before,
in a case where there is a steady transport of gas through the

region considered.

. Gravitational flow, S;, is always present, and is given by

S¢g = Mo g = - ,',i:”h' 9-8. mol/cmz/sec - (9

Where Bs is the mobility factor for gas s in air, and represents

the drift velocity under unit impressed force.

Molecular flow, SD, acts in such a way as to tend to

reduce concentration gradients:

. 2
'SD ==,d.‘._%g£ mol./cm sec, - (10)

—

The flow due to turbulence can be expressed:

S, — a’?’ mol/em sec. - (L1)
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Sﬂ-"'-'- —H'_%% (’2)
Sm-afp-dge )
% =232 +4 | (»

7
Since f =,o°-e

(iv),StationaryStates For Permanent Gases,

For a quiet atmosphere , S = 0 ,and we have the case of

pure gravitational-diffusinal equilibrium,where:

_\2_-.—5 ' 049

prL

We then have:

ng-4y=d, -ga . (9
-%gs
From the hydrostatic argument, h; =lg,.'e
so that: %% = _,Z‘_.(_%.#j
(e
and % = i’-l%'—'—'ﬁ#-
Putting ﬁ_ = %;:—'2 ,we have
mg = Gurl (7
==y
Thus : u == d; (ps ) 0”
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This downward flow, SG,- due to gravity, is balanced at
equilibrium by an equal but opposite flow SD, arising from molecular

diffusion,

In table 7, are listed, for each of the relevant atmospheric

gases, the molecular weights, msg the relative mass differences

ps; the molecular diameter, &;, in units of 10"8 em; the mean
molecular velocities Es in 107 cm/sec; ds in cm2/sec. at NeTePey

K (= ds/d); and fina,lly@g@ in 1073 g/cm.sec. (p for air at N.T.P.
=1.29 x 1073 g (en3). Values for o, and Cq are taken from

Jeans; Kinetlc Theory of Gases (63).

I 4 B L E 7

Gas mg Ps Js Es dg k, (deso) .
H, | 2.015[-0.93 |-2.72 |17.0 |o.664 | 3.71 | 0.857
He | 4.00 [-0.86 | 2.18 [12.0 [0.580 | 3.24 [ 0.748
ve | 20.2 |-0.31 | 2.60 | 5.38]0.275[ 1.5% | o0.355
N, | 28.02| 0.00 | .3.78 | w.5%o0.178| 1.00 | 0.230
0, | 3 0.105 | 3.62 | u.25]0.180 | 1.02 | o0.232
A 39.9 | 0.38 | 3.66 | 3.80]0.169 | o.9u4[ o.280.

When the contribution of eddy diffusion to the mixing

process cannot be neglected, a further term must be added:
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i.e.
_nd@m _ 43m - o{am+7g,} eo
24 | (¢2))
‘z %[74% ' /}
writing QJ =—3/i_. ,we have _%& =_h'/_.(qz'+/)& @)

d +b
Integrating, and introdﬁcing a boundary condition, we have

4(%) = _/%_fo,-&-; @y

.Since Lnex, =l /.’J.. .zu(/,,.) ,4..[%‘)-_--5-

we can write: AO& = "-/é- Q,aez ' (2.49
&
or, introducing: § =4 Q‘Jz 29

%g_,aﬂ'_”é o

If « is not too different from unity,we find:
: —
A = [- A2 (22
> v .

Q.s is of course,a function of height,through the height-

dependence of A.

-

In general,one has no prior knowledge of A as a
function of 2z ',énd it is therefore convenient to write Qg

as a Taylor 'selfe-’ :
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W=QER - g IR JEafr . (0

We can choose %, as the height at which Q, departs sen-

sibly from its zero value.Then Qs =0, and Qg (z) is defined
only for z zy.H is introduced in order to obtain dimension-

less mmmkawim coefficients.From (24) and (28),we have:
= - 2~ le-2,\2 QY -2)° .} 29
Ao s EZQ&(W‘) + Sl & A - 27

Qs showever,is zero, and to a first approximation,terms in
"0
z of powers asbove the second can be neglécted. Then:

hey == B () (59

or -ngﬁuﬁ =»é§(&£§:' | 31

With this spproximation,it follows that:

bdfts -] e

or D=%/[07/Z"_—4)-_/7 33

As remarked earlier,the value of D(or A) is essentially

a property of the local circumstances at the particular point
in the'étmosphere being considered,and is influenced very
little if at all by the nature of the transported propert¥.
(59,60).D should therefor be the same for all three gases
considered, although Qg(and hence Q4)will vary through its de-
.pendence on dg,which is,of course,a specific molecular prop-
erty.It is convenient therefore to consider the "ordinary

separation factor"

uty.

Yy
B .. o 4
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d /.
Q = /(dilD analogous to the "special separation factor", for
the gas s.

As/d )
Q = ( g *+ D). These are simply related:

® = & -
® ks +Q, (1= ]| - o)

or, for small values of Qé,

onl/[%. - (38

where Ke =:d%/ﬁ

Equations (26) and (34%) enable us to see readily the
comparative sensitivity of the various constituents of the
atmosphere as indicators of the degree of separation. Taking the
6zvgen/nitrogen separation as a standard, we find @
P = (p;aL) 1// (PEGQ)Q::;

is a measure of how much more sensitive than ozygen a particular

gas is as an indicator of senaration. For small,values of 5,
f =(p"kf"_) / (P‘-‘?‘%_)Pﬁ;;_

and this quotient is shown, for a number of gases, in Table 8.

It may be noted that this factor involves the diffusion co-
efficients as well as the masses of the molecules concerned, a

fact which 1s often overlooked.

Compsrative separabllities .of various atmospheric gases.
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| TABLE 8.

Ges | ke 22| Paks _@éié/(ﬁ,k‘)gi
Hg | 3.71 —6.93 , -3.,45 (=) 32.5 h
He® | 3.2 | -o0,86 _2.78 | (=) 26.0
Ne 1,54 | -0,51 -0,483 | (=) 4.6
02 1,02 - 0,106 | 0,107 1.00
A 0,94 | o8 |  o.m7 5.4

(v) Stationary States For Gases with Basic Flow.

- Aterm S, must now be inecluded in the equqtiom of conti-

nuity,which will now read for a steady states

S=$ +5 +5+5, =0 (3¢)
~ .
- | ) P ) L _ _
agp - 43 -2 a)es -0 62
It is more convenient to work in terms of \g (.—. q‘/o)

so that l}=r)-g

and %.% ..-:.?z_(hg) = n-g_g -_— \}ﬁ ' | (39
" Then:
Ry —(@Dn-3% «, =0 - ey

Whence, integrating and introducing \gg = ‘{- at z=6




i & [exP(u*E‘J@ "e‘) “g%s;—[/— exf(_%_f@&Z] - 7%
%(, _‘f_ - exp(-2 G&){%-exp(_ﬁ‘/@‘!g]é{)

When 6;=O, a=op = ekf(ng‘&) (cf; eq., (24),where

05’ is the separation expected for a permanent gas with no

basic flow,When the expression in brackets is not too

different from unity,we can write:

qul&q +A/)*‘%_[/—exf@[g’,&22}
_&_/g&——gfqé ~dand’ #f&“{‘ @

#.
Whence f%a& =‘[/ *i‘)Ti/j"/Qf& (l/‘y
and since { / +V)/: ngd is independent of z,

% %[ p,nd } : (4/4ﬂ

qg defined by (42),1is the "apparent separation factor".
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From (44), we see that:

5, ’[J%S’}-.‘

ordinary senaratlon factors q,Q,

s“g[Q]%& ] o 4.

It is thus possible to inter-relate the basic flow, So, and

or, in terms of the

the relative extent to which the apparent'separation factor, q,

differs from the separation factor Q, for a permanent gas.

It may be noted that whenM ﬁ"&) = I.)oc is identically

unity at all helghts. This critical source strength, at which the
basic flow just.balances the gravitational flow, can be calculated
for 32 and for He (the only atmospheric gases fqr which there is a
genuine basic flow) from the data given in Table § . | It is clear
that, given a sufficiently large basic flow, it is easily possible
to achieve a situation where the lighter gases do not become the
major constituents at any altitﬁde. A similar cagcellation of the
gravitational flow can be effected by iogisation flow, although

as pointed out earlier, this doesmat become significant until one
'reaches altitudes much greater than those studied in the present work.,
For positive values dfvso (that is, upward flow) we see from (44),
that qs< Qo for gases lighter Ehan air, and 9, > QS for gases

heagvier than air.

e e e e T S
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Calculation of critical .values of basic flow for H_ and for He.

| i H, He 'f .
e — SRS SO
» _ 13.5 x 10 12 14.2 x 10 mol/em
 N.T.P.
0.664 ' 0.580 ' cm2/sec. .
-0093 -0086
!-\)s, 5x107 5,24 x 1070
~7 ~ -7 |, 2
So critical 1.1 x 10 9.5 x 10 mol/cm /sec.
, ' - 3 '
'55/ n : 2 17 m /earth's surfaced
. N,/ Fec ,

The significance of these results will be discussed later.

Of the samples with a composition different from ground
level air, only the first seven have been used in these calculations;
" that is, the theory has only be applied between 55 and 71 km. Two
samples were availéble from greater heighté, but these were excluded
sihcg the rate of change of composition appears to fall off rather
shafply above 71 km. This may be due to an increase in turbulence
_ in the 70-80 lm region, but may, on the other hand, simply reflect

the greater experimental errors resulting from the extremely small

gquantities of air available (2.5'ﬁmq3 HTP fgpm c.3)
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For each of the seven samples, the value of-1/pg lneg s has
been calculated from the wvalues of A quoted in Table 2 of Section
3. The respective mean heights of these samyles have been
reduced to the dimensionless form (%f%%) using z_ = 55 km. this
height being choéen as a suitable datum level accérding to Fig.l3.
The scale height H was taken from the compilation by the Rocket
Panel (67) (see Figure 14). The neon value for C-5 has been
disre-garded on account 61“ a suspected contamination with hydrogen.

T A B L E 10,

He. - Ne., A, z:_z_g_

o . | Jabei| o, |“/afwl <, | et B
B-13 [ 1.000 0.000 1.005 | 0.016 [ 1.000/0.000[0,214 |
PB-15 | 1.035 o.o41 | 1.008 | 0.026 |0.996|0.011]0.565 é
LC-ll-B 1.133 0.135 | 1.040 | 0.126 |0.962]0.103{0.765 |
B-6 | 1.44 o424 | 1.080 ]0.248 |0.93 |0.192]1.495
e-5 | 1.57 0.523 (1.23) H@.66§) 0.90 |o0.276|1.865 1'
[B-8 | 2.02 0.816 | 1.18 | 0.536 |0.89 |0.308}1.988
B-9 |2 1.022 | 1.20 | 0.587 |0.85 |0.u28] 2,115

The results for each of the three gases were then fitted to
equations of the type
Y = A + Bx2
by the method of least squares. The constant A was introduced to
allow for any uncertaihty in Zo.

The equations obtained were:-
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1
Helium: -/ lney= 0,010 + 0.175 (4382 )2

Dy
Neon: X/ 1nax = 0.026 + 0.106 £2=20 )2
De - H .
Argon: Y lnek,= 0.046 + 0,067 (Zz20) 2
Ds H

Curves drawn with these coefficients are drawn in Figures
15, 16 and 17, with the corresponding experimental points

superimposed.

According to equation (31).
Qs [2=z0\2 . .
-l/p Inae 5 = 5 H ", and we can therefore identify the

co-efficients of (Z§Z§5) with the corresponding Qé values. Using

equation (35) to relate Q} and Q', we obtain the following data:

A

Qg e Ks. Q'.
e | 0.350 | 3.24 0.108
e “]0.212 1.5% 0.138
A ’ 0.13% | 0.9% 0.1k42..

For neon, which has no basic flow, and for garon, whose
basic flow is negligible, the values of Q' are in good agreement.
Helium, on the other hand, which is produced in large amounts by.
radioactive decay of materials in theerth's crust, and which is
certainly subject to loss from the upper atmosphere into outer space,
yield a value.of q' which is significantly 15wer, as is to be
. expected for a gas with appreciable basic flow. Applying-equation

(45) we can deduce the magnitude of this basic flow:
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(6.140 - 0,108) x 17 m3/sec.

3.9 m /sec (from the whole globe).

{on)
A

. It is difficult to obtain an accurate estimate of the

total rate of production of hellum. It has been estimated by
Rogers (66) to lie between 0.25 and 1.0 m3/sec and by Gutenberg
(58) at 10 m3/sec. These figures are roughly confirmed by a
calculation based on the averahe uranium and thorium contents of
the earth's crust (4 x 10_6 % and 13 x 10-6 % respectively) (65).
Taking the mass of the earth's crust as 4.7 x 1025 g, this yields
a rate of helium production of 1.3-m3/sec. The value dedﬁaéd

above is seen to lie within the range of these estimates.

The current rate of addition of argon by radiozctive de&ay
of 40K is negligible compared to the argon contenf of the |
atmosphere. In any case, the basic flow treatment cannot be
applied in an unmodified form, since the gravitational forces
acting on an argon atom are sufficiently effective to prevent its

esca~e from the top of the atmosphere.

The values for the Austauéch cﬁefficient have also been
calculated farékﬁfv = 0.2 - 3.0 and the results are shown on
the accompan&ing curve (Fig.18), using the average value of
0.140 for Q' and (d/o ) = 0,231 x 10-3 -.gm/gr.n. sec.

From these wvalues of A the coefficlent of eddy viscosity was
estimated, using the values for density adopted by the Rocket
Panel (67). The result is shown gravhically in Fig.19, together

vlth balues for d Uhlch increasas exponentlally with h%ﬁghgémgn
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* curve is also shown Q and the theoretical curves for He, Ne and A
calculated from the equations above. The points shown by circules
éra the experimental results from the present series of experiments.
The.dotted lines on Figure 19 indicate expected values assuming.
vertical circulation to increase materialiy from about 73 km. onwards.

It can be seen from this that the results from Cl and C3 may not be

inconsistent with the theory of eddy diffusion.

(a) Gepgral.

The results outlined above seem to point strongly to the
conclusion that, in the region between 55 km. and 70 km. there is a
marked reduction in the extent of turbulent mixing in the
atmosphere, so ma{ked in fact, that a significant state of partial
gravitational-diffusional eqilibrium exists. Below 55 km. our
resultg indicate that effectively complete turbulent mixing occurs,
whilst 2bove about 70 lm. it seems probable that the same state 1is

found.,

Lettau (38) (62) has based calculations on determinations
of atmospheric oxygen by Regener (40) and deduced that a similar
partial separation occurs between 14 and 27 km. Helium analyses
by Gliickauf and Paneth (37,31), do not show the corresponding
variations in this region, and Lettau has used this information to
prove that the basic flow of helium must approach the critical
value. The present analyses for neon and argon (which are not

subject to ﬁncertainties arising from basic flow) show that this
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interpretation cannot be correct. At 55 km. both neon and argon
are present in proportions which agree with the grouﬁd level values
to Within 1%. As mentioned before, the sampling and measurement
of oxygen i; a notoriously difficult and unreliable prodedure, and
it now seems clear that Regener's results are not truly

representative of the composition of the upper atmosphere.

One of the mazin objections that have been raised against
the existence of a comparatively quiet layer of air between 50 and
80 kms. is the fact that the temperature gradient is negative in
Just this region, whereas it is positive both above 80 and below 50
kms. However, as long as the rate of decrease of temperature is
less than that obtaining during :adiabatic conditions the air masses
are perfectly stable although not to the same extent as for a layer
with increasing temperature. As the temperature decreases by
about 2o per km. between 50 and 80 kms (67) it can be seen that,
as this is much less than the adiabatic gradient, this cannot

itself cause strong vertical movements in this region.

Physical evidence about vertical winds at high altitudes are
rather scanty as most experimental methods are based on the
assumption that the vertical components of the air movements are
small (68). Weisner states that this is reasonable on theoretical
grounds for most altitudes in the range between 30 and 80 kms (69)
and then proceeds to calculate horizontal wind speeds from acoustie
data obtained by expléding grenades at different heights. The
thing wotrth noting about his results is perhaps the fact that he

finds a maximum in the wind speed at about 50 kms. in every instance

e . e . -

|
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after which there seems to be a gradual decrease to about 70 kms.

after which the horizontal wind speed tends torincrease again.

More substantial evidence is available in the conclusions
drawn by Liller and Whipple, from their investigations into high
altitude winds by meteor train photography (70). They found the
winds changed rapidly with altitude, having a maximum shear of 50
m/sec., per km. on average and suggested that about half the
avallable kinetic energy of the high altitude winds is contained in
large scale systematic motions, the other half in small horizontal
eddies of the order of 50 kms. in diameter and a vertical
turbulence of a few kms. Turbulence elements as small as 1 km.
they state, are just possible over the range of.altitudes covered
by their observations, 80 - 130 kms. This last piece of evidenca,
fherefore, although it may not actively support any asstmption
about a partially separated atmosphere between 55 and 70 kms. does
not disprove it either when considered together with Weisner's resulte
More data on the subject are needed, however, before any further

conclusions can be drawn.

One objection to the state of partial separation, however,
is rather serious, namely the time it would take for a fully mixed
atmosphere to change into one which is partially separated. This

time is quite considerable for heights below 100 kms. according to

~the calculations of Lettau on the basis of the eddy-diffusion theory.

Table 12 gives some of the results taken from his graph (62) of the
height variation of minimum values of the transition period & ts

kY
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for argon in two'different cases of initial and final diffusion
conditions, The two cases ares; (a):from § = O, (a fully mixed
atmosphere) to E.=l,(a fully separated atmospliere); (b):from
Q =1 to Q = %‘1025 . The times needed in the case of helium and
‘neon would of course be less (58,46).

For the seke of comparison, we give also the times calcu-
leted by Epstein (71) for 50% attainment of the equilibrium sepe-

ration,starting from a fully mixed atmosphere.

T A B L E 12,

t. | At -
. | =0, Q=1 Q=1, Q=1/3% 10 50% separation
(Lettau) _(Lettau) (Epstein)

1 ~ 10000 yrs. ~ 10 days -

lo ~ 5x104 yrs. ~ 80 days -

o5 | ~ 10%* yre. ~ 30 days _

50 ~ 500 yrs. ~ 8 days -
100 ~ 1l yr. ~ 5 hours 6.4 years
120 ~ 30 days. ~ 1 hour 180 days
150 ~ 1 day ~ 5 mins, | 7 days
200 | ~ é_mins. ~ 10 secs, 12 mins,

It can be seen from this table that although it would take
several years for the state of complete mixing to chenge into-a
state of maximum seperation in the region under consideration,
thgéygré%ébly not as long as previously assumed,and that the re-

verse process will also need some time, Whether a change can

T,
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take place under these conditions may seem doubtful at the moment,
but it is not possible to state anything for certain as yét until
more data are availlable about the vertieal circulation at these

altitudes.

(b) Reliability of Sampling,

As previously mentioned, we have ruled out from the start
any consideration of the oxygen content of our samples; the area of
metal accessible to the gas in the sample bottles is more than is
needed to absorb all the'oxygen as a monolayer. In most of the
samples, certalnly very little oxygen was found. We have
céncentrated attention entirely on the noble gases and nitrogen.
Chemical effects, which are not to be expected with nitrogen anyway,
can be excluded by the fact that the deficiency of argon and
surplus of neon correspond quite accurately; had any nitrogen

been irreversibly adsorbed on to the surface of the steel bottle,

this result could not have been a2 chieved.

The other objection which has been raised against some
previous work refers'to the possibility of effusive separation
by the inlet tube. In the present work, the diameter of this
inlet tube was chosen so large (3 cm) to eliminate this possibility.
It is disturbing, nevertheless, to find that the amounts of gas
collected fall short of the quantities predicted from the known
ambient pressures and rocket velocities. The relevant information
is c¢ollected in Table 13. A consideration of these data has led
Martin (45) to suggest the possibility that mass discrimination by

e e ies e O S
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T A B L E 13,

Pressures expected and actually observed in sample bottles from
various altitudes. All pressures recorded in microns of mercury;
ambient pressures taken from the smoothed curve given by the
Rocket Panel (67).

- Pe Pe,f.

B-13 1;5h 3.57 321 1150 628
B-15 1.38 2.98 182 541 | 477
£-11-B | 3.30 [14.50 105 1522 37.1
B-6 177 | s 72 3 3845
-5 3.20  [13.67 | s 18.9
Beg | 1.73 | %.36 | 18 209 20.2
B-9 T.49 [ 3.37 | 36 121 21.6
C-1 2,64 9.48 2.2 a1 1.b
£-3 2.36 | 7.67 1.2 9.2 0.3
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the inlet tube is present in spite of its large diameter. The
results of his calculations are drswn in Figure 20, in which ln«
is plotted against height on the assumption that the increasing
separation with height is due to the increasing importance of the
"molecular flow" contribution to the passage of gas along the inlet

tube.,

The agreement between experiment and Martin's predictions
ié tolerable, but is not so good as that provided by the theory
outlined in this thesis. Furthermore, Martin's suggestion implies
the existence of some higherto unknown aerodynamic phenomenon
which results in the effective 'choking' of the inlet tube at the
high supersonic velocities which are involved. It is only fair to
add thet no experiments have yet been made to prove the existence

or otherwise of such an effect.

At present, the balance of evidence seems to suggest that

these separations are indeed genuine, although a definite conclusion

should rest upon a decision between the two conflictory explanations;
partial gravitational equilibrium, and mass-discrimination by the
sampling system. A roéket flight which should provide such a
decision is currently planned; it is intended to take three
stratosphere samvles at the peak of the rocket's trajectory. The
three sample bottles will be opened simultaneously; one will be

left open for a longer period than normal, and one will have a
larger-than-normal sampiing orifice, At the peak height, the rocketg
velocity will be definitely subsonic, and it is hoped in this way to :

demonstrate the existence of any discrimination by the inlet tube,
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Unfortunately, the planning of such sn experiment is a lengthy
matter, and the results are not likely to be availzble for a

considerable time,

=0=0=0D=D=0~
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U.

Mobility Factor.

-em
Méan Molecular Velocity /sec.

_Austausch Coefficient & fem. sec.

2

: cm
Coefficient of Eddy Diffusion, /sec

Coefficient of Molecular Diffusion for

2
cm /sec.

= \[Eiz + §52 !

?
1
3T n L/a (0" + a;)]

Area, cm2

Acceleration Due to ‘Gravity, “/sec.

Scale Height, cms.
dg
=\ "°/4

Molecular Mean Free Path, em.

Turbulent Mixing Path, cm.

Molecular Weight.

molecules/ 3

Concentration,

em N.T.P.

Molecular Weight Factor.

Secparation Factor.

Apparent separation Pactor.

Molar Gas Constant.
molecules/
Flux, cm

Property of Air, expressed per wiit mass

Temperature °k.
Time, secs.

Molecular Velocity,

+S€C,

/sec.

gas s through N2,

of air.



w. Molecular Mean Free Velocity,®™/sec.
Wp Turbulent Mixing Path, ° /sec.
Z Height, km. '

O" Molecular Diameter, cms.

P Density, B femd

y =:és o)

The symbols when used without subscripts refer to the
atmosphere generally (taken as N2) at heights z > z .

The subscripts

o $ refers to the datum level, z & z,
p § refers to permanent gases in the atmosphere.

s ¢ refers to mdlecules of the kind s.
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