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SDHMARY
An appsratus has bYeen constructed, after the
ﬁaf.tem of that used by Paneth and Glgekauf. for the
measurement of micro-quentities of helium and neon,
The apparatus has been usad %o study two prodlems
% The helium contents of eeveral samples of coloursd

rockealt (violet, yollow and blue) have deen measured end

a eorrelation between helium content and colour found, The
blue variety was found to contain the reiatively greater

quantities of helium and the violet the least, Tho

irradiation origin of the colours was confirmed by measurement
of the sbsorption spectra of the samples end alse by the
permanency of the decolcurisation effected when the samples
wsro heated. | | 4 |
 The holiuwm contents found Panged frem 21,6 x 10°7
oca. He Mo TwPe / om0 to 0;86 x 107 cos He N, ToP. /g, These
valuee cannot be acrrelaté&. with the U-Th contents of the
eamples and ﬁm age attridbuted to the deposits frem whieh
they came, Haln's hypothesis relsting to the origim of the
excess helium was ascepted on the basis of the relaticn
between helium content and colour, though an alternative
source for some of this helium was suggesteds

The relation betwesn helium content and colour
was Satiefactorily explained essuming impurity sensitisation
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of the rockealt towards colour formation, Chemieal
analysis of the samnles led to no speeifﬁc sensitiser but
the general level of impurity in each sample was in agresment
with the sensitisstion essumed on consideration of helium

contents, Possible mechanisms for sensitisation by divalent

'poeitive and negative impurity ions were advenced,

The diffusion of helium in rocksalt was detected

. and the diffusion coefficient, D, measured at various

tezhperamrea" P, Volues of log D were shown to Dear a linear

’ relatienship to 1/T in a_greément. with the equation for

activated diffusion,
Dw 13,3 exp, (-E/RT)

' The value of the activat:lon energy, B, was found to

be 13,2 K cals/mole and the value for Dy equsl to 3,8 x 1070

emsS/eee, The result was campared with other values for E,
The diffusion wac probably "volume" 4iffusion,

2 The light elemsnt spallation products 4o, SHe ana n
wére measured in steel after banbardment with 340 lev protons,
The helium was extracted by dissolution of the steel in

“euprie éhlor-ide - potassium chloride reagent, After

purification &nd measurement it was collected and examined
for the isotopic ratio OHe s 4He. Values found.for this
ratio were from 0,0568 to 0,03232,

The tritium content was measured on different

- . samples by & variety of mothods, two different methods

giving the game upper limit for the yield of tritium,




The ,valizes for the ratios aﬂ/"ﬂa and '?"H/%e were found to
be about 0,088 = 0,036 and 1,87 respectively,

‘Comparison with theory ws made afier allowance was
made for the fact that the excitation energies of the
nuocleil concerned in evaporation were not that of the
indident protons i.e, 340 Mev, PFair agresment with these
~ predictions was found in the experimental data though enly
qualitative sgreement with Le Couteur's nuclear evaporation
~ theory could be claimed, |

- oo ) = w
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;nt;rgg‘. notion
The micro-determination of Heolium

éince tshé diecovery of radiosctivity and the
{18entification of L -rays as doubly charged helium iona,
interest has become intensified in the micro-determination
of helium, especially with 'reapect» to that which sccumulates
in .rodks. minerals and mateorifes ae a result of the deeay of
the minute radioactive inclusions in these meterials.

Taken in conjunction with the smounts of uranium
gnd thorium present, the helium oontent can be applied to
dstermine the age of a particular material, provided, of
 gourse, that the meterial in question rstains helium
quantitatively and the rates of o =decay of uranium and
thorium are knowm (1) This method has been extensively
_epplied by Profésaor paneth to the determination of the ages
of meteorites (2) though here the scheme requires some
modification since it has recently been shown thet helium
may be produced as & result of cosmic ray influence, (s)

Other interest in the determinstion of hellum lies
in its content in the atmosphere and the older method of
purification, by removiﬁg all other gasaes present dy
adsorpﬁen on chercoal at the temperature of 1iquid nitrogen,
requires seme modification because of the presence of neon,
which 18 not completely adsorbed in this process, (4) The
newsy method developed by Paneth and Glucksuf uses several
charcoal units cooled to 1liquid nitrogen temperature, over
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which the mixzture of gases is paased in turn, (5) By virtue
of the differencs in the extent to which the two gases are
&dgorbed on chareoal, the mixture, as it pagses from unit to
unit, becomes progressively richer in helium (einee this is
least adsorbed) and poorer in neon - & prooess resembling
chromatographic separation,

The apparatus construeted for this resesrch follows
the pattern of that used by Paneth and Gluckauf in their
work on the rare gas content of the atmosphere. (6) It im
thus designed for the estimation of neon as well as helium
end although occasion does not arise here rpr any estimation
of neon, a determination of the helium content of laboratery
air, in which separation traﬁ neon ie essential, serves as

" & spesdy chack on the corrsct functioning of the apparatus.

Briefly, the apparatus consists of a.veasel
vherein the gasea e¢ontained in the-material to bs examined
are liberated, in this work exelusively by solutiom, though
fusion metheds have also been used by other workers, (7)

A aoureelof'héliumwfree oxygen is supplied to this
vessel to sct as carrier gabvand effoct the eomplete removal
ef other geeses from solution, .

The gasee freed in this way, aleag with the excess

- oxygen, are transferred into a closed system whers they are

circulated over a heated palladium wire, which serves te
remove gross quantities of hydrogen as water, (8) The
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- water g0 produced together with any other water which may
have passsd into the eirculating system from the dissolving
vessol, is retained in a trap cooled to the temperature of
liquid nitrogen, }
From the eimulating. system the gases are transferred

to 8 fradtionating colunn which consists of 15 ocharcoeal units,
‘gach cooled in 1iguid nitrogen and wherein the oxygen ( and
most othor gasesn) 12 retained quantitatively and hellum and
neon separated as indicated above, The fractions emerging
from the column are collected in a large buld (hereafter called
the Compression Bulb) of about 1000 ces, capasity, Since the
inter-connecting dead epace ie rsduced to s minisnm, it can
be stated that substantially all the helium is eonﬂmd in the
tuld when this i¢ eeparated from the column with mereury.

| After colleetion of the sample to be mesasured, it is
then compressed into a8 volume of about £ cee, prior to
amnittanea into & Pireni gauge which serves to measure the
emount of helium collected, (9)
- Immediately following each measurement of sn unknown
amount of helium, the Pirani gauge is ealibrated against a
known smount of speetroscepically pure helium, This pure
helium is obtained frem a reservoir and measured in a McLeod
gauge. (10) BExpansion in a system of pipettee of sccurately
known volume, then gives an smount of gas suitable for
admittance into the Pirani gmuge for calibration purposes.
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, The apparatus is designed to measure aemntoﬁy
19":’_%@&. of heltum at H:TuP. The quantitien measured are

in general of the erdexf of 19"5 to 19“”7 e¢es, of helium at
NiTeP., with an accurscy somewhat better than one per cent.



Native sodium chloride or rocksalt oscurs in
mineral deposits in varicus localities widely Aispersed
sround the world, The deposite are believed to De of marine
origin, 1,8, by the evaporation of sea waters which have over-
flowed into natural basing situated where the deposita are
now ioaated. One such basin 1s thought to have been centred
in N. Germany and to have embrased the British Isles in ite
wootern extremity, thus giving rise to the ealt beds of
Britain and the more extensive deposits of N, Germany, vhen
the enclosed wasers evaporated, (11)

In the course of time, the deposits have become
covered with a thousand or so feet of reck and have thus been
subjected to varying changes of pressure snd temperature,

Insofar as the German deposits are concernsd, the
rocksalt occurs in two distinet laysre, am elder or primary
laysr and & gecondary younger layer, sleong with deposits of
carnallite, gypeum, eylvine and other closely associated
minerals,

The form of the Stassfurt (Germany) beds,

' beginning with 8 basal layer of anhydrite (Gas0g) and
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~ gypeum (0aS0,. 2HL0) im:- (18)
‘ (1) 01a rocksalt layer (primary), |
(2) Polyhelite layer. 91,2% NaCl., 6,6% pelyhalite,
(CasS0,.MgB0g. EgB0g. 2H50)
1,5% Bischofite. (MgClg.6M30) and
0, 7% anhydrite,
(3) Kisserite layer. 65% NaOl, 17% Kieserite, (MgS0g.Hg0)
13% Carnallite (XC1,MgOlg, 6HgO.)
‘ 5% Bischofite and 2% Anhydrits.
(4) Cernaliite layer. 56% Garnellite., 288 NaCl, 16%
| kzeserite and 4% other ealts,
(5) Grey salt elay. |
(8) @ypsum and anhydrite layer.
(7) Young rocksalt.
(8) Clay, soil, ete..

The camposition of the rocksalt layers (13) im
generally 98-99% eodium shloride (shough this valus may be as
low as 95%) asspeiated with the sulphates and chlorides of
magnesium, caleium and potassium in varying proportiens,

' 8ylvine, which occurs belew the secendary roecksalt
. layers, contains about 98X potassium chloride and is
similarly associated with calcium, magnesium and sodium,

The theaz& of the marine'@rism of these deposits
is hendsomely supperted by the work of J.J, van $'Heff, whe
studied the solubiiities and conditions under which salte and
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mixtures of salts exist in equilibrium with solution (14),

but the complete atructure of the bede as given above |
indicates that & somewhat more complicated process had been in
operation than the straightforward eveporation of sea water,
Thus, layers, 1,9,3,4 and & might well have arisen by the
-@vaporation of aéa water, but continued evaporation cannot
have led to layers 5 and 6, It oven seems uniikely that these
iayers arose by a fresh influx of sea water, after the

"~ deposition ot the primary layers and subieq\xent evaporation,
In this csse, one would expect to find aseocisted with the
gecondary layer, layers corresponding to 2.3 and 4 in the
primaxy layer, and this' is not so,

Purther, the Ca content of the dsposits ie far in
excess of that to be expected on the basis of simple
evaporation of sea water, (15)

| Ons ip thus 14 to the conclueion that the inlend
eca from which the deposits. cri_gimted has besn fed by fresh
waters snd that this water introduced the excess calcium,
Furthet' aotion of such fresh waters after the laying down
of the primary deposit, would leesch out the more solubie
constituents of the primary layere, e,g, sodium chloride
and potassium chloride and re-deposit them on subsequent
evaporation, Thus, provided the fresh waters do, in 'faet.
contaln caleium, one can sccount for the secondary rockeals
layer, the sylvine layer and the additional layers of m‘sum
and anhydrite,
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So far, the ages of the two rockealt layers have
been referred to as old and young with no indication of the
actual magnitudes involved, 1In this respect, geologists have
get 8 velue for the primary at 100 million years and for the
secondary at 10-60 million years, (16) Whilst this value
has received confirmation; at least ac far as the Sylvines
are concerned, by an estimation based on the potassium-argon
method of age detenmination (17), no support is given by the
helium method, |

BExemination of the radioactive content of the salts
revedls a ﬁranium content of sbout 6 x le”logm.q/gmhealt
0~18gm. Ra/gm,
galt, 1.0, roughly the equilibrium amount expected from the

on the average and a radium content of about 3 x 1

uranium content (18), . No figures for thorium have been
discovered in the iiteraturs. The amounts of thorium
required to produce the gquantities of helium found in the
salts would be about 4 x 107 to 4 x 10*73mu.rh/gm. salt
in a pericd of about 107 years,

_ Accepting the géologioal age of the deposits, i,e,
roughly 2 x 10® years for the primary deposite and 10-60x100
years for the secondary deposits and sylvines, this quantity
of uranium represents, by successive o - disintegrations
of itself and daughter prodacte over the period of time stated,
an acoumulation in the salts of about 1,3 x 1073 cos,He/gm salt
in the primery layer and 3,1 x 19'9 cocs/gm in tho secondary
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i ' laysr and sylvines, provided diffusion out of the salts is
negligible., The helium values actuslly found for the salts
(19) are of the order of 10"8 cos/gn. primary, 10”7 cen/gn.
secondary rocksalt and 10~8 cce/gm for sylvines, On the

; basie of the helium method of age determinatiocn, this would

| indicate for the secondary deposits and sylvineé, agoes of

3 x 10% end 2 x 10i@ years respectively, which is older, on

the average, than the sccepted ages of the oldest known reoks

| (3.6 x 107 years).(20) No correlation is to be noted in

the He/U estimations carried out by Karlik and Kropf-Duschek

presumebly on the same samples of salt whilst their

determinations.on a8 primary rocksalt indicate an excessive

ege value for this semple as well,

Table 1
) No  Minersl He x 108ccs/gm
1 Primary Rocksalt 18
2 Rocksalt ' 14
b B‘._tue Rocksalt 8.0 & 8,3
, 4  Rocksalt | 8,2
5 Secondary Rocksalt 5.6 6.3
€ 014 Rocksalt 6.4 8.8
7 Young Rocksalt 14 & 16 Be 7
8 white (Sec) | 13 3.6

) From: B Karlik & P, Kropfl ~ Dusechek, er. Aked, a,Wiss,
3 . 15%1’1 Ootaber’ 1949. p. 320 - 285‘
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In view of the already well established age of the
depésits, the helium age values must be regarded as wrong and
so the salts must contain, like the Beryls, an excess of helium,
(21) | |
Source of Helium in the Deposits

Having shown the presence in the salts, of an

excess of helium, the question then arises as to the source
from which thié excess helium came,

Followingkthe discovery by Kgding (22) that lead
crystallises 1samo£phoualy with sodium chloride and potassium
chloride from solutions of these salts, Hahn has suggested that,
in the natural deposits, some short-lived isotope of lead could
erystallise with the rocksalts and sylvines thus giving rise
to excess helium. (23) He suggests radium D as the lead
isotope concerned which, bj two successiVe/g'; decays, forms
radium P or poloniump This is a short-lived o« - emitter
forming stable radium G,

Thus: -~

RaD £ RaE —~ 5 RaP (Po)
e*’ﬁL”/

Taking the radium content of normal sea water as

Ra@

10”1lgm.Ra/11tre Born calculates that the radium D in
equilibrium with the radium is insufficient to give rise to
the quantities of helium found in the salts (24), He

thereforg postulates that the salts have been re-crystallised

-
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- from "natural deep waters" of high radium and thus high

radium D content, In support of their theory, Hahn and Born
have examined "naturel deep waters" from various localities

" in North and Kid., Germeny (26) and found them to contain

gubstantially higher amounte of radium than obtaine in
normal sea water, The amounts they find, from 10~10 to

5 x 109 gn. Re/litre water, theoretically supply en sdequete
amount of radium D to sccount for the helium contents of
rocksalt end sylvine,

It 18 interesting to note the parallel in the
aessumptions made by Hahn and Born (268), as to ths formation
of the salt layers from the point of view of possidle sources
of helium, and the assumptions fbout re-crystallisation which
must be made when the structure of the beds is considored,

. A further interesting parallel is to be noted too
with regard to the high eélcium content of the deposits
compared to that obtaining in normal sea water, in that Hahn
and Born find & close relationship to exist, in the waters
they examined, between ealéium content aﬁd radium content,
They find a high redium content to be associated with a high
calcium content, Allied to the excess celcium centent in the
deposits, this fact addé a considerable support to their
argament,

A similer correlation has also been obtained
between lithium end radium in natural waters. (27) |

Yet another suppért for their theory comes from the
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helium contents themselves, ‘One would expect from the theory
that the primary salt layer should contain relatively less

helium then the seccndary layer and this 1s indeed the case,

Lad
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‘Rocksalt
Rocksalt

Rocksealt
Rocksalt
Rocksalt
Rockealt
Rockealt
Rocksalt
8ylvine
8ylvine
Sylvine
8ylvine
Sylvine
Sylvine
8ylvine
Sylvine
Sylvine
Sylvine
8ylvine
8ylvine
Sylvine

From H.J, Borm, Chemie der Erde. 9, 79, 1934,

Stassfurt

. Ieble IX
Source geslgﬁggazgg
Krugershall 0,1
Salgdethfurt (0,01
Salzdethfurt < 0,01
Hanover 0, 06
Vienenberg 0,1
Vienenberg 0.3
Staasfurt - Qa7
Stassfurt 0.67
Visnenberg 0,95
Vienenberg 1.1
Berlepschacht 7o
Berlepschacht =~ 5,0
- Berlepschacht 4,4
Berlepschacht 6,8
Berlepschacht 6,81
Stassfurt 13,0
Stassfurt 14;0
Stassfurt 5.6
Stassfurt 5.2
stassfprt 1,21
1.28

(0,01
{ 0,01

0. 20

3617
0. 18

014 series
0ld series
014 series
Blue

Blue

Strong biue
Weaker dlue
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One would also expect that the helium contents
could be correlsted with the 2°° Pb contents of the salts,
but this has not been looked fbr unfortunately, The results of
Born, (Table II) seem to indicste a high helium content to Ve
associated with a low lead content and vice-verse. (28)
However, since the lowest lead content found 1,e. 1.0 x lo'agm.
Pb/gm. rocksalt, if all is assumed to have originated fram
Pdonium is far in excess of that required to produce the
highest helium_content, this lack of correlation is not a
gerious objection fo ths theory. Even en isotopic examination
of the lesd present need not lead to a useful result for the
greater pért of the lead of radiocactive origin could have been
formed in the waters before the beds were laid down,

It can be seen however that the theory of Hahn
and Born fits the facts extremely well, buﬁ it cannot be
regarded as proven., Absolute proof of their theory would,
indeed, be;veny difficult, It is as well then to coneider
other reasoneble sources of helium and see if they too can
be fitted to the facts if not absolutely proved.

One such possibility 1a that, by long exposure to
the atmosphere, helium mey have dififused into the rocksalts
from the atmosphere. 1If this 1s the case, then it should
be possible to detect a difference in helium content with
depth, provided the salts ?id not become saturated in the
process, Whilst such an effect has not yet been looked for,
1t 1s to be noted that of the salts examined in this

laboratory, none has besn found with a uniforﬁ distribution



14, _

. of helium, Rayleigh hss observed the diffusion of helium (29)
'thraugh a varisty of substances snd finds that through a
crystal of rockealt lmm, thick helium d4iffuses at a rate

of less than 10~8cce/cm. 2/nr, at 20°C which represents the
limite of detection in the apparatus he used. Whilst this
value is very emell, it does not invalidate the poseibility
of diffusion as 8 source of helium in the salts becsuse of
the long times involved. It will be seen later that the
tendency is for helium to diffuse out of the salts, 8o that it
is most unlikely that helium should have diffused in,

The diffusion coefficient of helium in rockealt
bas now been determined in this laboratory at various ‘
temperatures and it will be shown later on the basis of theae
results and certain assumptions as to the eize of the deposits
and temperatures, that appreéiably no helium has diffused out
of the salte in the period since their formation,

Another poésibility arises through the comparatively
large solubility of helium in water. (30) Although a salting
out effect does occur, it is still appreciably soluble in salt
solutions. (31) It is also very often the case that on |

erystallisation, many ealte trap quantities of mother liquor
within their structures, especially if the crystallisation
process is carried out slowly. (52) The rocksalts examined
here have been observed to contain occluded water. It could
be then that this brine which has been trapped by the salt

in erystallising, may contain sufficient helium to account
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for the high helium contents found in the deposits.

Urry has measured the He + Ne contents of several
semples of sea water at various depths (33) and finds
valuea between 12 and 20 x 1079 ocs, of He + Ne/litre of
sea water, whilst for sea water saturated with alp at 23 and
249C the values are 19,1 and 18,7 x 10°Bccs/11tre
respectively. | .

Taking the value as 20 x 10~® ccs/litre and ealling

it @1l helium, (the mesat favourable case), it can be seen
) that in ordsr to arrive at a helium content of 10~7 ccs/gm, each
gram of rocksalt muet trap in ite structure 0,5 ecs, 6r'br1ne,
and for & helium content of 10-5 eccs/gm, , 5 ees, of dbrine, In
the eass‘of the primary salt layer, the calculation 18 quite
favoureble and agrees with the theory that this layer
erystallised from what was substantially ssa water. Here
the helium contents are less than 1078 cos/gm, salt which
means that each gram of salt must trap lese than 0,08 cecs. of
brine to give the reguired helium content, | ,

In an effort to examine the theory further, samples
of sodium chloride were eryetallisea from air-saturated water
as slowly &5 possidble, l.e. over a period of about three weeks
and exsmined for helium content. The values found were less
than 6 x 109 cos He/gm. of 6alt, which is not in serious
disagreement with the theory. Sinee the two cases are not
comparable, i,e, the natural and laboratory crystellisations,
this result does not offer any objection to the theory,
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The abéence of neon in the gases obteined from the
roocksalts examined 1; this work raiges no ob¥ection either.
The solubility of neon in se8 water has been ssen to be
extremely low and since it 1s not 6f redioactive origin it
oan hardly have beceme enriched in the natural waters as is
the case with helium,

It would seem however that the theeory is untenable
for the secondary rocksslt and sylvine, but it met be
remepbered that the water from which the secondary layers
crystallieed was probably not normal sea water but a fresh
water enriched in radium and therefore possidly enriched in
helium, Such enrichment of helium is quite probabdble,

especially since the waters may have been out of centact

with the atmosphere, e¢,g, covered with s scum of salt, thereby

preventing equilibration with the helium in the atmosphere,
Even in contact with the atmosphere, it may be that such
equilibration is so slow as to be negligible, especially
with the lower layers of water at coneiderable depth,

At higher partial pressures, the solubility of
helium in salt eolutions becomes even more favoursble for
such a theory. Akerlof (34) finda that at approximately
76 oms. pressure, the solubility of helium in almost
saturated sodium chloride 18 0,0043 litres (N;T;P.)/litro
of solution at 25°C, |

It ia further known that the natural gases

aasocia%ed'with oil vorings are considerably enriched in
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helium dampared to the helium content in the atmosphere (35).
This enrichment amounts to factore of about 600 to 3500 4in
some of the cases examined from borings in North Germany,
whilst, in other cases, only a factor of two 18 involved, In
the case of the Tei&s 011 Fields, an enrichment factor of
4000 has been noted and the pressure of the gases estimatsd
at 30 atmospheres, Such enrichment at high pressure would
mean considerable' inerease in the concentration of heliun
dissolved in the associated waters and iends support to an
argument based on the occlusion of water in the salt es a
source of their high helium content,
| A parallel case exists in the potassium salts which

have been examined by Gentner and Aldrich and Kisr, (36) These
workers have shown that not all the argon occuring in |
potaéaium ninerals is radidgenic, i.e. by decay of K40 ¢o Aﬁo.
By mass spectrometric analysis, they have shown that up to
30% of the argon preéent is atmosphsaric argon,

Thus, from Gentner's results, taking one particular
cass (the one with the lowest percentage of atmospheric argon).

Total A = 6,73 mu, /100 g.K,
Radiogenic A = 5,8 mm, /100 g.K.
S0 atmospheric A = 0,93 mm 3/100. g.K
= 9.3 X lo'eccs, A/gn.K.
Now the solubility of argon in ses water, in

equilibrium with the air = 0.2 to 0,4 ccs/litre. (H.T.P.)
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Salting out constant for argon = 0,06 (approx).
Taking the relaticnship found by Akorlzr conseeting the
golubility of the gas in purs solvent and in salt solutieni-
km = Yog (5%/s) |
Where;
k = salting out comstant = 0,06
50 = splubility of ges in pure solvent,
6 = solubility of gas in solution at cemeentration m,
Now sl for ses water = 0,3 (app)
Concentration of sea water w.r.t. soliium chloride = 0,1
satd, (epp.) i.e., ebout 6,2 molar x 0,1.
Thus, leg (®%/s8) = 0,06 x 0,62
= 0,0373
so/8 = 1,089 |
80 = 1,089 x 0,3 cos/litre = O,3267 e/l
In a saturated éelutian 1,2, 6.2 molar, we have thea;
1og(2%/8) = 0,06 x 6,2,
s 0, 3720
go/8 = 2,356
8 = 0,3267/3,356
« 0,1386 cas/litro st 25°C,
or, the solubility of argon in a ssturated solusion of brine is
1,386 x 107} cos/litre,
ﬁnder the conditions which prevail in the ataocephere,
In order to achieve an atmospheric argen content of
D3 X 10~5 acce/gm. then, each gram of potassium chloride must
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trap in its structures-

9,3 x 10~8 ces of brine,
1,386 x 10 ‘

= 0,0871 ccs of brine,

It is not inconceivable that this amount of brine
should bs trepped (37) by 1 gn. of potaseium chloride on
éryaﬁallisation and so the mecheniem of trapping should be
rogarded as a distinct possibility,

A consequence of euch a mechanism providing the
source of excese gases in these minerals would be that the
| primary rocksalt lsyer ehoﬁld contain quantities of argon of
the order of 1070 - 1076 eea.' A/gm. rockealt, Detection
of argon in the primary deposit in such quantities would lend
coneiderable support te the theory,

In nature rocksalt varies in colour from white,
dirt.y grsy, yollow, and reddish yellow to blus and purple, The
colour, can in moat cases, be attributed to the presence of
some impurity, e.g8. ferric oxide imparts a reddish colour,
olay or enhydrite, grey and organic matter, brown, (38)

Hore again, howsver, the secondary rocksalt presents
an enamoly. Samples of coloured rocksalt oceur in the
segondary layer whose colour ¢an be attridbuted to no known
impurity. The colours concerned are yelleow, violet and blue,
The blue celoured rocksalt has attracted scientifie attention

for well over 100 years and is mentioned in H, Davey's lettors
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of 1818, Dur.{ng_ this time, seiei'al theories have been
advenced a@ to the cause of the colouration, though none ars
of particular interest now. (39)

It 48 now known that the alkall halides can be
coloured by various means without introducing any elementery
fmpurity, and in considering the natnrai colours, it is as well
to discuss, firet of all, the srtificial meens availeble for
thie purpose, The methods fall into two groupsi-

1. Where additional modium is introtuced into the
stoichiemetric crystal (40) by esome means or other, giving the
go-called 'additive’ colour, end

9, Radiation methods giving the 'radiation' colour. (41)

Excess alkalil metal can ba introduced into orystals
of an alkall metal halid.é by the fellowing meensi-—

8, By heating the halide concerned in an aimosphere of
the vapour of the alkall metel whioh it is desired to
be introduced. (48) The colour achieved by this means
15 independent of the alkeli metal used, showing that
the colour 1s & property of the crystal, Thus, excess

| zaotaaaimn in a erystal of sodium chloride has juet the
| éame effect as excess sodium has in 8 erystal of sodium
chloride, (43)

‘v, By electrolysis, sodium ions, which move toward the

cathode during the electrolysis, are discharged there,

and the resulting sodium atoms constitule an excess in
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that part of the crystel near the cathode, (44)

¢e Additive colours have been formed in potassium bromide,
the exceps metal being introduced initially as potassium
hydride in so0lid solution with the potassium bromide, On
irradiation, in the ultra violet, the poteasium hydride
is dissocliated, hydrogen diffuses from the lattice leaving

an excess of potassium behind, (46)

Irradietion colouration is brought about, as the
name implies, by exposing the c¢rystal to a suitable source of
radiant energy; e.g. X-rays, cathole rays, od.- rays otc..
ﬁere; no excess metal is introduced into the erystal, the
colour is thus being produced in the pure stoichiometric
crystal,

Provided that, after heating in the presence of
alkall metal, the halide crystal is gquenched and not allowed
to cool slowly, then all the colours produced in the above
waye can be attribuﬁed to the same cause, - All the ¢ryetals
then show an identiecal absorption meximum in the visidble
regibn‘of the spectrum, the bell-shaped absorption band being
¢alled the F«band, after Pohl,

| On lowering the temperature, this bell-shaped pesk
can be made arblitrarily narrow, indicating that the absorbing
centres responsible for the band srs of a single species, These
Were called by Pohl, Farbzentren (P-centres or colour centres),
(46)
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Nature of P-contreg

The properties of P-centres and other associated
centres which will be referred to later, have been widely studied
The pionesr work by Pohl on the photo-conductivity of crystals
containing FAOéntras is particularly noteworthy, and it has led
to a theory as to their nature.

The theory elucidated by DeBoer (47) is that an
F~céntre consists of an electron trapped at an‘anion deficient
place in the lattics, and the theory has been extended by Seitz
(48) to 1n61ude other absorbing centres as various combinations
of electrons and vacancles, or to be associated with the ‘
‘positive holes which remain after removal‘of an electron from an

ion, (Bee table III) e

Table III
o T ~ Absorption M (®a
Centre Nature of Centre Obgerved Calculated
- F Blectron +'anion vacancy 4580, 4700 4710
. 4650 . _
F' 2 Electrons + anion .vacancy. - -
M Electron + anion vacancy . 7250, 7200 7010
~ anion~-cation vacancy pair. - 7080
Ry . Blectron + 2 anion vacancies 5460 5470
Ry 2 Electrons + 2 anion vacancies 5960 5920
N Higher P-centres aggregates 8300 -
+ v Hole + cation vacancy 2200, 2400 : -

Support for this picture of an P-centre comes from
magnetic measurements in that the moment of an F-centre is found
- to be the same as that calculated for an s-electron (49). Both

theoretical and experimental dévidence are available to support

Seitz!s picture of other bands listed in Table III. (50).
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Formation of F-~centres |
8ince F-centres cen be formed by two different
methods 1t 15 of interest to note briefly the theories as to
the mechanism by which they are brought about, (51)

8, DBy heating in alksli nmetal vapoﬁr it is thought that the
metal atoms striking the surface of the crystal are
ionised,

Na = Na* + e°
C1~ at the surfacae, combines with Na' Do form an addition
to the lattice leaiing an anion deficient place (51a) in
the lattice which will attract and becoms oscupled by the
electron. More C1™ diffuse from the body of the crysetal
to the surface in order to combine with further Na',
leaving more vacancies to be occupied by the electrons.

b. By irradiation wiﬁh X-raye, the primary effect is the
production of phota—élactrona which move through the
lattice at high aﬁeed, tﬁereby producing secondary
electrons and holes., Theee secondary units wander through
the lattice until they recombine or become trapped in the
lattice. In cases where recombination with a positive
hole does not occur, Seitz finds the most favourable
reating place for the secondary units to be at vecancies

in the lattice.

Differences between the two modes of colourstio
Although the F-band is formed in all cases of
colouration mentioned several differences exist between

crystals coloured by irradiation and those coloured by



24,
additive means,

' Piretly, since the additively coloured crystals
contain an excess 62 alkali metal their reaction in solution
is markedly alkaline. The irradiation coloured orystals,on the
other hand, are stoichiomstri¢ end thus have & neutral
character in solution. (5%)

. Another difference between the two cases lies in the
absorption epectra themeelves. Whereas in the ndditivély
coloured case, providing cooling has been sufficiently rapid,
only the F-band appears, in the irradiation colours, 6ther
bande are found associated with the P-band (53). Thus, on the
long wave-length side of the F-band appears the so-called

¥~ band, whilat on the U-V sids appears the V-band, The
latter band Seitz sssociates with the positive holes which
remain after removal of an electron from & negative ion,

Othér centres may be induced in a crystal containing F-centres
by irradiating the cryetel with 1light lying in the F-dband or in
certain caecs Qy thermal treatment. Thus, below certaln
temperatures, (25°C for sodium chleride, -76°C for potaesium
ehloride) irr&éiation in the P-band produces a broad diffuse
band on the long wavelength side of the F-band, called the

F' -band, Above these temperatures, irradiation in the ¥ or
¥ bends results in areduction in the intensity of these bands
and the R and ¥ bands appesr also on the long wavelength side
of the F-band, Apart from the V<band all these bagnds are
agsociated, by Seitz, with various combinations of electrons

and vacancles, end sould theoretically occur in an



 additively coloured orystal. In fact, vhere quenching has
not bsen sufficiently rapid, the M-hand may occur with ;he
P~band in an additively coloured crystal, The R-band may
also occur in crystals containing a high density of centres
regardless of the rate of cooling (54). If Seitz's
1ntarpretétion of the origin of the V-band is correct however,
it 18 not possidle for this band to occur at all in an
additively coloured crystal,

Differences aleo arise in ths bleaching properties
of the two types of coloured crystal. On raising the
temperature of an irrediation coloured crystal to about 250°C
~ the colour can be removed completely &nd does not re-appear on
cooling again.' With the additively coloured enysﬁal however,
the colour remains even up to the melting point, (55) Om
cooling now, coagulation of the pertieies of excess metal
occurs, giving rise to colloidal aggregates which 06111 coleur
the erystal. This process is equivalent to slow ceollng 1nstead

of quenching in the initial colouration process,

Having summarised the various types and properties
of ertificlelly coloured slkali halides relevant to this
diseuasian, it is now possible to discuse the properties of
the neturally occuring coloured rocksalts to ses if they lead

to any conclusions as th the mode of colouration.
| Pirstly, with regard to their resction in water,
opin;ons seem to differ, though only the blue variety hes
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been inveatigated to any extent in this respect. Many
1nvestigators report no alkaline'reaction in solution for the
blue salt ﬁhilst ethers report that in some cases an alkaline
reaction has been observed. With such cenflicting results, it
is diffiqqé% to arrive at any csmclusion as to whether excess
godium is‘éiesent or not, espeeially. since the rocksalts are
| by no means pure end other factors may be involved, (56)

Siedentopf has shown on the -other hand, by-ultra-
microscopic examination, that the blue rocksalts de eontain
sodium in the form of colloidal partlicles and that this is
the basis of their colouring (57)., 8uch colloidal colours
have been achieved in the leboratory only by slow cooling
after heating in alkali metal vapour or by annealing the
additively coloured erystal or by heating the salt up te the
m-pt, with concentrated cathede irradiation. (58). .

In addition to she blue, the violet salt may else
contain colloidel metal though none has been detected in the
yellow,

‘ Thus; in nature, the colours arise from centres and
colleids or a coﬁbination of the two., The absorption speetra
of the various salts have been exhaustively examined by
Wieninger (Table IV ) who arrives at the follewing
¢lassificationi~ (59) -
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(a) Centre Colours

Yellow - Absorption max, at 4600 A - F-centres,
Violet - Absorption max. at 5800 - R 11 - ocentres

Il " n ] 46'00; ' P~ centres
o . " #® " 5700 - R 11 - centres
" " " T 7200 ~ M-centres

(b) Colloidal Colours
Blue - Absorption max, at 6000 A,
(e) Centres and Colloids
4. Mainly centres
Blue-violet - Absorption max, st 5800 A - Rll-centres
6800 ~ Colloid
2. Mainly golloids
Blue -~ Absorption max, at 5300 - 5350 - Rl~-centres
| 6300 - 6800 - colloid,
| 4400 - 4500 - impurity.
The yellow colouration then arises from F-centres
end this 18 regarded as the primary eolouration sincse the R-
and M-centres which occur in the biué and the violet saltse
are the initial products of combination of F-centres,

f Since it is unlikely that the salts have had the
heat treatment required to form colloids as in the iaboratory,
it seems unlikely that these were formed in the natural salts
by further coagulation of F-centres as a result of slow
cooling, Coagulation of ¢olour centres in an irradiated

c¢rystal has been observed in the laboratory as a result of
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heat treatment, pressure effects and irradiation with white |
1ight or with light lying in the F or M-bands, but not to
the extent of collold rofmation end so Przibram has assumed
that sensitisation of the salt occurs through the presence of
some impurity as is the case in the silver halides containing
silver sulphide (60) In the sbove classification of
Wieningers, the only ¢ase of impurity giving rise £o an
absorption maximum occurs in the blue salt and Wieninger
later supporte this view of Przibrams attributing the
formation of colloide specifically to sulphur ions, (61)
The depth of colour of irradiation origin attained in the
fluorites has already been related to the sulphur content of
the specimen, (62) '

The fact that the impurity could aid in colouration
is further supported by the appearance of the colour itself.
Whilst*mdst samples appear to be uniformly coloured, close
examination shows that the colour of the violet and blue 18
generally in the form of striations. This is the general form
in which the colour occurs in impurity coloured salts, & g.
ﬁy-ferric oxide,

| Another sugmesticn for the impurity which
s;nsitises the fbnmation of colloids is the lead, whose content
. in rocksalts has elready been discuséed. Such a possibility
has already been tested in the laborntvry by~Bo£n who finds
‘that with increasing lead content so the samples tend to

become more strongiy blue-coloured on 1rradiat16n. Samples
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With little or no lead on similar irradiation are coloured
only faintly &ellow, and that this primary ysllow colouration
becémee increasingly unstable with incresasing lead content, (63)
The unstable yellow is replaced by stable blue colour with
inereasing lead content, ASimilar effects were found in
potassium chloride. Other imvestigators report an optimum
concentration for seneitisation by divalent cations (64).

In view of the presence of the R aﬂd M-band maxima
in the absorption spsctrum of some of the coloured sauples
(séo Table IV) it seems as though the colour is due to some
radiocactive influence, with an associated effect due to the
prasence of impurity, However, one does not knew how an
additively coloure& galt would behave under the conditions
which have been in operation in the deposits over the long
period of time since they were laid down, Thus, under
conditions of fairly high pressure, elevgted temperature and
plastic deformation dus to geological changes in essociated
strata, 1t is quite possible that the P-centres in an
additively coloured salt ¢ould coagulate and form R- and
M-centres, Both R and M-centres, in fact can be formed in
additivel& coloured salts under certsin conditions, The
presence of R and M-centres alone then cannot be teken as
absolute evidence in favour of an irradiation colour,

The bleaching properties of the naturally coloured
samples with increasing temperature and the permenency of the
decolourisation on cooling strongly favours an 1rradiqtion

source for the colours.
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It may be significant that the V-band has not yet
been observed in thesge salts, though this may be because it
has not been looked for. If the V-band were observed then
it would form extremely strong evidence in favour of an
‘irradiation colour, since it is hardly possible for such a
band to be formed in the additively coloured salt,
. | Przibram supports the belief that the colour has
irradiation as baais ahd ealculates that the energy available
for this purpose from the radioactive sources present in the
cryatal is quite adequate providsd one assumes the same end
effect from & weak source acting over a consideprsble time as
from a strong source acting over a short period of time,
The sources of energy he considers sre:- (65)
1+ The uranium-radium content,
2. Energy from polonium o- particles calculated from the
helium content,

3. The energy from K20 activity.

The energy from each source is considéred separately

and is found to be sufficient in each cass, so that the total,
when all are considered as acting togéther i8 eminently
sufficient. Adler et al find the K*° activity sufficient
to colour only the yellow variety and not the blue (66)
In epite of this strong argument in favour of &n
irradiation colour ssveral questions are still not answered

satisfactorily, Why, for instance, are not all rocksalts
coloured ?. In the secondary layer at least, the
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available sources of energy appear to be identical in both
the coloured and uncoloured salts,

Przibram assumes some particular form of
sensitisation in the coloured variety dus to plastic
deformation or impurity. Of the two, impurity seems the most
likely since this could deposit with the salt in the earlier
crystallisation and not in the later, whereas plastic
deformation would probably epply to the layer as a whole, If
the seneitisation is due to impurity then chemieal ranmfhlysis
should reveal a significant difference between coloured and
uncoloured semples of the salt. Such & difference has not
yet been repdrted.

Another point to be raised is why are the eylvines,
vhich contain a much larger source of available Shergy not
coloured ?. It may be of course that here thé éifference in
ease of colouration and stability of the colour produced is
coming into play, (67) but again this ssems unlikely since no
outstanding differsnce in these prOpertiéa between potaseium
chloride and sodium chlbride haes been observad, |

‘ ¥hilst speaking of the sylvines, it 18 of interest
to note that the coloured rocksalt invariably oecurs in the

close proximity of sylvine (68). It is, apparently, a maxim

~in the salt mines that wherever coloured rooksalt occurs

sylvine i3 to be found near at hand, This being mo, one might
expect the layers of rocksalt near to sylvine to contain

relatively mores podtassium than the rest of the layer, since
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here the first erystaellisation of sodium chloride would
overlap the last of the potassium chloride., This might
provide an optimum concentration of foéeim matter for
senaitisation, but the effect has nsver been obasrved,
Alternatively, a greater concentration of potassium would
also mean a correspondingly larger source of irradiation,

| The generally higher level of impurity in sylvines
is also to be noted., 8ince an optimum concentration of
divalent impurity for sensitisation towards colour centre
formation has been observed, it is probable that above &
certain limit of divaelent impurity concentration, the
tendency #£o form éolour centres is prohibited, at least in _.
this case where only relatively weak sources are considered.
This may explain why all the salt in the secondary deposit
ia not eoldurad and also why the sylvines are not eoleured.‘
In order io explein why the primary rockeelt is not coloured,
one must refer to the sources of irradiation available for the
purpose, This is exemplified in the vastly aifferent helium
contents between primary and secondary, assuming that all
helium 45 radiogenic. Indeed, the only difference between
the primary and secondary deposits available at prssent,
. which might provide a clue as to why the one is coloured and
the other not, is in the helium contents, No regular
difference can be observed in the lead contents however,

Further, Przibram and others {69) £ind a correlation

to exist between helium content of the coloured rocksalt and
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their colour and has nrovided samnles of violet and yellow _
rocksalt from the Grimberg Mine in the Werre Valley for
“examination of helium contents in this laboratory.

It will be clear, however, from the sbove review,
that no attempt has, as yet, been made to carry out a complete
set of experiments on one‘and the same sample of material or
even on different samples from the same 1acality.

It is prOposed; ﬁherefcre, tovinﬁnstigate:—

1. The helium content of the salts with a view te finding
& correlation between helium content and colour, if such
a correlation exiets,
2, The 1m§urities present in rocksalt with a view to
detecting a #enﬂitisor for colour formetion,
3¢ Diffusion of helium in rocksalt - this question arose
. when the helium contents‘wer@'examined initially.
4s» The origin of helium in rocksalt, |
(a) By examination of uranium and thorium contents and
(b) By exsmining the amounte of helium arising from
occlusion of bdbrine in sodium chloride when this
1s crystallised slowly from air-saturated water.
. Bs The sbsorntion snectra of ﬁhe various coloured semnles..

Sinece the samples provided by Przibram are only
surriciént tob helium eanalyses, other semples from
Wintershall have been obtained,v The results of such experiments,
together with a discussion of the results, appear: in
Ghapter 11,
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Experimental, Results and Discussion.

Dissolving epparatus for Rocksalts
B The dissolving epparatus is shown in Pig, I, It

consists of two inter-connected glass vessels V; and Vz,or
sbout 250 ces. capacity which sttach to the main body of the
apparatus at the atandard ground joint (B19) G4, V1 end
Vg,may'ba pumpsd down to vecuum sirmltaneously through taps
9 Tg and ?s or 1ndependent1y;'if it is necessary to keep

Ta closed, through T. and Ta. V, may be removed at will to

reject old samples aid replace with new ones, through the
standard ground joint (B19) Gg.

The mode of operation is as follows:-

The apparatus is attached at the ground Joint
6, and pumped down to vacuun with both V; end Vg empty.
The various blown joints in the glass are tested for pinholes
with a Tesla coll and the whole apparatus in general tested
ggainst lesks by allowing to stand for several hours under
vacuum end re-testing with the Tesla coil. The abaence of
appreciable discharge or the characteristic pink discharge of
gir 18 teken to indicate that the apparatus is substantially
leak-proof,

Alr 1s then admitted into the dissolving spparatus

by breeking one of the two inlets By and Bp., Vg may now be
removed readily, a weighed sample of rocksalt put into it,

and replaced. Then with tap Tz closed 100-150 cca., of
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distilled water containing a little sulphuric aecid to
| facilitate elactrolyais, are admitted into Vy through By,
. By and B2 are then sealed off and V4 and Vé pusped down to
vacuum again through the two-way tap Tg.

After the initial pumping down to vacuum of V3
eamp;eta removal of rare gases from the water is achieved
by vigorous electrolyeis using the platinum electrodes 31,
which attech to V; through the ground joint (Bl4) Gy and are
connected to 24 volt, D.C., supply. Experiment showed that
if the water is eloctfolysed for a period of one minute and
the electrolytic gases pumpéd away, then this procedure,
when repeated 6 -~ 7 times, ie»suff;cient to remove substantially
all the rare gases in solution with the water. A blank
experiment on the water, using 2 to 3 times the amount of
oxygen uged in actual experiments, gave @ helium value of
1 x 108 ocs.helium. In an actual experiment, this 15 less
than one per cent of the total helium measured.

Having successfully removed the helium from the
solvent to be used, tap T5 may now be opened and some of the
water allowed to run inte Vg which ccntains the rocksalt
pample, Stirring to facilitate the dissolution process,
is achieved by the inclusion in Vg of a small iron nail
sealed in a Pyrex glass envelope which 1s made to rotate
by the use of an external magnetic stirrer, Sufficient water

is generally accomuodated in Vy for at least three experiments,

|



36,
When the solution of the rocksalt sample is complete,

't.he' gases so liborated may be freed from solution in the
brine in the same way 85 befora, i.e., by electrolysis
using the platinum electrodes Eg which enter Vg through the
ground Joint G4. OGround joints 3 and 4, being of a more
permanent namre. and in oloser contact with the water than
Joints 1 and 2 and sealed with Aplegon wax W, as eppesed to
the Apilezon grease M ussd on 1 and 3,

With each sucecessive operatioﬁ of eclectrolysis,
oxygen is added to about 1 ecm, pressure to the electrolytie
8898 and the gases transferred onto the o¢oled charcoal unit
in the circulating system. Here, as desorided later, the
hydrogen produced electrolytically ie removed in excess

| oxygen a8 water, (9@9 Appendix)
‘ Unfortunately, n@vaceount was taken in the first
experiments of the ohlorine, which ‘18 also produced in the
electrolysis, This was found te have & profound effsct on the
mercury in the apparatus, a white sublimate, presumably
mereurocus chloride, forming in the eirculating system and

- aceumulating in the cold trap used to retain water, After
eleaning out the oilrculating system, further trouble was
avoided by using a mercury anode for the electrolysis in Vg,

) As in the previous removal of rare gas from such a
solution, it was found, by cerrying out a test experiment en
the solution remaining after a xﬁeasurement had salready deen
made on the gases 1liverated, that 6 - 7 eperations of
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electrolyeis and Sransfer to the circuleting system were
suffiotent to release substantially all the helium from the
solution, thue, in a blank experin&em using more oxygem than
is generally used in an experiment, 1 x.10°% cos. heltum. |
were datected.

All the measurcmenta on rocksalts, the results of

which are given below, were carried out in the menner

described abovs.

The results of the various samples sxamined together
with their place of origin are given in chronologicel erder
in Teble V. | |

No:. [PRlege of Origin  Gelour 1cal
1 vWinteprshall,Herringen,Yellow Pieces 3., 47.
VWerra Valley |
2 " " " . 1.86.
§ Orimberg M¥ine,Werra. Vielet s 2,00
4 b " " 0, 36,
5 " " o 0. 96.
6  Wintershsll "  Powder 0,89
7 “A ' , ] , 0,78
8 " A " 0,73
9 " Yellow Pleces 4,58
10 " " ) 4,00
11 o " o | 7,09
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TARIE V (cog. t)

Vintershall Blue Pieces 16,0

L q . " m. 4

" . B 18,4

15  Grimverg Yellow " 15.1

16 " | U] o 21‘ 53

| The pleces referred to in Teble ¥ under the celumn
headed 'Physical State' are in general less than lem® in
Bize and are obtained by fracture of & larger single piece.
It can be assen that in any series of results on any one
pample, excluding result 11, the helium content of a pieece
of rocksalt appears to decrease with time after fracture.
: .-'I‘hi_s may, of course, be simply & natural consequense of the
prevannsiy noted inhomogeneity of the salt with respect te
helium content fram the results of ether werkors; The
possibility of diffusion of helium from the salts must not be
overlooked however and the reproducidility of the apparatus for
these analyses @;‘:{ be/ exsmined. For the latter purpose a
ssmple of the violet salt was powdered, thorsughly mixed By
guartering and examined for helium content - resulta 6, 7
and 8, | |

A 1l68s of helium with time 15 still ebserved in the
powdered sample though much smsller loeses than seen in
previcus samples, recults 1 - 5, where pleces ware used ir the

oxperiments, No strict aoccount was taken of the time
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between anslyces on the powdered sample though thie was

" @about two to three days betwsen esch estimation.

This result rules out the possibility that
difmazoxlz from the s2lt 16 éntirely responsible for the losa
of helium with time in the pieces, It seems as though helium
may be loet in some other wey but result 11, obitained later
along with results 9 and 10, indicates that the effect
observed in the pieces is most likely dus to the inhamogenelty
of the semples, Later results 13 - 16 confirm this view,

- This ergument does not apply to the powdered ssmples se the

possibility of diffusion from the powder must be further
examined, B |

| With regard to the aquestion raised by Przidram
regarding helium content and colour, these results show that |
there 1s definite justification for saying that & eorrelation
does exist between helium content and colour.

| Thus the helium contents of the salte from

m#wmhau show & change from biue to yellow te violaet, the
blue having the highest helium content and the violet the
lsaet, The sslts from Grimberg are similarly srrayed as fapr
as they were examined, the 'yenew variety having a higheyr

" helium content than the violet, a result already anticipated

by Przibram. (70)
Absorption Spectrum of ealt from Wintershall

The absorption spectrum of each of the celoured
varieties from Wintershall have been measured at the
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Physics Department, Eings College, Newcastle-upen-Tyne,
by Nr, RV, Hesketh, to whom I em very much indsbted, These
are reproduced in Pig.1I,
| The violet semple shows a strong sbserptiem mazimum
at B750A which is taken to be the R.11 band, with ether
’veé.ker maxime at S000A and 4100A. The latter may Be .. nl,
sttributed to impurity ae 1s done by Praibram in other cases |
for maxims s#ouad 4400A., A maximum in this region has enly
beon observed previouely in the blue.aaltﬂ;

The blue sample chows maxima st 5800 - GO00A
which may be the R-band egein or colloids or & combination
of the two, anﬁ,'like the violet, at 2200A,

The yellew ssmple unfortunately faded defore 3
| meaaurameat\ceuld be made, conforming to the genaral'labiliﬂr‘
of the natural yellew varieties (71) examined by other
workers., Even in the éeleurlessvaamples 80 preduded a
tendency for tha.dbaewptieﬁ to increase arauqaggﬁeeh’ic
to be observed however, thus making the inteypretation of
the maxima in the violet snd blue cases in this region as
V-bands somewhat dublous,

In order %0 explein why all semples of reocksalt
are not coloured, one must sssume that in the ceaees of the
ones that are coloured, scme impurity or preseure ef.ect is
present, which aensgtiséa the sal téwnrd colonur formation.
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gulphide ion, for exaﬁple, has been suggested by Wieninger as
& sensitiser for 0olloid formation ae is found to be the ease
in’ the silver halides. The various gsmples frem Wintershall
have therefore been subjscted to spectrographie eminati«i
to ses 4f any significant difference exists in chemical
eonte:ii» between the three cases, The results are showmn in

Zable VI. ‘
'Potg.a:ésium 0,08 0,08 0,50 app,
Lead | . ® 0,0001 - * 0,000
Galcium | | 0,000 0,001 1,0 spp
Gopper | : 0.00005 0,08 0,000
Magnesium | 0,005 0,008 40,1
Strontium - - 0,03
Iron . 0,0005  0,0002 0,008
$41icon | trace - 0,008
Rubidtum | - - 0, 0008
\ Mengamese . 0,0008 10,0008 =
Kickel * 0,0001 0,0001  0,0008
- 8%lver ® 0,001 *0,0001 -
Aluminium | trace trace trace

® = upper 1imit,

Other elementa not detected 1§;xw of the sauples were:-
As, Au, Ba, Be, Bi, G4, Co, Cr, Oa, Ge, Hg, In, L1, Ne, 8, 71,
1, W, 2n, 20
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The Uranium end Thorium Content

in view of the fact that natural rocksalt appears
to contain excessive quantities of helium, it is surprising
that no reports have been ﬁublished about inveatigations
on their thorium as well as their uranium content.

The thorium and uranium contents of & esmple of
rockealt have now been determined. A large piece of dlue
rocksalt was broken up into smaller pieces, The smaller
pieces were thoroughly mixed and quartered, Umanium and
thorium analyses were then carried out by the most
semalitive mothods avaeilable, 4i,e, uranium by the fluorescence
method and thor:l.um by seintillation counting, on 200 gm,
samples of the smeller pieces, ‘ I am very much indebted
J:o' Mr. J,C. Dalton for carrying out these analyses., The
method of extraction of minute ¢quentities of uranium and
thorium 1s described later in the Appendix, The guantities
measured in this way were:-

0,17 £ 0,02 z 100 g U/em. salt
end laés than 2 x 10~° gt Th/gm. salt

It cen be sesn that the thorium value is
.extmmely small snd would not contribute very much to the
. amounts of hélium found in the salts, The helium must
certainly arise then \through some process other than

uranium and thorium decay.
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Bleaching Propert

Both the violet and blue semples wers subjected 1o
an inorsase in temperature in daylight and were found to
bleach to a colourless state well below the melting point,

The experiment was carried out in only a qualitative fashion
to make sure that these samples conformed in bsheviour to heat
with samples exsmined by other workers,

The yellow colour was also found to fade quite
rapidly on exposure to dsylight and without eny accompanying
incresse 1n.teﬁperature. This again agrees with the general
behavisur of natural yellow irradiation coloured roekealt
observed by other workers end slse with artificially
irradiation coloured semples of purer sodium chleride,
Discussion of the results

The rasults of the helium measurements shown in
Tabla§g>indicata & correlation betweesn helium centent and
colour of the sample under exemination, This would indicate
that the colourstion achieved in any sample depends at least
in part on the amount of {rradiation which that sample has
received. 7This does not necassarily imply that the colourations
gre Gue exclueively to d- activity, for, accepting Halm's
hypothesis as to the source of the helium, associated with the
o= ectivity are two g= activities which @ould also effeat the
colourstion., The sppearance of the colour in the dblue ané
) viclet ceses would favour the assumption that.- sctivity is
the prime mover in the colouration process howsver. In these

cases the colour is gonerally in the form of striations so that



the individual regions of colourzpion are limited in extent.":’a
This could be due to the growth of radium D 1ntho-eryataliiéat161
process along crystel boundaries., Sulsquent o= activity |

from the radium F arisihg from the radium D should produce

higb concentrations of P-centres in the immediate viecinity _

. as 18 usual in ceses where <i-.aetiv1ty is used in the
colouration proeesé. Such high local concentrations of
Pwcentres would favour their aggregation into secondary

units such as the R- end M- centres which occur in the violet
and blue varisties, or even colloids,

Bombardment of sodium chloride (and $thép alkall
halides) with high energy L -particles or eleftrons has daen
obeerved to produce initially a high concentration of
FP-centres, On thermal or opticel bleaching & violet colour
develops and the crystal now shows an absorption maximum at
5,800 A (72). This absorption band has been attributed to
colloids (73) or sodium at interstitial sites (74) arising
ag a result of radiation dsmage to the er&etal. Ko precise
evidoence for such designations has been put forward but it is
to.be'noted that no colloids were deteccied by Wieninger in
almilar experiments. (See Table IV)

The similarity of this band\te those which occur
in the natural violet rockealt is striking however and
: strongly gupports the view that polonium «- particlea‘

are the prime'mbvers in produecing this colouration in nature,
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¥
That irrsdiation emount is not the only factor

entgring into the colouration process is evident from the
hglium values found for the yellow'varietiea. Thus, if
irradiation were the sole effect, one would expect the dlue '
variety, which contains the higﬁbr aggregatés of centres i.e,
colloids, to heve the highest helium content, the violet,

the next highest helium content, since this also contains
gecondary centres, and the yellow variety, conteining only
'P—centres, to have the lowest hellum coﬁteat. The helium
values actually found indicate the order of helium contents
to be blue the highest, then yellow and violet, the lesast,
Tﬁue one must postulate in the case of the violet variet&

at 1ease;§tnat some form of eensitisaﬁion.towardg centre
formation and slso towards aggregation of these centres, must
be in evidence. This being 80, it is reasonable to assume that
there 18 also eensitisation in fhe other cases though not
necessarily to the same degree, Thus, the yellow variety
with less sensitisation than the violet, requires a greater
amount of 1rrad1§tion in ordsr to achisve its colour.
éimilarly, the blue variety could have'the same degree of
sensitisation or even less than the violet variety, so that in
order to achieve ite colour, it must aleo reeeivé a greater
amount of irradiation than the violet, which may, or may not,
be of the order of magnitude of that received by the yellow

variety.
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Taus, by considering a joint effect by irradiation
and aensitisatibn, one can account satisfactorily for the
variation in helium content emongst the various coloured
specimen. Similarly, in order to explain why uncoloured
samples, which contain quantities of helium of the same order
of megnitude as the coloured samples, are not coloursd, one
mist assume that these samples are not sensitised to the
same degree as are the coloured varieties, _

‘Assnming that the sensitisation cecurs ag the result
’or the inclusion of some impurity, & sample of each of the
- colouvred vérieties has been subjected to spectrochemical
analyais{ It can be éeen from the results of these analyses
(Table VI) that the sagples differ widely in thelr eontent of
emall quantities of impurity, so much so that it is difficult
to eeparate any single impurity as a likely semnsitiser. It 1s,
however, notable that the blue sample, in which c¢elleids occur,
15 much less pure than the violet or yolloiisamplea. It 18
2lso noteworthy that the yellow and blue eamples, which on the
basis of helium content have received the greater amount of
irradiation, also contain the greatsr lead content and that
they both contein as well, higher quantities of potassium
than does the violet, indicating that here too in K40 decay
they have also rsceived the greater irradiation,

The general level of divalent impurity is greater
in the violet and blue samples than in the ysllow, the
- extremely high calcium content of the blue, and the high

DR
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copper content of the violet salt being noteworthy. The
copper content for the'yellow and blus salts agree well with
the value previoualy found by Biltz and gg:kus for a sample
of blue rockealt, (75)

The absence of lithium in any sample is &lso
notewérthy in viéw of the fact that 1lithium has been detected
in tdeep natﬁral waters" which have been taken as similar to
those from which the salts crystellised, Too much significance
mast not be attached to this fact since the éctual
concentration of lithium in the waters is not recorded and

may be at such 8 low level as to be not detectebls in these

toward colour Formation

Two cases are to be coneidered, firstly sensitisation

by divalent negative ions and secondly sensitisation by
divalent positive ions. Seneitieation-by plastic

deformation is ignored mainly because of the appearance

of the colours themselves and a lask of knowledge of the
history_of the deposits. Thus, if the sensitisation were by
plastic deformation, one woqld not expect to find in the same
pieée of rocksalt, two patchés of blue colouration separated
by a colourless zone (even bearing in mind the fact that this
colourless zone may have been coloured yellow originally and
hee now faded), Neither would one expect to find striations

in the colour which are arranged orthogonally. The inference
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" from such striations would be that they represonted cracks

’o:tdisloqatians slong which vacancies could aggregate and
should therefore be arranged radlially from the centrs about

which the deformation tekes place. This assumes possidbly &n

over-simplified picture of the deformation but the omission
of this type of sensitisation is nevertheless felt to be
Justified.

| | Boﬁh types of colour formation quoted hers are
exemplified in the samples exzamined in this work.

The above difficulties do not arise in the case of
impurity sensitisation since the impurity could be so
dietributed as to give these effects.
1,;Se\ 1tiaat

It has been ahewn in the case of the rluorites.
-whose colouration is attridbutable te some radlo-active
influence, that the depth of celeur attained is {ntimately
-conngeted with the sulphur content of the semple (76). It
has also been suggested that the formation of sensitivity
spocks in silver halides containing traces of silver
sulphide, i8 due to the aggragation of F-centres arising from
the inclusion, substitutionally, of &  in the halide lattice.
Colloidal silver particles are thought to result from the
further aggregation of F-centres (77). |
On the basis of these facts, it has been suggested
that sulphide ion 1s the sensitiser responsible for the
appearance of colloidal aggregates in the naturally occuring
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rocksalts (78).  In making this suggestion, Wienenger has
assumed that since the two types of halides i,e, Bodium-
and silver, are of similar corystalline form then what epplies
to the one may well apply to the other, The two cases, however,
are not strictly analagous. The basis of the argument for the
8ilver halide case is that 8~ - is incorporated in the lattice
a8 substitutional 8° plus an P-centrs, The presence of
P-centres is then thought to aid formation of colloidal silver
by aggregation, In the case of the rocksalts, this cannot be
80 for after blesching by heat treatment P-centres should be v
re-generated and the crystal become coloured yellow., The
bleaching, in fact, 1s quite permanent in the absence of
suitsble irradiation. One must assume, therefore, that the
inclusion of sulphide ion in rocksalt is not by the same
mechanism as that postulated for the inclusion in silver halidesi
This, hovever; does not preclude the possibility of 6~ ~ being |
a sensitiser toward centre formation under the influence of
irrediation,

8ince, for the =bovs reason, it seems unlikely that
8™~ enters the sodium chloride lattice as 8~ plus an electron,
then assuming the inclusion to be substitutional, it muset
enter as §” = with an associated anion vacancy. Inclusion
eof 8~ - would thus increase the concentration of trapping
centres for electrons released by irradiation and therefore

sensitise the crystal toward F-centré formation, This should
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result in greater saturstion values of F-centres and thus
favour their aggregation. Seneitisation towards the formation
of colloids should also result,

Mitchell has pointed out thet the affinity for a

sulphur atom to take up & second electron in forming 87
i{s much less than the affinity for a chlorine atom to tmke up
an slectron and form Cl™, Without reference to lattice
eneﬁgiee or the mode &f inclusion of 8~ in sodium chloride,

it would seem probsble that on irradiation of sodium chloride

| containing sodium sulphide an electron would be more readily

given up by 8™~ than by C1”. It must be borne in mind in this
respect that in the naturally occurring rocksslt, one is

considering relatively weak irradiation sources acting over

& long time, Such an effeot would also sensitise the selt

toward F-centre formation,

If indeed the electrons'available, for the formation
of F-centres, are derived from 8~ then the characteristic
V-band need not be present in the natural irradiation coloured
rocksalt. It would be of interest to examine further the
absorption spectrum of the natural selts in the U-V region
to confirm whethsr or not the V-band is actually present.
Unfortunately, the absorption spectrum measured in this
region and shown in Fig.\}i}is not sufficiently accurate to

make this point certain but the indication is that the V-band

is absent,
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2, Sensitisation by Divalent Positive Iong

It has been seen above that sensitisation towards

éolour formation cen be achieved by inclusion of e divalent
negative 1on'ana it may seem anamolous that divalent positive
ions should produce the same effect, It nust be remembered
however thast thers are two possidle fates for the secondary
electrons which are relessed as a result of the incident
irradistion, Firstly the eiectron.may combine with an anion
vacaﬁcy forming an F-centire, the chances of this process occurin
being favoured by the number of anion vecancies available,
Alternatively, the slectrons may re-cotbine ﬁith the free holes
from which they were originally released. Pormetion of P-centre
will then be favoursd by increasing the number of trapping
centrea for the fres poeitive holes., There is good reason

to believe that, in certain cases; e.g. the alkaline earth
elaménts, ﬁhaﬁ divalent positive ions enter the sodlum chloride
lattice subatitutionélly aeeoﬁpanied by a cation vasocanoy (79).
Inclusion of these divalent positive ions thewsill increase

the number of trapﬁing centres for positive holes and should

thorefore sensitise the orystal towards P-centre formation,

In addition to the qualitative observation of
IEQRaItiaation it has been observed that for some divalent

positive ions, at lesst, an optimm concentration of

divalent ione for sensitisation occurs, In this case one

muet assume that initially the two C1™ which accompany the
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positive ion form fresh additions to the lattice without
affecting the number of énﬁon vacancies, At the optimum
the 11mit to this process is reached snd the G1~ must then
begin to occupy anion vacencies and thereby reduce the
tendency to centre formation on irradiation,

Altsrnatively, it may be that at the optimum the
concentration of divalent positive ions is such that
clustering becomes favoured. This would tend to inorease
greatly the local concentration of cation vacancies in the
vicinity of the clusters dbut reduce it generally in the rest
of the erystal, BSuch a ﬁroeees could then lead to relatively
less sensitisation at concentrations greater than the optimum,

If the fres holes are indesd ceptured at cation
vacancies associated with divalent positive ions, then one
would expect the charscteristic V-band to be modified somewhat
by virtue of the presence of the divalent positive ion, Such
én effect has been obéerved with the P~band in potassium
chloride when the enviroﬁment of the electron trapped at the

anion vacancy has been modified by virtue of the presence

of b, (80) Purther investigation of V-bands aseociated

with divalent ;mpurity is indicated and may lead to the actual
tonm'wgich sensitisation takes in the naturally coloured
rocksalts.

It is interesting to note in this respect that no
less than six R-bands have been observad in a orystal of

sodium chloride after irradiation with X=-rays or electron
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b@lﬂbal‘mnt. with maxima at 6,6%. 6.20,9. 5'960. 5’%,
5,620 and 5,260A (81), It may bs that the presence of

impurity in substitutional positions in the lattioce are
responsible for scme of these bands and suggests further
investigation elong these lines,

Sensitisation of rockaalt towards colour centre

formation by meane of plastic deromation has elresady beon
mentioned, Once formed, there ars two further effacts
which can aid aggregation of these centres and thus give
rise to colloids; These are, increase of temperature and
increase of pressure, The €fect resulting from the former
is dne presumably to the iﬂereaéed mobility of the centres.
- In the lstter there must also be a slight increase in
temperature accompanied by a mechanieal pushing tegsther
of the centres,
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Ghapter II .

D n ,r‘ elium in Ro it

It has already been shown that there is every

- reason to suspect that, on etanding, a sample of powdered

rocksalt which containe helium tends gradually to loss
its helium by diffusion, 1In order to examine this further,

end in a quantitative fashion, & ssmple of yellow rocksalt

from'Wint@rShsli wae carefully ground into a powder, sieved
through a 100 mesh geological siesve in order to obtain a
fairly uniform particle size and thoroughly mized by.
quartering. The powdered ssmple wes stored in a screm-
topped Jar containeéd in a deaieeatér.

Immediately fallov;ng the grinding, a sample of
the powder was weighed out and examined for helium content.

Buccessive helium sstimations were carried out on similar

. samples of the powder at intervals of 6 to 20 days over the _
following 90 days or so. The resultse of these estimations

are given in Teble VII and graphed in Pig, III,
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3 24 3,69
3 36 1,76
4 a7 1,64
5 62 1,67
6 68 : 1,68
7 90 1,62
8 94 S

The results given in Table VII above .show an initial
repid loss of h@i:lum with time followgd by a less rapid loss,
When plotted, the graph of helium content versua

time ia observed to be of exponential form,

| In the calculation of the diffusion coefficient,
the perticles of rocksalt are assumed to be of spherical shape,
The solution of the diffusion equation;

c 82 -0-.00900(1)
“‘2“; ‘!s_ D--&';g ‘ DA
where _§% » Change of seucentiation w.r.t. time.
$e . (the ooncentration gradient.)

x
D * gdiffusion coefficient,
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for isotropic diffusion out of a sphere is given by Jost

and Barrer {62) as:i-

. M= |
H :a""'z z_ #‘ 2 Q_E‘:\:.g.gi .....(2)
m= 1

This formula refers to the average concentration,
G, in a ephsre of radiws »,. whoee initial uniform
conocentration has been c; and 1its finel concentration 18
¢p. The boundary conditions for the general caae being:-
o=cy £ O for 0(r<r, and t =0
¢=xep £ OFforrs=r,and $50
Wihere ei'may be smaller. or larger than ep. The
solution includes also the special ossesi-
¢ » O for OKr(ry and ¢:-0
¢ = cp A Oforrarp,and t >0
¢ = ¢ F O for d<r<r and t = 0
e = Cp = Oforrar ané >0
In the case under aoneideration here however, the
particles of sodium chloride, assumed spherical in ehape, are
not 31‘1 of uniform oize. '
Let there Yo nq particles of radius. .ry.-and mass my
| u n * ng n ? ] ra 0 n m? etc,
Helium content measured after time ¢t = G = average
‘ ‘ concentration for

all particles,
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E » : Wa 4+ nw.é + nW-é + cevssvesace
™%+ Pe¥ef 3"5%3 "t es/an.
nlwl + . D2W2 <+ nsws + sss00e000ce
s total helium in ccs
total weight of particles
- Thus, assuming cp = 0 equation (2) becomes
ms o0
2
- n1w1 : ; tDT 2 Z ’ +ooo
3 -8 Z m® e a m® e r2
ey T _m=l Do¥3 mal

nlwl + BoWg + «.e
Since 8ll particles are considered as spheres their volumes will

be
'rrS

If the density d
Then W,

$T'r15d el 1 =t1%m®_ , ......
n e ™2 . .
4
nl -S.era d + el
: s 5 2,
or o= §, ci mr a7 me e ric *
T ‘ ‘ .
é . nlrlg, + nzrzé P sensssessscsioe
é n= © )
or &= _?2 ) e%,:g—-l NoTo” =5 @ exp(-t72Dm%/r,2 ) 3
v s ' —= “levecsse(d)
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In order to obtain the values of n, and r, a semple

of the powder used in the invagtiga’cionn vas miere-
photographed and magnified to 80 times its normal sise, The
size and number of all the partieles photographed was then
measured and a histogram showing particle size distribdution
Waé constructed, Fig.V.

70 facilitate: the caloulstions, values of the
summation of the expomential term in equation (4) are
calculated. Thus,

let ¢ T\'EQ -

go that 8 = 61{2 nar,f%g > exp, (~xi }
' nsl n=

Por various values of x ranging from O to 10 the function
4 S 3, o (m®) = 7 ()
L n |

can now be summed over all the nacessary values of m, Fis.'ﬂ.‘
If x is now plotted against y, then for any value

of x the value of y is readily availsble frem the graph,
Suiteble values of D are now choser so that for a

‘ giﬁm t the mtio% mey be caleculated, The various values

of n are now plotted sgainst the correeponding values of

ﬁ , #ig, VII, PFor an experimentel valuc of % tor the choua;
Gy

¢t the vslue of D ean now de read off this curve,
To confirm thie value of D, values of ¥ are now

calculated using the experimental value for ©; , for
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various values of t, ¢ is then plotted against t and thie
curvh compared with the expsrimental curve,

The value for t is taken at 47 days in the initial
calculation and the corresponding experimental value for ¢
of 1.67 x 10~7 ccs/em. ¢y 18 1,92 x 10”7 ocs/em.
It can be seon that the value of D calculated in this
way (1.1 x 10~14 em/ sec. ) does not give satisféctory
comparison with the experimental values,
This simply means that the value of 1,67 x 10'7 ccs/gn,
at 47 days 18 not quite accurate.
‘ Similar celculation using D = 8,0 x 10~16 cm?/aac.
gives a more satisfectory compariéon.

15

Using this value for D (8.0 x 10~ cm?/aec.) one

can calculate the loss of helium to be expected from any size
of sphere of rocksalt during the geological age of the deposits,
assuming the temperature of the deposits to be 20°C,
Thus for a sphere of radius 100 cms t = 108 years
and D = 8 x 10'15 em?/sec. |
5, 5 #fo‘la =R = % > 3, -
m=\

m“ e ©»p m” e
m=1

x= 2 x8 x10°15 x 108 x 365 x 24 x 60 x 60 . 2.5 x 1072
10*

= 0.84,
i. -
" i.e. the loss during geological time = 16% of initial

e
c

concentration,
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For the secondary layer ixow t =8 z‘ 107 years
to that ~ x = ,005
and  § = 0,98
]
i.e, loss from the secondary layer for particles of thia
size = 5%. _ |
Biniilarly for r = 200 cms.
t = 1.08 years and D = 8 x 1015 cm®%/sec,
b G 9005

and ¢ _,0,96.
Cs
1,e, the loss of helium = 5%

Por r = 200 cms. -
t=2x10 yeareand D= 8 X 10°1% n?/see,
X = L0001
and %1’ 1,0

1,8, loss 18 negligible,

Thus for spheres of radius 200 cms, losses of
helium during geological tims in the primary layers are quite |
low whilst for the secondary layer they are negligible.

Loss from a sphére of radius ,5mm, = 0,06 cms,

With t = 24 hours and D = 8 x 10~*° om%/aec.

then x = © x 8 x 10-15 x 60 x 60
| — 285030 20 200

= 3,0 x 10713

3 = 2.0
¢




61, - -
This last value calculated for %I is in
agreement with the fact that Rayleigh was unable to detect
the passags of helium through rockealt, within the limits of

 detection of the apparatus he used.
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The Diffusion at Blevated Temperatures
It i8 intended to treat the diffusion as an

activated process so that a relation of the type i-
D s D, exp(-%)

should be followed, By measﬁéing the values of D at
'4vario§s temperatures it ahauld‘then be nossible to calculate
E, the activation energy for the pfeoess. This wvalus for B
may then be compared with other values of the acttvat&da.4
energy for other diffusion processes in sodiua chloride.

" A fresh sample of yellow rocksalt (sbout 400 gms)
is broken down in the manner desecribed praviously, Large
well-formed crystals of about # to 1 inch side and
apparently without defect are chosen for the purpose,
Sﬂbseqpeﬁt X-rey snalysis of a particle of the ground
sample indicated 1t to be a single crystal with a little
strain (83). |

40 gm portions of the ground sample, each

containing not less than 90% of the initial helium content
of the original eample, are then heated under vacuum in &
gilica gless tube at known temperaturss. 10 gm. quantities
are removed éfter certain noted time intervals and
examined for helium eontent; In order to prevent eakiﬁg of
_the sample, which will arise on the expulsion of osgluded
water ét the higher temperature, each sample 18 dried in a
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desicoator before being aub:]lected to the heat treatment,-
Temperatures' are measured with a mercury thermometer,
placed in close 'eontact with the silica glass vessel in
which the salts are heated.
Reéu;t_s |
| The results of thess experiments are presented

in Table VIII.

TABLE VII
Temp®C a of heatin
' 10
96 0
23
46
70% 1.67
128 o 2,00
163 1,46
40% 1,26
64 1,13
147 0 | 20 00
22% T 0,97
40% 0,84
308 23 0,14
312 N B 0,.16 .
20 0 ‘ 2. 04

20 About 14 = 24 1,99
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The eomparatively rapid loss of helium at 308°C
and 312°C 15 to be noted. Such rapid losses éo not lend
themselves to quantitative estimation in these axperimenta,
though the diffusion in.this temperature region could be
studied using particles of a larger sizes

“ The initial congentration of helium is measured
both before end after the experimente, It can be seen that
‘%hg'losa of helium during the time taken in the experiments
1s comparatively small. A common‘value for the initial
conegntration in the particie@ is ﬁaken, this being chosen
g8 2,00 x 10“7_ecs He / gm salt for convenience in the
subsequent calculations,

The values of the diffusion coefficient D are
calculated in exactly the same manner as deseribed previously.
Fig VIII shows the theoretical curves for the loss of hellum
at various temperatures on the basis of these values of D,
Experimental valuea;afé included in figure VIII and these
can be seen to fit the theoretical curves.extramely well,
The curve for the diffusion'at 200C is also included #n Fig,
VIIi'for the purpose of comparison.

Assuming a relation of the type :-

Dedo em{-f) .
to hold, it should now be possible.to calculate the activation

energy E for the diffusion process.
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Prom equation () above :-

log D - log' B, = ﬁ%

thus the plot of log D againat‘% should be a straight line

whose slope is 1% .

Exﬁerimental values of log oD are plotted against
j i Fig, IX. It can be seen that the plot is in fact a
straight 1ine, The slope of this line when measured is
found to be 6,60 x 10°, Teking R = 2,0 eala/mele them,
the activation energy for the diffusion of helium in natural
yellow rocksalt 1s calculated as 13,2 K eallyholey'

The value of D, is calculated teo ﬁc 3.8 x 105
emg/eeo.

Table IX shows values of activation energles and :_

: Do for'variana other species in sodium chloride,

LABLE IX

' gubstange \otivation Energy D, am?/sec.

LN cals/mol

§H, T v Be3

Ra L 4L.4 3,13 7)8560%

| 17.7 1.6 x 1075 7 (550°,
Cu 12,6 0,50
N1 12,7 0,20

The activation energy for ammonia is determined ‘

by’éorption’measurements (84) on a polycrystalline mass

|



66,

of sodium chloride end is hence assumed to represent grain
boundary diffusion. Since the activation energy found

" for the diffusion of helium in rockealt is @0 much highor
and in view of the difference in eize of the molecules
concerned, it is reaconable to assume that the diffusion of
: nelium in rocksalt is a volume diffusion process., |
Such a conclusion is in agresment with the effect

f; expected on consideration of the results of the X-ray

ahelysis mentioned previously, It would be expected also
that breskdown of a larger plece into many smaller pleces
would ténd to reduce the number of defects per particle,
thus favouring volume diffusion,

An alternative method has been used to ntudy the
aiffusion of argon in naturally occuring potassium chloride
by Smite and QGentner (85). These workers have observed a
 variation in ergon content of samples of potassium chlorids
which seeme to bear a relation to the gize of the sample taken,
The larger pieces in the samples examined having the higher
argon content, Smits and Gentner account for the difference
in argon contents between large and small pleces as being due
to volume diffusion of aigan out of the pieces during the
course of geological timé. The smaller the piece, the greater
the relative loss of argon. _

They then correlate the argon content and gize of
the pleces with various aaeumed_valuesvof the diffusion

coefficient D using different values for the age of the
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daposit.‘ @ood agreement betwesn ealculated aml experimental
values 1is obtained but there are limitations in the methed
from the point of view of diffusion.

Thus the diffusion coefficlent can only be
4stimated at one average temperature., No value for the
activetion energy of the process or for D, can be calculated,
‘It would be of interest therefore if the method used in this
work could be applied to the argon n potassium chloride
case (and also helium in potaesium chloride) in order to
determine the values of E and D, for this process and also

to compsre the results of the two methods,



It has been recently peinted eut by Bauver (88 )
and Muntlcy (87 ) shat the geological ages of metsorites as
sonputed from hel:lw -~ ureriume - thorium esntents sre in - 4‘

|
srror becauee the houm contents are probably mot wldv |
| effected by the decay of arsnium and therium, |
| Observing that, in general, small mereorties sontain
relatively higher smounts of helium than large meteorites and
the consequent indication of & relation between heliwm eentent
end pre-atzespheric msss, Bauer peﬁﬁuht” that the Xty
hoimm in smsll mefesrites is preduced by coesmic yediatiem
Thus the larger bodies wsuld be pmm frem | 1
commic rays to a greater extent than the mllgx boldies and

“-ﬁurth;emun would lose relatively mere mase in pasaing
$hrough the enrth's atmesphere, at the smme time thesefere
lesing the outer layers having the MM helium contenis,

Bauer's move proein predisticns on the effest te Ve
expected were invalidated by the absence of a Fedial vapistion -

in helium content in the meteorites examined by Pameth et &l

l
4
|

( 88 ). The problem was pursusé further hewever and u-élu

of meteoritic helium were subdjeeted to mass spectremeter
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emin@tian. It was found in the samples examined that the
retio Ned : He® varied from 0,178 to 0,515 ( g9 )y
indicating thet a substantisl amount of the helium preseat vas
of cosmic ray origin since radiogenie helium is known te be
all of mass foun. | . |

Later experiments on the meteorite 'Carbo' have

shown that there is & varistion in helium content with depth

-~ from the surface ( 90 ) end the extent of this variatien

egreecs well with the ealculations of Martin ( o3 ).
In order to investigate the effect further, it wewld
seem profitable to examine the 'light element' spallatien

. products in a sample of terrestrial steel which has been

bemberded with protens of ae high an energy as is ett&lntbh.
( o3 ) | o |

Le Couteur has treated such interactions en the basis
of a theery of nuclear evaporation ( 95 ') and arrived at
conclusions regarding the relative yielde of neutrens, pretens,
desuterons, tritone %He and oL~ particles and the snergy

‘diat‘r;butia'na of the evaporated particles., In certain respectis

- the evaporation theory is well substantiated by experimental

work on eveporation stars produced in photegraphm exlsions

( 94 ), but no direct evidence is gvailable at present on the

oxact raties of ReS, He? and H® produced in sush resctions,
~ %wo blocks of steel have been bambardsd with 840 Nev.

protons i’nsthe Barke]ey (California) Synehrocyelotren and are

examined in this work for helium content and tritium content.

|

|
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In addition, the helium, after purification and measuremaent,

is collected and examined for the ratio of aﬁe to 4ﬂe.

Experimental |
. Bombardment Data

The steel target consists of two blocks of steel
( 3,86 cems x S.6¢ms x-1,5cms) sepsrated by a thin
aluminium block ( 3e8cms x 36 cms x0s3 cma), all three
being securely bolted together, Bombardment of the dlocks
was t.haught to teke place along one edge of the blocks and
only in a fairly thin secetion of mbout 1 mm. thickness,

| The protons were of 340 Mev energy and bombardment
took place intermittently over & period of sbout six months,
Total bombardment in fact lasted 26 hours at 0,5 a giving
a total doss of 13 » & hours,

In order to check on this bombardment deta and locate
the active parts of the blocks, radioautogmphu were taken of
sach block 1.6, iwo steel and one aluminium. This was done
by laying each block in noted position on an unexposed
X-ray film (Ilfo_rd Industrial @ X-ray film) and developing
the film after & suiteble time intervael. When dsveloped the
£11mas showed the active portions of each block to be
localised along the sdges remote from the two 'bal;ﬂzoléé
where the three blocks had been bolted together,






A review of the methéds available for the extraction
of gases from terrestrial irons and steels has been published
by Nash ( 6 ) who recommends either mercuriec chloride or
cupris chloride-potassium chloride double salt soluticne
as solvents, Both these reagents were examined in a
qnalitative fashion using pieces of steel from the inactive
end of the irradiated blocks and contrary to Nash's findings
it was found that the cupric chloride-potassium chloride
double salt reagent was by far the most effective, Sulphurie
gcid was also tried but it was found to be even less effective
than merouric chloride. | ' _

" Cuprie chloride-potaseium chloride double 2alt was
therefore used to dissolve the steel in all the helium
estimations, the composition of the solution beingz-

400 gms. double salt, }

30 ccs. concentrated hydrochloric aeid.

860 cos, wétera

The solutionisdof the seme composition as that used in
the investigation of the gases in meteorites,

Dissolving Vessel for Steel Samples

4 The Gissolving apparatus is ghown in Fig * , It
consists of a flask A4 of about 300 ces., capacity ﬁhich is
attached to a source of helium-free oxygem at the ground joint

@, 1In addition flask A has a side-arm containing a standard
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Joint Gg and ia connected to the body of the apparatus
through taps T; and Tg.

Between taps Ty and Té is a trap, cooled in liguid
nitrogen, the purpose of which is to prevent transfer of water
from the reagent in flask A to the rest of the epparatus, The
need for this arrangement will be discussed later when the
dstermination of Tritium is coneidered.

In a typical estimation a plece of steel about 1 mm,
thick is sawn from the active edge of one of the dlocks, This
is then weighed and placed in a boat of the type shown in
Pig. X B, This boat 13 made of pyrex giasa and is attached
to a small iron nall sealed in a pyrex glass envelops., Such an
arrengement affords ready movement of the boat inside by the
uee of a magnet outsids the apparatus.

About 75 ccs of reagent ars then admitted into A,
together with & stirrer, and A then re-attached at @, With
A in position the boat containing the steel sample is placed
inside the sealed male component of joint Gg, which ig then
attached to the flask A, '

Plask A 1s then evacuated through tape T1 and Tg and
complete removal of rare-gases from the solution effected by
flushing through with helium-free oxygen. In practice, six
to eight flush&pgswith oxygen, each sufficient to produee a
pressure of about 1 em§ of mercury in the flask, were found to

remove substantially all the helium from the solution,
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When the reasgent is satisfactorily de-gassed, taps
to the pumpa are closed and the stesl brought into the
reagent 53 pulling the boat along with a magnet outside the
flask., The steel sample 1hvariab1y drope free into the
solvent and the boat may be removed, if so deesired, into the
gide-arm whenee it came,

The dissolution of tha-ateel is then assisted by
use of a magnetic stirrer. Generally, about two hours
gtirring are required, the sample aliowed to stand overnight,
~folldwed by enother one hour stirring, to ensure complete
dissolution. |

The gases so released from the éteel are then
transferred, using oxygen carriei, into the circulating
system, and the Getermination and collection of “he helium
carried out in the manner described in Appendix I,

Efforts were made in all these experiments to
isolate the tritium released in a suitable form for.
estimation. Such methods as were used will be discussed later,

Blank estimations were carried out on the oxygen
supply, reagent,and the inactive end of the steel blocks
and found to be satiefactory e.g. the helium obtained from
0,4 gus, steel from the inactive end was found by this method
to cont;in 65 x 10~8 a8 e:at N, T.P. This would yield in the
amounte of steel from the active ends used less than one

percent of the total helium, Where this amount becomee
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significant e.g. samples (1) and (28) in Table X , 8
suitable correction 1s applied.

The validity of the procedure was tested by carrying
out an estimation on the meteorite 'Carbo'. The helium value
found for 'Carbo' was 16,9 x 1076 as He/gm. meteorite which
is 1dentical with the figure found by Reasbeck on & different
apparatus using a part of the same sample of meteorite (96 ).
Results of the analyses

The results of the varlous helium analyses are shown
in Table X together with the approximate distance from one
adge of the block from which the sample was taken,

TABLE X
“Bteel |Distance | Total e cont— ]
taken |from edge| Hex10%ccglent in 107
in_gms |of block. ccs/gm, _
+0186 | O-1nmm 1,37 - -
2 .0471 | O=lmm 1.30 - -
3(0,5240 | 1-9mm 1. 36(calc)| 3.58(calc) 1630, - . |o.0568
1615 | -
410,270 | 9~1b6mm 1,314 4,87 1600 1,218 0, 0664
5 (0:1346 [16-21mm 0,721 5, 366 868 3,204  |0,032
0.0992 (15, 22mm (0, 538 5, 43 654 1,216 0,0322
| , . :

"~ Helium samples 3 to 6 in Table X were collected
- and have been examined for °He : %He ratio by Mr. K. I.Mayne
at the Clarendon Laboratory, 0xford, The results of these
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analyses are shown in the last column of Tesble X.

The helium value for ssmple 3 is & calculated
value, the method of calculatibn will be discussed later,
. Honitoring | “

A coneiderable difference in helium content is to be
noted amongezlthe eampleé of steel examined. This underlines
the need for adequate monitoring in ordsr to determine the
amount of bombardment which each sample has received.

Data is avallsble on the spallation products in iren
including the yields of various isotopes and their half-lives
( 97 ); Difficulty in sbsolute monitoring arises here since ..
the material bombarded is not pure iroen and other componente
in steel will produce spallation products which will add to the
yield of any pearticular isotope considered,

Of the various isotopes produced in iren, 47v secmB
to be the one which has the most favourable yleld and half-l1ife
but here again difficulty.could arise in the extraction of
smell quantities of vanadium from the gross quantities of
coppéer present in solution.

Since monitoring of a relstive neature only is
- possible and in view of the above consideration it would be
a considérdble help 1f it were possible to monitor the solutionse
as gyﬂh without extracting eny particular isotope, Each
sel&tion contains approximetely the same volume of reagent

1.0s. 76 cen. 80 that if all are made up to the same total
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volume they should all be gbout the same density,

| A1l the solutions containing steel are therefore
made up to & volume of 250 ccs, ~The plateau for the liguid
ecounter used is obtained using an external 6000 source
and a background count taken with distilled water in the
comter. 10 ml. of each solution are pipetted into the
counter in turn and a count taken on each, The counter is
washed out wi;h distilled water and acetone before admitting
& fresh ssmple of solution, the acetone being removed in &
current of &ir, _

The counts obtained for the various solutions are
noted in Table X , together with the ratios of total helium
to total counts on solution for each of steel samples 3 to 6.

It can be seen that for the three semples for which
pelisble helium values have been obtained (4, 5 and 8) the
ratio is constant, The helium-value for semple 3 was uncertain

becsuse the galvanometer deflection (see Appendix I) obtained
when this sample wes measured was too lerge for accurate
estimation,

It is on the basis of the constancy of the ratio
of total helium to total counts on solution that the helium
value for steel sample.No.3 shown in Table X has been
calculated, o

The solutions of samples 1 and 2 were discerded long

before monitoring took place but again because of the above
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constant ratio, confidence in the helium values is felt to
be justified. _
Estimation of Tritium in the Active Steel Samples

In all the helium snslyses disoussed above, attempts
vere made to extract the tritium in a suitable form for
analysds, The method used ariginally was to attempt to
cotalyse the rsaction between tritium and oxygen asa the tritium
was raeleased from solution, This involved the inclusion in
the dissolving vessel (Fig.* ) of en sdditional side-arm
vhich carried leads to a spiral of platinum wire within the
dissolving vessel. The platinum wire was heated electrically
to dull redneas (98 ) in an atmosphere of oxygen during the
dissolution and transfer of the géses reileased from the steel
on solution. Thée water was confined to the disselving
apparatus during transfer by passing the gases over s liquid
nitrogen fingsr (see PigXk ). At the end of an experiment
the water condensed on this finger ¥buld be re-condensed
into the dissolving vesssl by cooling the vessel in an 1ice
galt freezing mixture and allowing the liquid nitrogen finger
to warm up to room temperature,

, Provided the eatalyses is efficient, the tritium
should now be confined in the bulk solution as oxide, By
taking aliquots of this solution it should now be possible te
convert the tritium oxide into a suitable form for counting.

1% was proposed initially to count the tritium as
tritiobutane after tﬁe method of Glascock (99 ), the
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conversion to tritiobutane being carried out by reaction of
the aqueous solution with n-butylmagnesium bromide, 7The method A
waa found unsatisfactory however singe.no counter plateau could
be obtained, | ,
) It was therefore decided to count the tritium as
such 1,9, convert the oxides into tritium and hydrogen and
use alcohol ae quenching agent (100 ).
| Weighed quantities of the solution (adbout .06 gm)
are sealed into thin walled glass phials, One such phial
is placed horizontally in the container A Fig, .
The whole apparatus in Pig. X3 18 maintained under vacuum,
After evacuating container A, the steel ball B ias
allowed to fall freely on to the phial containing the solution,
bresking 1t and thus allowing the oxides to condense into
vesgel C which is cooled in liquid nitrogen,
| Vessel C contains metallio sodium which hae already
been de-gassed under vacuum and vaporised on to the walls of
the container,
When all the liquid has condensed in G, tap T 1s -

‘clomed and the liquid nitregen removed, This allows the
vessel to warm up and reaction between sodium and water takes
plece, 20 to 30 minutes being allowed for completion of the
reaction, |

The mercury in the Toepler pump E is then fully
raised to the limite defined dy the ventil V; and the sinter 83
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and the mercury in the system G lowered, When the mercury
in G has reached & sufficiently low level, alcohol vapour 1s
able to escape from bulb H into the apperatus, With tep Tg
closed and Ty and Tg open, alcohol vapour to a pressure of

2 ems, 1s admitted into the counting tube ¥, the pressure
being measured on the manometér Mg. The mercury in G is then
fully reised.

When the reaction in ireasel C is complete, U-tube
D 45 immersed in 11quid nitrogen, tap T4 is closed and teps
T, Tg and Ty opened. The hydrogen end tritium resulting from
the reaction may now be transferred into the counting tube ¥
by the action of the Toepler pump E. The total pressurs in
the counting tubde indicated on mancmeter Mg i¢ ueually about
io CIne,

Cylinder hydrogen msy be admitted into the system
through the sinter-mercury seal 8g for those cases where
insufficient hydrogen snd tritium is released to achleve &

" totel pressure of 10 cme, for the purpose of  ckground
calibration or for flushing out the counting tube to remove
adsorbed tritium from the gless walls of the tubde. |

Once filled with the mixture of gmsea which is to
be counted the gases are thoroughly mixed by lowering the -
mercury in the Tdapler pump B to about half way down the
bulb, allowing the gaeses té expand through the sinter 33} snd
then fully reisiig the mefeury againi This process ie
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repeated twice or thrice so that good mixing 18 ensured,
Tap Tg may now be closed and the counting tubs carefully
'remQVQd from the apparatus, The tube 18 then re-assembled
inside a lead castle as & normal Geiger counting tube and
counting commenced. |

The validity of the use of such a gas mixture for
counting wés verified when & plateau was obtained using
inac¢tive Hydrogen in the counter and en external 6060 source.
Backgrounds with inactive hydrogen were around 30 counis
POY I,

When samples of the solution were examined in the
manner described nmo counts above background wers obtained,

' This indicstes that either the quantities of tritium oxide
' are so diluted in the bulk solution &s to be beyond detection
or that the method of catalysis is inefficient,

Accepting the latter as the most probable reason
for the low recovery of tritium another method of sssaying
was tried. In this the gases freed by solution of the.
gteel are transferred into the Circulating System using
electrolytic gas together with @xcess oxygen as carrier,
Tyansfer of water into the Circulating System is prevented as
described previously and the conversion of hydrogen in excess
oxygen to water achieved ueing a heated palladium cgtalyss
(see Appendix I). A blank experiment using grass~q§ant1tiee
of elsctrolytic gas showed that this reaction was complete

aftor 20 minutes circulation of the geses over the
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heated catalyst,
A storage vessel of the type shown in Big

(see Appendix I) is included in the Circulating System. This

vessel contains the sodium whioh is previously de-gassed and
throughout eirculation 1s ¢ooled 1n iiquid nitrogen to prevent
premature mixing of the sodium and water,

When circulation 19 completed the helium to be
sstimated, together with any excess oxygen remaining 1s
removed from the Circulating System by Toepler action
(see Appendix I), the water trap in the circulating system is
8lloved to warm up so that all the water condenses in the
storage vessel containing sodiuﬁ. '

When condensation is complete; at least one hour
being allowed for this process, the veassel may be removed from
the appaéatus by drawing off the constriction, The storage
veasel may now dbe allgwed to warm up and the reaction between
water and sodium tekes place. The vessesl may now be cennoeted.
to the apparatus shown in Pig X1 , taking the place of the
container A, Brezking the septum of the storage VQBsél now by
allowing the steel baill B (Fig. X1 ) to fall freely on it
reieasea the hydrogen‘and tritium into the apparatus so that 1t
can b¢ transferred into the counting tube under the action of
the Toepler pump B,

Previous measurement of the amperage and timse during
the production of electrolytic gae for the transfer eperatidnn
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desoridved abeve affords a means of calculating the total
‘quantity of hydrogen available from the water produced,
Measurement of the pressure of the hydrogen in the ceunter
and & knowledge of the volume then leads to the fraction of
" the total gas taken in the counter, Thus the total tritium
released from solution may then be calculated frum~the count
‘pbtained on any one sample,

The results found in this way.gave‘valuea of

tritium corresponding to values 4, 5 end & in Table X of
1,81 x 1030 ccs %H. N, T.P.
1,60 x 10~° ces %6, N, TP,
9,95 x 10710 cos %5, m2.P.

Whence flo_ Tatios are 1= 7,28 x 10% 5,98 x 10° 5,43 x 10°

It can be seen that these results show very poor
agreement with each other, They also éhow 2 wide divergence
from the predicted value §g3 ) for this ratio which 1s
about 3 ¢ 1.

| The quantities of tritium found then are
conaiderably smsller than the amounts predicted by theory and
a further search for tritium muet be made,.

It seems unlikely that an spprosch aleng the same or
similar lines to those already described i,e. determining
helium amd %4 in ene'and the same semple will prove very
useful, It was decided therefore to extract the tritium by
fusion of a geparate steel sample.

In this a furnace was constructed similar in design

4
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. {102) |
to that Gescribed by Alberman. The form of the furnace 18

ghown in Fig, X1,

It conzists of a turned brass base-plate through
which pase two'aopper.tubea B,B,, sealed at one end, which
serve to earry the current to the heating element C. One
of these tubes is insulated from the base-plate by using &
p?rex glass sleeve (D) which seals to both the tube snd the
base-plate with Aplezon wax W,

The two clectrodes By, By are cooled by passing
water through the two imnner tubes of copper Ep, Eg. The
base-plate 1tself is water-cooled through the copper tube
P which is aoiﬁered to its under surface,

8ituated about haif;way down the two electrodes 18
& copper disc G which is soldered to one slectrode and out of
contact with the other, This serves es a radiation shield
and prevente.excessive tranafer of heat to the base-plate.

vThe bress cylinder H rests on the eopper dise @& and
is water cooled through the copper tubes I, I5 which pass
'through the base-plate and are solderad to the outer surface
of H in the form of a spiral., Cylinder H serves &g a
radiation cshield also and prevents the outer envelope K of
pyrex glass from becoming overheated. With the exception of
the small observation hole J at the top, the radiation shield
H plus the copper disc G on which it rests, completely

surrounds the heating element C,
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The outer casing XK 18 of pyrex glass and is

attached to the base-plate at the flanged joint L with
Apiezon wax W,

The furnace is in immediate contact with a tube
containing copper oxi@y‘vhich ean be heated to red heat
electriecally, TheAwholé unit then ¢in:ds attached to the
apparatus shown in PigXl at the standard ground joint
R, taking the place of vessel A. |

Several elements were used in the furnace in
dirrerent exporimenta, In all the cases where tritium values
are quoted the stesl was cbssrved to have melted or rescted
with the olement which should mean complete expulsion of any
occluded gases including tritium,

In an actual experiment the furnace is thoroughly
evacuated and observed to be leak-proof, Cylinder hydrogen
is then admitted through Sg to a known pressure (about 4 eme,

of mercury) into the voluﬁe defined by 83, Tg, and the eounting
tube P, Surplus hydrogen is pumped away and the known amount
allowsd to expand into the volume defined by Tq,Tgz, Vl and 31.

Tap T4 18 then closed and the small fraction of hydrogen
enclosed between Ty, Tz and V4, 18 sllowed to expand inte the
furnace by opening taps 73 and T, Tap Ts is then clesed and
the hydrogen remaining outside the initial volume transferred
back into this volume by the action of the Toepler pump E,
The hydrogen so transferred into the furnace acts

a8 & carrier for the tritium on ite releass from the steel.
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With the water cooling circuits functioning
correctly the current is spplied to the slement containing
the steel semple, At the same time the copper oxide is
heated to dull redness, whilst the U-tube D is cooled in
liguid nitrogen so that the water will condense in D as it
is formed,

On completion of the fusion, any uncondensable
gases are pumped away and the copper oxide sllowed to cool
down, The remaining hydrogen enclosed in the counting tube
is then allowed to expand ower the copper oxide, which is then
reheated, By circulating the hydrogsn in and out over the
copper oxide by the asction of the Tospler pump X sll the
hydrogen 15 converted into water and condensed in D,

Tap Tg 18 then closed and the reconversion of
wateé and transfer of the resulting hydrogen to the counting
tube ¥ carried out in the menner deseribed previously.

Since a known amount of hydrogen i1s taken initislly,
measurement of the final pressure of hydrogen regenerated
should lead to the recovery yield of hydrogen in the
experiment, In all cases where significant counts were
obtained from the steel samples the recovery of hydrogen was
more than 100%. In one other case where the steel did not
fuse the reéovery of hydrogen wag 44%,

In this way three estimations of tritium in the

gteel were carried out., &ince no sinultaneous helium
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anslyses are possible on the steel samples used, the emounts
of tritium are related to the weight of stesl taken, for
comparison with previous helium values, ¥Por this purpose the
helium content of the neighbouring piece of steel is taken
(5.4 x 10"% e, He/gm stecl) es that of the steel uced
in the tritium estimations, |

The ratios of helium to tritium found in this way
were 76 3 1, 40t 1, and 75 § 1, respectively,

In yot another method of estimation of the tritium
& portion of the active steel ( 0,064 gms) wae heated in the
presence of chlorine gas until all haed reacted. On completion
of the heating the resulting tritium chloride end ferrie
chloride were dissolved in 2ml, of water saturated with
sulphur dloxide. Aliquot portione of this solution ars then
sealed in thin glass phials as describded previously. In this
method, however, the regeneration of tritium %s achieved by
- pasaing the oxide vapour fi&ﬁ the solution .repeatedly over
zine heated to about 400°C (203),

The counting procedure was then carried out as
described previously, Since the total gas availadle from 3 ml.
of water is known, the total tritium ylslded by the stesl eould
be celculated, In this experiment 8,35 cms. pressure of |
hydrogen plus tritium in the counter gave a count of 218% 5 per.
min, This value gives a ratio of helium to tritium of about
444 1

g This method of recovery of tritium was repested
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on another sample of steel taken from deeper in the block,
situated spproximately beneath samples 3 and 4 uged for
helium analyses, Thie time 1 ml. of sulphur dloxide - water
was used to take up the chlorides formed, 0,0413 gms of steel
were teken initially end no magnetic fragments were detected
in the residwe, Gounting of the tritium regenerated from
this solution gave a totél count of 860 per min., off a sample
of the gfaa{cont;a:lned in 23 ccs at a pressure of 7.8 cms of
" mercury. Qalculationé of the tritium content of the etesl
and comperison with the helium contents from samples 3 and 4
gave ratios of 23 ¢ 1 end 43 3 1 raapaatiﬁely for the ratio
| of helium to tritium,

An examination of the activity of the aluminium
block, which was also 1rmdiéted with the steel, shows that
the activity varies with the distence from the surfece. The
above comparisons then of helium end tritium values related
to unit weight of ateel are of doubtful validity.
|  fThe 1deal case would be to compsre H, SHe and *He
values in relation to the mumber of spallation events which
lgava taken place 1n‘ each plece of ateel, producing radioactive
vanadium oté. For this purpose the Y -activitiss of the

solutions of eteel are counted under standard conditions, and

the values for 3 and He related to the number of counts

 obtained from the sélution, FigureXIII”shows- diasgramatically

ey - - .
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the relative positions from which each sample im taken
(no account being taken of the width of the‘aa'ueut). The
numbering of the samples in Fig, XIII ocoincides with the
- numbering given in Table XI which shows the results of the

various analyses,

Ko ams. #axxoﬁ Hex100 %cmm

1 0,0186 1,37

2 0,047 1. 30 o-1
3 0,524 (1,35 | .56 |5,88 |40,500 2-1¢
4 0,270 [1,314 | 4,87 [5.84 |40,000 11-1"
60,1346/ 0,721 | 5,86 (5.3 |21,700 16-24
60,0992/, 538 6,43 [3.32 13,850 18-24
7 0,0326 0,653 |fus. 2527
8 0,0523 0,333 | " 85-27
9 0,0326 0,383 | " | 88-27
0 - | - . 28-30
11 0,064 | | . 0,706 01, B.S6 (220 | 51-35
12 0,041 - 0,560 P1g E,a 280

128 G 045 ‘ | 2,320

13 0, 067 | 8,568 51-58
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Por the purposes of comparison L and SHie values
ér‘e now related to the counts from the respeotive selutions
in the following manner;-

i, For sample 13, .
Counts on solution/gm. of steel = 127,700,
' Por semple 11. | |
| . Tritium in 'eea/gn.' of stesl = 0,705 x 100

Gomparieon of samples 11 and 13 (see Fig._. X113)
is considered valid in view of the correspondence of hglium
contents in ccs/gm of samples 5 and 6 which are similarly

- orlented , Thus,

- ees, tritium/count on solution = 0,705
18

Row éompare thie with the SHe in sample 6.
Thus, total He in sample 5 = 0,72Y% x 10"Scce

’ w 3028
.Zl;.: 3

a8

> 760

?her_erar;e Sge from ssmple 8= 3

sinw .
N4, 1
7%

Total counts from this eteel solution = 21,700,

Therefore cos ®He/count on solution = 3

Thus,

= 00 53.

5imilarly, comparison with the SHe content of ssmple & gives a
3

ratio am = 0,915,
- “He

e atoms

-
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2, In the same manner, values for the tritium from sample 13
end the comnta from the solution 91‘ sample 12a are
‘compared with the respoctive helium values and counts on
solutione for samples 3 and 4. The ratios given are,
respectivelyt- s |

jops, + 1418 (for sample 3)

= 1,25 (for sample 4).

Direct comparison of the results obtained above with
the predictions of the evaporation thecry is somewhat obseu;-od |
by the fact that the excitation energies of the various
" nucleil which undergo spallation is not known, Although

the energy of the inoident protons is quoted as 340 Mwv,
thie is probsbly not the sare as the excitation energy of the
nucleld. .
' It is possible, for example, that on collision
wvith a nucleus the proton may leave only a fraction of its
. energy for ovaporation of the nucleus, . In addition mesons l
mey he created, a proesss which requires energies of the order
of 200 Hev, 50 that the energy avallable for evaporation is |
much less than 340 Mev, l
A gurther besis for cemxaariaén-.kie thus required. i
This 18 at hend in that the yields of the heavier spallation ‘

products 4in iron are known for interaction with 340 Mev protone,

(208), | a
|
,|
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oduct; . mbim& AN U, Nev ®he étg_;; 5@/53&3 d[g&g}:_._
%. 560 20
®pe 44 2 9
3yn 43 4 85 | \15
Slgy 44 6 83 o 36
43y 31 8 3110 .04 L,09 . .B4
474 21 10 136 .06 ,16 70
450 1B 12 164 08 .24 .84
484 ® 14 188 L1 .29 98
41y 3 18 216  L,16  ,40 1,10
g0 %pe 0,24 1 i3
ME‘Q 54yn 12 3 4l
52un- %%gp 12,9 5 a8 | 25
80¢p S0y 13 7 9% .08 .04 .42
© %y %p 10,3 9 1235 .05 .13 .62
4py- 5, g 13 150 07 ,20 76
5 44ca 2,6 13 178 L10 .27 +90
4% 4% 0,7 18 305 .13 .36 1,08
40 40, 0,5 17 230 L,16 .44 1,17
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Thus; frem Le Gouteur's relatiohships for relative yields
at various excitation enor'giea ah’e ean ealculate the number of
unite of mass lost in spalletien at any requiraa snergy (103),
I’rem the known isotopes produeed in apalution of iron one
oan calc¢ulate for each one, the number of meas units loss for
its partioular spallation (sse Table XII) and hence from.
Pig, XIV the excitation energy. Having found the exoitation
~energy for each process one then arrives at the predicted
ration of the 48@, %he and %8 atoms produecsd, again from
Pig XIV. The various values for the yields are then weighted
according to the oross section for the particular precesses
by whieh they arise,

Sunmation of theangmea yieldl of 4He, SHe ana K
for &1l the spsllation reactions up %o a mass loss of 16 mass
units ( A) s carried out (Tabls XIII), This should then
~ form @ basis on which to compare the present experimental
results with Le Couteur's predictions,

The predicted ratios together with experimental
values areshown in Teble XIV.

Predicted Ratto Experimental Ratio

%ﬁ 0,068 ' 0,0568, 0,0564, 0,082, 0, 0392,

3., ‘

éa 0,178 0,088, 0,088, 0,042, 0,036, ‘
%@ 2,62 1,49, 1,56, 1,32, L13, ‘
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pre&ioted and experimental valﬁas which are compared above,
11ttle can be said as to the validity of the evaporation
‘theory of Le Couteur, The various values however may de said
to conform qualitatively with Le Couteur's predictions and
in that sengsé support the validity of the evaporation
| ~ theory, | | |
| No further light is thrown on the question of helium
production in mstepritea by coamie ray interaetion with the
conetituents of the meteorites except in 8o far as Le Couteur's
theory of nuclesr evaperation is qualitatively confirmed as
low excitation energielh
£xact agreement with Le Couteur's prediotions could
‘not be expected for hia calculations have been made for
heavier nucleii viz. silver end bromine, In the iren caae
the products will be different for the Coulosb barrier for
'53, 38@, and*to will have dtered, Furthermore, Le Couteur's
calculations and predictions are bhased on procesges of higher
eneigy producing 7 to 14 "prongs" per "star" and it 18
doubiful 4if his yield curves can be extrapolated to lower

energles,
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APPENDIX I
The Apparstus

The Preparation of Helium-free Oxygen

_ Helium-free ox#gen is prepared ( 104 #nd stored
in a suitable reservoir. Fig. XV,

A adﬁrce of impure oxygen from & cylinder ie
attached to the reservoir and so adjusted so that oxygen
bubblés past the mercury in manometer Mj with tap Ty clesed.
_This flushes any air out of the dead space up to tap Tz.

Théa, thq reservoir having been previously
evecuated through tap T; and the ehﬁreoal C; heated to
about 250°C for at least 1 hour, tap Tg is opened so that
oxygen can now enter the reservoir and bubble past the
mercury in ménameter.lg for a short while, Tap Tg is then
closed and the oxygen supply renmoved,

Then, with tap Ty open, buld C; is Lmmersed in
liénid nitrogen. Oxygen then liquifies in G; to a
residual pressure of about 15-16 cms. mercury whilst the
rare gases present will still be in the gaseous state. Tap
Ty 18 then closed and the remaining oxygen taken up on the
charcoal in Gy by imuersion in liquid nitrogen, When the
presidual pressure reaches a value of about 3-4 mm, mercury
tap T1 is opened and the remaining gﬁaea punped away,
Pumping 1s continued for about 10 minutes, the oxygen






rémainmg quantitatively on the charcoal Cg and the rare
gases, being much less strongly adeorbed, are removed,

Tap Ty is then clésed and the liquid Ng removed
from Gg 80 that the oxygen is desorbed and expands into
the reservoir, Teap Tz may now be opened snd the liquid
nitrogen removed from G, 8o that gn' the oxygen returns to ths
gageous state. |

The above process is carried out six times in all
and a dlank determination carried out on the oxygen using
an ammunt scmewhat in excess of that used in a normal
experiment on an unknown, to teoat 1ts‘pur1ty with respect to
helium, If necessary the process is repeated until

satisf‘aeeoré;'blanks are obtained.

» 8ince each particular ease requires ite owmn method
of approach with regard to the liberation of the gases to be
examined, it would be as well to leave discussion of the

aissolving vessels used as the particular cases arise.

The gases released in the dissolving vesesel are
" transferred into the Circulating System (PigXVI) in the
following way,

The Circulating System is first thoreughly
avecuated dhrough taps Ty and Tg with the mercury in ventils
Vv, and Vg lowered and the charcoal in C heated to 250-500°C
under vacwunl. Ven§11 Vo 1s then fully raised and ‘uot.hl taps
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to vacuum closed. Gharéoal C may now be immersed in liquid
nitrogen and sbout five minutes allowed for temperéture
equilibration. Meanwhile the mercury in ventil Vi is raised
‘to 8 convenient level such that with a small pressure of
oxygen on the one side, the gas may bubble past the mercury
on to the cooled charcosl and seal off when the bubbling
ceases,

Oxygen is then admitted into the disselving vessel
to & pressure of approximately 1 em, of mercury. The
dissolving vessel connects to the circulating system through
tap T3, If this tap Ty 1s now quickly opened, oxygen will
budbble pest the mercury in ventil V1 to be immediately
taken up on the eooled charcoal in C, Thus the pressure in
the circulating eystem is aiwaya substantially zero, and the
pProcess may b@iﬁaﬁgated several times if necessary,

Wher the bubbling ceases or, if the dissolving
medium has an appreciable vapour pressure, after the initial
rush .of gas has ceased, tap T3 is closed and & further
similar emount of oxygen from the reservolr admitted té the
dissolving vessel. The process 1s then repsated,

It has besen shown with an identical syetem that

,'lca%‘t:ansreriis achieved in six such operations (107 )
and confirmed in this work. In order to cempletely eliminate
uncertainty, the above process is usually repeated eight

times for each transfer,

on completion of a transfer the mercury in ventil V1
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is fully raised and the 1iquid nitrogen removed from around
¢harcoal C so that thé oxygen is released into the
eirculating system, The pressure of oxygen present in the
circulating system at this stage is generally from 2 to 4 cmsa
of mercuryQ Larger pressures of oxygen than 4 cme become
fairly difficult to handle in traensference of the gas from the
circulating system to the next stage of the analysls, 1.e,
the fractionating coluan |

Before transferring the gases into the fractionating
column, it is essential to remove #gaces of hydrogen which are
often generated in the dissolution prﬁéess if not actually
present in the gases contained in the material under
examination. Since hydrogen follows helium and neon in order
of adsorbability on charcoal ( 108 ), 1t is possible that
traces may affeot the neon value obtained 1f not the helium
value, (It is alwaye advisable to look for neon even in a
helium estimation in order to ensure that there has been no
leakage of air into the vacuum system during the course of the
estimation),

The removal of%%ydrogen is effected by circulation
of the gaeeé over a heated palladium wire which catalysees the
formation of water by reaction of the hydrogen with the excess
oxygen pregent. The palladium furnace 1s shown
diagremmatically in Pig.XVI , It consists of an inner tube
around which the palladium wire is coiled, enclosed in an outer

casing containing a standard ground glass Joint, This standard
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joint provides means of attachment tb a further outer casing
of pyrex glass which contains the heating element of the
furnace. The heating element consists of 'nichrome' tape
wound on & former which constitutes the outer casing to the
system already described. It is vacuum jacketed to minimise
heat transfer to internal seals in tﬁe glass and thus reduce
the risks of fracture. As a further precaution, the whole
furnace is immersed in a water bath,

; “The heating element is fed from the 34 volts D.C,
gupply with a current of 1 - 2 amps andA;n operation is run
at a dull red heat., Undsr these conditions it is found that
with adequate circulation the hydrogen is completely removed
in about 20 minutes,

Circulation 18 achieved by the use of the simple
pump P; (Fig.XVX). This consists of a solenoid, sealsd in
a glass envelope, which moves up and down under the influence
of an interrupted magnetic field i.,e. with current flowing
through the coil the solenoid is lifted, falls agaln when the
circuit is broken and is raised once more when the ecircuit is
remade. The glass envelope containing the solenoid is made
as good a fit 88 possible to the tube in which it moves in
order that circulation shall be as efficient a8 possidble, Two
small wire springs are fitted in this tube at the limits of
travel of the eolenoid to protect it from undue shock and

theresby reduce the risk of a fracture,
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Thus, a# water is formed in the palladium furnace
it tends to move towards the trap, immersed in liquid nitrogen,
situated between the furnace and the Toepler pump Pg and is
'retained there.

. On completion of the circulation, the gases are
traneferred into the next section.of the apparatus, the
fragtionating column, by means of the Toepler pdmp. Pg. In
this,tap T4 18 closed and the mercury in the pump raised so
that the bulb of the pump, full of gas, is cut off from the
rest of the circulating syetem,- -Tap Ty, which provides
communication between the circulating system and the column,
mey now be opened. It is as well in these initial strokes of
the Toepler pump to exercise caution and not transfer the
gaéee too quickly. Although the main constituent of the gases
18 oxygen and they are being transferred on to charcoal cooled
in liquid nitrogen, 1t mey be that if ﬁhe transfer is ecarried
out too gquickly & pressure may build up in this section of the
column sufficient to force down the mercury which separates the
first charcoal unit from the second. Apart from a grave risk

of demaging the column, escape of & fraction of the gas on to

the ssoond charcoal unit at this atage would make it difficult
to asgess a neon estimation sincs here charcoal unit No. 2 is
allowed to warm up to room temperature to expediate transfer

of the gas,
Having pertially raised the mercury in the Toepler
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pump and opencd Tap TE, the mercury may now be raised further,
until 1t 1ifts the weighted ground glass seal situated just
above the bulb of the pﬁmp. On lowering the mercury quickly,
the glass seal, beiﬁg weighted, becomes secated before all the
mercury has-fiowed past it. Mercury is thue trapped here and
hence forms 2 useful non-return valve. When the mercury ie
fully lowered, gas from the rest of the circulating aysﬁem
e%yande into the vacuum thus created in the bulb and the
process may de repeatéd.

It often happens that on the subsequent upward
strokes a émall bubble of gas may become trapped in the
mercury at the seal, so that on loweping the mercuf& it escsapés
back 1n§o the circulating system and leads to inefficient
transfsr, However, once the mercury has been partially raised
and the rest of the system separated from the bulb, the glass
seal may be raised so that the mercury frapped there flows
into the body of the msrcury below and the risk of trapping
a bubble there is éliminatéd. Raising of the glass seal 1is
achieved by making the weight contained i thin it of iron
and using a magnet to 1ift this, |

" In practice it is found that 10 strokes of the
Toepler pump are feqnired to effect complete tranefer from the
circulating system to the column, but here again the
operations are carried to excess in order to eliminate
uncertainty. In fact 20 strokes are generally mede.

Having comvleted the required number of strokes and
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effected the transfer, the mercury in the Toepler pump is

fully raised to the limitAallowed by the two steel ball valves
Bys Bg. Thus the dead space over charcoal No.,1l. is constant
and fixed by the steel ball vélve By supported by mercury and
the ﬁap Tqe It is essentialvthat this dead space remain
constant otherwise; as will be seen later, the characteristics
Aof the columm with regard to separatioh of helium and neon will
change, It is also advantageous to meke this dead space as
small as possible.

The Fractionating Column

The fractionating column (Fig. XV} consists
essentially of 15 charcoal units containing 0,8 to 0,9 gms., of
.steam activated coconut charcoal in each, Each unit is
connected to a bulb of sbout 20-25 ccs, capacity, the bulbs
being connscted to a §ammon mercﬁry ressrvoir,

Each unit is connected fto the next unit in the series
via another bBulb of similar dimensions to the first and these
bu1b9~too connect to & common mercury reservois, Thus, the
level of the mercury in the two series of bulbs can be raised
or IOWGred 1ndepandent1y. |

The whole column may be evacuated through Tap Tg
~(F’ié,xy:;g) and before each estimation the charcoal units are
thoroughly outgassed by heating o 260-3009C for abéut &
half an hour, under the action of the pumps,

Operation of the Column.
 Whilst circulation of the gaseé in the circulating

eystem is in progress tap T connecting the two sections
p \)""\k“lclus'rjtlz‘flfﬁ‘g/’/ ’
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of the apparatusg in question is.cloged. Beforé tranaference
" of the gases to the columh commences the mercury levels in
both series of bPulbs g railsed 8o that all dulbs are filled
with mercury and about & rm. of the verticai connecting
tubes., Thus each unit is separated from the next. The height
" to which the mercury is raised in the bulbs at thie stage
is made during construction of the apparatus, the maximm
height to which the mercury can reach., This avoids the
possibility of mercury being pushed from one duldb into the
next during operation of the column end the chance of an
inter-connecting tube dbeing thereby blocked,.
Having separated the unite in this way, each unit
168 now cooled in liquid nitrogen, the units dbeing so
arranged that three or four mey be accommodétad in one
Déwér flask. Five or ten minutes are usuaelly sllowed for
temperature equilivration. Tap Ty may now be opened and
transfor of the gases to the column, as described in the
praceding secﬁion, comumenced, Examingtion of Pig.. xviIx.

will show thaet the geses transferred under the conditions

described will all be accommodated on charcoal unit No.l.
’Gﬁygen, which is the main constituent of the gases, will be
retained throughout the subsequent operations 6n charcoal unit
No.l., provided this 1is at all times immersed in liquid
-nitrogen; Since the pressure of oxygen in the e¢irculating:
gystem 48 approximately 2 « 4 cmé. usuelly, it can be seen
that thie amount of gas confined in the Bméll dead space ‘

-
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over chgrcoal unit No,l would generate a pressure 4
suffiéient to allow it to escape'violently from umit No.1 .
.Thia_could cause sarious damagé to the column and so.unlt
No.1 is never allowed to wanm up at all uhtil the mercury
has been lowered in both serlies of bulbs and the column
connected to the pumping system.
Since the inter-connecting tubes between the bulbs

“are of quite narrow bore, it cen also be seen why it ie
eésential to retain watser vapour in the circulating system,
Any apprecieble Quantitj-of water would freeze in the tube
'ahove charcoal No.l., blocking it and thereby preventing
further transfsr of the gases from unit to unit,

| On completion of the transfer procedure as
previously descrided, five minutes are allowed for

Aequilibratian of the oxygen on the cooled charcoal defore

starting the fractionation of the gases, which is the next stags .

of the process., Fractionation of tne gases involves transfer
of the gases from the dead space in one unit into the next
unit and the collection of the fractiohs at the end of the
opération. |
' Transfer of the gasee from unit to unit is earried
out in the following way:-

The mercury in the first series of bulbe i.,e, those
in direct contact with the charcoals is lowersd to a level
 @bout 1 cm. below the bottom of each bulb so that the gas g

in the dead spaces expands into the respective bulbs,
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The level to which the mercury falls 1s limited
by en adjusteble spring-loaded ball valve (Fig.XViIX), The
mercury may be fully lowered when required by connecting the
reéervoirs directly to the gecondary vacuum system through
tap Ty (Pig.XVIIX). .

' On raiéing the mercury egain to its previous heightv
the gas in each buld is compressed into the side arm which
connects 1t to its opposite number in the second series of
bulba, Repetitlion of these operations with the mercury in the
Becohd’serleé of bulbs then transfors the gas into the next
charcosl unit, Transfer from one unit to the next unit is
called one 0peration end 1t can be sesn that in any one
operation transfer from unit No.1 to unit No, 2 occurs
simltaneously with transfer from unit Ko.2 to unit Ne, 3 or
unit No,14 to unit No.,15, Since all the gas fractionated
~starta on uhit-No,l 1t can be seen that 14 operations are
‘required before the first fraction reaches the last oharcoal
unit, No,15. The 15th operation transfers the first fraction .
into the dead space which precedes the collscting vessel, the
go~-called ’Gumpréssion Bulv' and the 16th operation transfers
it into the compression bulb{ Thus operations 1 to 15 ehould
yield no gas provided the column has been adequately
evacuated before the experiment and no leakage has occurred
into the compression bulb, Measurement of the gas colleeted“
during gperations i to 15 therefore serves &s a check for such

irregularities.
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Gonsidering the relative adsorbabilities of gases
1888t adsorbed on charcoal at the temperature of liquid
nitrogen, helium should predcminate.in the sarlier fractions,
clqsely'followed by neon and theh much later by hydrogen and
nitrogen. In order to use such a BySt&m to separate and
measure quantities of helium and neon, one needs to know at
which stage in the fractiohation procedure qorreSponds to the
most efficient deparation of helium and neon of alternatively
which stags corresponds to 100% hslium in the absence of
neon, This is found by calibration of the column using
'a semple of laboratory air, Since only relative valuss are
required at this atage; the exaqt amount of aiz used for this
caltbration is not very important, Air to a pressure of about
1 em. mercury is admitted into the circulasting system and the
mercury in the Toepler pump raised to transfer part of it on
to charcoal unit Ro.1., this being cooled in 1liquid nitrogen.
This provides an amount of air adeﬁnate for the calibration,

Operations 1 to 15 are now carried out, the gas
yield measured and the experimént continued if satiefactory.
‘Each subsequent operation is now carried out separately and
the gas yield measured, The pesulfs are recorded
graphicdly as a plot og.gas yield (or galvanometer deflectibn)
versus operation number.

It has been shown by other workers using a similér
gystem and aleo by calculation (309 ), that the amounts of

helium collected on successive operations should be initially
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small rieing to 2 fairlyfshﬂfp maximum and then falling again

~rr

to a minimum, The minimum attained is dependent in this case

~nr

o
~

_on the stage in the procedure at which neon bégins to
\\ F\\contaminate the helium fractions,
L///§~\x-ﬁ“fi?‘ - Consider any single gas in & mixture of gases in
: " “? contact with the charcoal units at the temperature of liquid
nitrogen. Let a fraction 'a‘ of this gés be adsorbed on the
golid phase at each stage of the fractionation so that a
fraction (l-a) remains in the volume phase, Conmtant fractions
. are sessumed to be adsorbed at esch stage. Since in each case
the voluﬁa dead space 1n each unit, with the exception of
unit No,1l, the amount of Qharcoalvin each unit, and the
temperature are the same for all units, this i1s not an
unreasohable assumption.’

Thus, with each operation a fraction (1-a) of the
gas will be transferred from one unit to the next and there
fedistribute itself butween a solid phase and & volume phase,
The gas remaining in the solid phase after such a transfer
will alsoc come to 2 new eqni;ibrium between solid and volume
phases, | |

Sterting with unit smount o gaé then on the first
charcoal unit, a fraction 'a' is adsorbed on the aolid.phaae
and (1-a) remains in the voluﬁa phase, In th: first operation
1-a passes into unit No.2, where a(l-a) will be taken up in the

adsorbed phase and (1-a)2 remsins in the volume phase, Of the
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fraction 's' leoft in unit No,1, & x a (1.¢. a%) will form
the new adsorbed phase whilst a{l-a) will remain in the
' volume phase to be passed on to unit No,2 in the next
w&f6pération. Thus after two operations the rrﬁction of the
| 'eriginal-gaa.in unit No.2 will be 2a(l-a) i.e, a(l-g)
remeining edsorbed on the charcoal plue a(1-a) being passed
.‘on from unit No.3l. The whole process up to the first 6 or 7

operstionc is shown in Table XV .

TRIT No.

eration 4 e ‘ S 4

Number _ 5011d[ Voilume] Bo0iid | Volume| Sol{d [Volwne| sjjzi';q Vokme
3 a (3-a) |
8. a® a(l-a) a(l-aL (1‘.‘3)8; R
& a” ag(le-a}\j:’zag(l-g) 2(1-eF| a(1-af (1-—a)i .
4 ot |a8(1-8)| 3P (1-0) 32(1a(2R00)° |at-afiia) (044
5 | o |#0-a) [dd1e) |edeR |85l cadRelfuliat
6 ' ' ref B oo
? Dehel

Taking unit No.4 =8 a typlcal case the total ges
- reaching the volume phase 18t~
(1-8)% + 4a(1-a)? + 1082(1~a)?® + 2009(1-8)% + c0ves

This cen be represented in eeries form thus,

(1-a)%, gjca(z-a)‘* N gcaﬁh-a)@ + §Ca5(1-3)4 beeeves

. Where n l
C = n:
T T (n-r)l
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Thus for the .Jth unit the emount of gas passing
through the volume phase will be:-
(1-a)¥ + E'ce\(l--a)u + mg"f.‘.ag(?:i.«.-a)”“l 4 ceescrsess@te
- 1 2 '

Where _(1—a)n represents the gas resulting from operation No,1l.

Nda (1~a)Nrcpmsents. the gas resulting from operation No.2,
i ‘

and 60 ONssess

The total gas which has passed through the Nth unit
then after m operations wi_ll bei-
(l-a,)n + le'ca(l--a)w + 1q"':"c&a')‘(31.--@)“ + .-..+H+m'2<)am'1(l-a)n
. 1 2 - m-l -
and the amount of gns corresponding to the mth ‘operation
will be, |

H+m-2 m-1 N

Ca (1-a)
M=l .
Thus the ratio of the amounts of gas resulting from

two successive operations m and m+l will be:-
Nem=1g gm (1__3)N'

A a=: m s
An Nem-2 -1 R
Ca (1~2)
m-1
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In~thié system, as already pointed out the first
fraction of helium collected is from operation No.16 i.e,

rn=1 corresponds to operation 16, and N = 15,

Thus - a= Al7
AT "1%
e= Al8 '
~ifT © '1% and 80 ON..e.

Since in-the form of measurement of the gas usoed
here the emount of gae is directly proportional to the
galvandmeter deflection, the latter may be used directly to
reach a value for 'a'. |

It should be pointed out that since the dead space
connected with charcoal No.,l 18 ﬁot approximately the same
as in the rest of the units, the fifst few values are not used
in calculating 'a', Other values are used howewr up to a
- point well in advance of the stage where neon begins to
fractionate and en average value for 'a’ calculated,

Ueing'tﬁe value of 'a' thus found 1t 1is now possible
to dalculate the theoretical amounts of helium being
fractionated in the later stages where neon also comes through
and by difference of this amount from the amonnt indicated
by measurement,»the corresponding emount of neon. It 18 then
a simple matter to calculate at what stage the amount of neon
coming through exactly balances the deficiency of helium which

is yet to come.
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The experlimental curve obtained in this
calibratibnliéuéhown in Pig. XX and the results give a
falne for 'a' of 0,48, The theoretical curve calculated on
the basis of this value.for 'a' i3 shown as a broken line in
Fig,' 333- Por an air sample where heon.is present, it is
c&ieulated that the total deflection obtained up %to operation
No,42 will give a helium value 0.,7% low and the corresponding
figure up to operation No,43 will be 0,5% high., Further, for
'casea whers neon is absent, itAis shown that 99,68 of the total
helium is obtained if Operations ate taken up to No, 44,

. It is also to be noted that in the first instance
the theoretically ideel amaint of charcosal was-uséd in each
unit caleulated from the value for 'a' quoted by Gluckeuf.
This however did not give a satisfactory separation., The
helium yield per eperetioﬁ inercased to a maximum ae
anticipated but thereafter decreased extremely slowly. This
iﬁdicated that either the separation of helium and neon was
1nefficient due to inactive or insufficient oharcoal or there
was a constant leek occurring into unit. No,1l. The latter
. ‘was ruled out by rough ealoulation of the total deflection
éxyected and comparison with tnét getually obtained,

8ince’the past histery 6f the charcoal used was not
‘known and also beéause the eppearance of a white sublimate
on the glass tﬁbe above each charcoal unit was observed, it
was devcided to 'attempt to reactivate the charcosl. This was

‘to be dane by allowing ths charcoals to take up air at the
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temperature of liquid nitrogen and purging under vacuum
at 250 - 300°C, However on carfying out this procedure
six times, no improvement in the behaviour of the charcoals
was evident, it-was decided, therefore, to change the
charcoals in the units and this time to use rather more than
was used previouély,i,a. about Q.nga/unit. An unspoiled
saﬁple of Hopkins & Williams steam activated coconut charcoal
was used ekclu31Ve1y. |

It can be seen from Fig.XIX that this gives quite
a satisfactory éeparation of helium and neon though not as
gharp & separation as obtained by other workers, This is
thought to be a conszguence of using an excess of charcoal in
each unit but this is noﬁ a serious drawback,

Having now dotermined at which stage theoretically
-100% helium is deli#ered by the colum, it is necessary to test
the system absolutsely and also to test 1ts reproducibility.
'Thé guickest method of checking thé apparatue and one which is
uged frequently between meaéurements on unknowns 15 to meagure
the helium content of a sample of dry air, This value has been
accurately estimated by Gluckauf and others and forms a useful |
‘standard to work by, |
Helium gontent of air at ground level

The air pipette used in obtasining air samples ie
shown in Fig. XX . it‘can be attached to the apparatus at

the standard ground joint Gy and 1@ in contact with the

.
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supply of heltum-free oxygen,

Ths pipette is evaouated through teps Ty end Ty,
tap ‘1‘5_ remsining closed, On completion of the evacuation
tep T 1s clossd and tap T4 opened, admitting air into the
volume oontained between tape Tg end Ty, which contains a
‘guantity of fresh enhydrone. Thus, on opening tep Tz @
‘sample of dry air at atmospheric pressure ie admitted into
the scourately known volume V (0,454 cce.) eontainéd between
tepe Pg, Ty, Beromstric pressure and the laboratory
temperature éra noted to convert this volums to standard
temperature and preasure. \ _

The semple 4s now reedy for transfer to the
fractionating syestem by way of the circulating aystam as
dsscribed previously,

The first result have 2 helium content for ground

1evel aircof 4,67 z 107% which is mmch lower than the
recognised valus of 5,24 x 10"’4%.( 110). In this experiment
the gbove system of sampling the air was not used, Instead

a pipette of about 48cca, capacity was used which necessitated
raducing the preesura of the air to about lem in order to
obtain é convanient amount. Further, no precsutions were taken
to 4dry the air ’bérore‘ the experiment, Difficulties inhsrent in
this method of sampling were eliminated by using the method

outlined above,
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The next result using the improved method of
ssmpling indicated a value of 4,67 x 10~%% sgain but this
result 18 obscured by an unsatisfactory calibration of the
meaSuilng gauge.

With incres sing familisrity with the technique, the
next two resulte show much better agreement, being 4,59 and
4»554k 10"4% respectively. Whilst these results agres in
themselves to better than 1% thers is atill a large differemece
between them and the recognised value (about 13% too low),

The possibility of incomplete transfer of the sample
from pipette to fractionating eystem has already been
gxamined in the analyses sarried out so0 far since two methods

of transfer were tried, i,e. by direct Toepler tranafer and

transfer usinéﬁugxgen carrier, Both methods of transfer Rave
the same low result, Neither did incressing the number of
strokes with the Toepler pump produce any difference.

It would seem then that either there is & resl
retention of helium at some stage in the process, most likely
in the column, or the apparatus ﬁaed for calidbration of the
‘measuring gauges is inaccurate, To test the latter possibility

samples of helium were measured out in the calidration system
and transferred 1nt6 & storage vessel of the type ahown in

Pig. XXI |, by means of a small Toepler pump, The storage
vessel consists of a closed tube of about 10 to 20 ccs.capacity,

being sealed at one end with a thin walled ssptum, 3, and



114,
attached at the same end by mesns of an internal seal to a
stendard ground joint @, A side am, containing a
éenstﬁﬁetien C, connects the vesssl through tap ma, which
serves the purposse of a one-~way valve, to the Toepler pump,
Having transferred the éample of helium into the vessel
by Toepler action, the vessel may now be sealsd off at the
conatriction C and removed from the apparatus, It is
- rejoined to the apperatua'by means of the standard joint
@ and tekes the place of the air pipette, Fig, X% , After
pumping down the outer space above the septum, this may now
be fractured by means of a steei ball raised by a magnet and
sllowed to fall freely on to the septun. The semple of helium
| may now bve transferred to the fractionating system in the
usual way.

Heaaurament'of such samples should show no
discrepancy betwesen initial and final values 1f there is &
consistent efror in the ealibration apparatus but should show -
& difference 1f there is retention or loss of helium at sams
gtage in the fractionation process,

Rgsg;tg of helium lose experimenta

 The first eample of’helium measured in this way
was of an amount approximstely the same. as’ that expeetod to be
- delivered by the air pipette in a routine air analysis, After
the fractionation procedure, the amount measured was 13, 3%

lower then the emount measured in the aalibration'syetenh
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This compares well with the velus of about 13% low for air
analyses and indicates that the technigue of transfer and
fractionation is not quantitative, ,

The efficienty of the transfer procedure hag already .
been examined, two different methods giving comparable answers,
The only common operation in the two methods is that of the
Toepler action so this can be the only source of inaccuracy
in the trensfer. Incressing the number of operations of the
pump from 10 to 20 has also been shown to have no effect so
it is 4ifficult to arrive at any conclusion as to what the
source of the trouble, if any, might be, It may be that the
0perations have been carried out too quickly so that back
diffusion of helium into the system has occurred, but this
geems extremsly unlikely.

. Similarly, it céuld be that in the column, operations
t havé\béen carried out too quickly te allow equilibration of the
helium between £0lid and veolume phases, which would result in
fetention of helium there. Reasbeck and Chackett ( 211) have
already examinoed a similar system for such an effect and have
concluded that equilibration is substantially instantaneous.
Nevertheless another semple of helium of about the same amount
as the first was made up and measured as befors. 1In this
experiment, Toepler operations were carried out at & much «
eiower rate and the time allewed for desorption and
equilibration of the gas in column operations increased from
about 2 to 6 seconds to 10 seconds, In addition the total
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helium fractionated up to operation No0.40 was measured first
and -than the helium delivered for each succeseive lot of five
operations until the emounts became too amall for measurement.
In thie way it was hoped to be able to compare the behaviour
of the pure helium sample with that predicted from the
calibration using an air sample.
Thus the helium dslivered in operations 51 - 556

was about 0,57 of the amount delivered up to operation ¥o.40,
The total helium to operation No,55 was found to be 10, 5%
lower‘ than the amouﬁ%"‘inltiany measured in the calidretion
epparctus end ths total helium to operation No.45, 12% low,
Ths agrees fairly well w‘ith'. the ebove figure on a similar
quentity of 'helium, 13, 3%, "conaidering that one more
operation was carried out in this case end small amounts of
helium are atill being frectionated,

| ‘Taking tho total helium to be that obtained up to
operation No,53, the helium delivered up to opsration No.45
represents 98.2% of this amount; this again compares
favourably with the amount predicted from the air calibration
of 99,5% up to operation No,44. |

It oan be seen that the speed with which the various

components ax;e operated appears to have 1lttle effect on the
finél result, The only conclusion which one ecan arrive at now'
is that helium must be retained in the column presumably by ‘
eome procéée of irreversible adsorption, If such is the case

then in order to use the system to measure helium one must
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ascertain whether the amount of helium retained is constant
or depends on the amount of helium initlally taken, 1.6
whether or nét‘ this adsorption is pressurec dependent, To this
end then samples of helium were prepared of amounts varying
from 1 x 10”7 ccs, N.ToP. to 5 x 108 ces. N, P, and
measured in the ;above way, The results of these experiments
 are shown in Table XVI and 1t can be seen that in all cases
a loss of helium in fractionation has teken place, both the

fraction lost and the absolute amount lost depsnding on the

amount 61‘ helium taken.

TABLE XVI

N V{N, Ts B) ‘ mnou.;}t low 'Gas in ga ;Shaae
0. Hex10%ces % low _ x 10'ces, log % ccs.
1. 2,38 12,4 2,95 1, 0934 2,09

2,40 13,5 3. 24 1,1303 = 2,08

g, 11 13,8 4,14  1.1239 2,70

3, 40 19,0 2,88 1,0792 %12

0s 41 19.6 0,80 1. 2927 0, 33

9,45 5.8 ' 5.48 0, 7655 8,90

5224 9.9  6.19 0, 9966 4,73

1,76 - 14,75 2,58 1. 1685 1,47

® 9 0 @ s G W

It should be noted that in result 8 in Table
. the iost helium was sought by allowing the last seven charcoal
" units to warm up to room temperature and cerrying out three
lots of eight operations, each lot heing measured separately.

The total galvanometer deflection obtained from these operations
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indicated @ quantity of helium about 15% of that imitially
taken, It ean be seen from the table that the amount low in
the actusl experiment was 14.75%, a strong indieation that
helium is in fact being retained in the column,

Resulte 1 end 2 in Table XVI  correspond to the two
air enalysss already discussed., The gas in the gas phase shown
in the last column of Teble VI corresponds to the smount of
helium teken minus that lost in fractionatian,

The results are represented graphically in various
forms in Pig IL . fThese curves show that the reletive amount
of helium lost increases as the preséure (1, 8. the amount takon)i

decreases but that the ebsolute amount- 108t incresees with

inereasing pressure and seems to approach a limiténg value.

The curves also reveal a linear' relationship between

the logarithm of the pereentage lost and the preseurs (whether

this is expressed as amount b: gas taken or as the amount of
gas in thé gas phase, or not).
" Let the amount of heliws lost = x in arbitrary units,

_Assuming that the emount of helium taken 1
prep@rtional to the pressure 'p‘ then %/p will be proportionsl
to the pereén%age lost, |

Therefore from the curve

log. x/p = A ~ Bp.

whare A and B are constante,

Expressing this in another form then,

xp = Q(A.-Bp) = ot omBp

or %/p =A'e -Bp
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It the loss of helium during fractionation is due
to irreversible adsorption then this expression is the

adsorption isotherm for this processe and as might bs sxpected

deviates from 1deal 'Langmuir' behaviour,

An isothsrm of similar form to this one has already

been published for the adsorption of helium on charcoal at
6 - 20°K,
log ¥p = A+3Bx. (113 )

#then »/p ie plotted here agsinst corresponding values
of x; it is found that with one exception the points lie en a

atraight line which could otherwise be represented by an
- equation of the form, |

log. /p = A - Bx,

Other deviations from ideal bshaviour have been
noted in meny cases notebly in the cese of the adsorption of
neen on charcoal { 113 )« The eases however are by no means
compareble unfortunately since the pressure at which the
adeorption of helium is observed here is so much lewer than
the pressure of neon,

“The main point, since cne 1 to attempt the
determination of small quantities of helium, 4s that the

smount of helium lost is pressure dependent and the extent ef

this despendence has now been determined, Using the values
obtained above then an unknown amount of helium may now be

fracticnated and the value obtained corrected for losse of

helium during fractionation, The validity of such a procedure

L,
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is demonstratsd by the repréducibility of the alr anslyses
carried out between experiments on unknowns, 8Still further
support 1s given'later in the determination of the helium
content of a sample of the meteorite 'Carbo'. The value
obtained using this aystem tbgather with correction for helium
lo8t wee 1dentical with that obtained on a ditferent apparatus

by Reasbeck.

The verlious fractions emerging from the column are

collected in a buld of about 1000 ces cepacity, the so-called

. Compression Bulb, The compression bulb is supplied with a

reservolr of mercury so that on completion of fractionation
the mercury level may be raised end the gas collected confined

{nto the volume of the bulb and the limits of the connecting

tubes defined by the taps Ty end T, (FigXVII ) and the ventil
V5 of the smell Toepler ptmip P. 8ince the volume of the buld
1s so lsrge in comparison with the interconnscting sube,
substentially all the gas fractionated is thus confined,

On raising the mercury further, i.e. to the limits
defined by the two ventils V; and Vg, the gas is compressed
into the small volume (of about 2 ccs capacity) between tape
T3, T4 and ventils Vg, V.-

The gas may now be admitted at will into the Pirani

‘Gauge Gy for measurement by way of tap Ty and subsequently

removed through tap T4 which connects to the vacuum system,

In cases where the helium which has been measured in
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this wey ie required for further examination, the gas is
collected in small storage vessels B in PigXXI by means of the
Toepler pump P a8 has already been described,

In addition to being in direct connection with the
columm, the cmpréaaion buld iag also connected to the apparatus
used to moasure samples of helium for calibration of the
Pireni Gauge., The tranefer of calibration samples to the
gauge 18 thue oarried out in the same way as deseribed above.
8imilerly, in the investigation of the loss of helium in
fractionation, the samples of helium used thers were
transferred from the calibration apparatus, throuéh the
compression buld and Toepler pump P into the gtorage vessels,
No initial .-measuremant in the Pirani Gauge was necessary in
this cese,

The Piprsni Gauges used for measurement are shown
in Fig, XVII, @y =nd Oy snd in more deteil in Pig,XXEI,

They oconsist of an inner casing of Pyrex glass, evacuated

and sealed off, which supports leads to e length of thia
nickel tape (0,5 mm.). This nickel tape forms the element

of the gauge., It 1ie ebout 30 cme in length and is soldered

to the leads from the inner case (Gopper coated tungeten wire)
with aof't solder. It 19 mainf,ained, in the shape of & W by
pessing 1t alternatively over a glass former, & loop ettached
to a tungsten wire spring and then over the former again,

' Both'foxﬁer and spring arc attached %o the inner casing, the

- purpose of the spring being to keep the wire taut and eliminate
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unsteadiness due to vibration of the element

The inner eaaing vhich supperta the element %8
attached to an outer casing of sode glass through a standard
joint. Th:s outer casing being connected to the pumping
system through a side arm, which contains & small quantity‘
of charcoal, The purpose 'of the charcoal is %o take up
oxygen which is soluble in the tep grease and this was found
vy Glickeuf to lead to unsteadiness of the gauges.

In thie arrangement two gauges are used, one
connecting to the compression bulb and/or the pumping system
through taps T3 and T4 and the other connecting directly
to the pumping eystem through tap Tg, Pig. XVIX . In use the
former is the one which performs the actusl measurement whilst
the latter sctc as & nearly equal balance. The two gauges
form two arms of 3 balanced Wheatstone Network Pig, XXX1Ja

‘In uge the two Pimni gauges ers thoroughly
gvacuated end the charcesl outgassed by heating them with a
sof't flame under the action of the pumps. They #ro built as
close together as practicable so as to be able to immerse
them in & common bath of 1iquid nitrogen thereby ensuring
approximately ed!;al conditions in each, Immersion in liquid
nitrogen not only ensures 'appreximataly constant temperature
conditions aréuna the outer casing of the gauges dbut also
provides as large & tempersture gradient between the nickel
elemanté and the outer casings as possible thereby giving
grester sensitivity. | "




With the Wheatstone net balanced a sample of gas 1s
admitted into the measuring geuge through tep Tx, PIg.XVII .

As a consegquence of the increased pressure in this cese thermal

conductivity between the element and cooled outer case is
inerecased and the element therchy coocled, Its resiétan@o is
thus altered and the disturbance of the balance of the
Wheatstone net reflae%éa;in.agdetleetien {1 the zalvinenotor;
The extent of the daflectionliekmeaaured and the galvanometer
takes up a new position of equilibrium, If now the gauge 1is
connected to the pumping system and evacuated a deflection

is observed in the galvanemeter in the appesite senge to that
previously noted. Provided no changes havo taken place inthe
punping system to alter the finsl pressure reachsd in the
gauge on evacuation, the gwo deflectione should be of egual
megnitude if the gauge 1s.funotianing correctly. Differences
greater than one percent are suspect and the average of the
two deflections is teken.

Immediately following thé measursnent of an unknown
sample the deflectioh due to & known sample of helium is
measured, Thio ealibration then leads to the quantity of
helium in the unknown. a ’

The galvanameter used in the network 1s of the
auependod mirror moving coil type. The deflections ars thus
manifested a8 the movement of a gpot of light'ofer a B0 cm,

. seale supported at & dletence of some 60-70 cmg from the

4
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galvanoneter, 31nce.the gcale forms a chord to the are in
w¥hich the spot of light moves unequal effects are given
dependent upon the position on the scale at which the
measurements are made.. It is therefore necessary to calibrate
the seale for non-linearity, For this purpose, & megehn
resistance is connected through a switeh across one of the
gauges so that when contact is made the resistence in this
arm of the net is changéd and a deflection in the galvanometer
results, Using this device deflections can be obiained at .
various points on the scale for the same change in the network,
The deflections obtained are then corrected to 8 standard value
and a sealé drawn up showing the valug of the true scale resdingd
from the observed ones. 1
Since both the Pirani gauges and the galvanometer

‘are extremely sensitive to external vibration, the bench upea

which the appsratus is constructed stands on a block of
conerste saparatgd from the rest of the laboretory floox,
Thus no vibration can reach the Pirani gauges as & result of
movemant aeross the f£loor, slamming of doofs, etc, . Similarly

the galvanémeter gtands on its own separate concrete and brick

support.. -
. E,iF. 18 supplied to the network from the 3 volt
XXI11a. '
battery B, PFlg. ., and the resistance R 80 arranged that

the P.D. across the network is exactly 1 volt. The
galvancmeter is shunted so that the sensitivity may be changed
to suit the ameunt of gas hendled. The general range 18






125,

10-% to 10”7 ces of helium at N,T.P.

Calibration Apparatus - The Pipetting System

The apparatus uséd for the measurement of quantities
of helium suitable for admittande into the Pirani gauge for
calibration purposes is shown in Big, XXIV.

It consists of a reservoir R connected through a
tap Ty to a source of spectrally pure helium (B.0,Co.).

This arrangement allows a means of suitably reducing the
pressure of i}he helium from the soufce to 2 level convenient
for the purpose in hand. The reservolr is also connscted teo
a smaller volume, between taps Tg and T3, intc which the
'sample of helium is admiilste‘d before passing on to the MclLeod
géuge M for measurement. This again serves the purpose ef
supplying a suitable‘amount of helium_feady for direct
msasurement and avoids the need for partial evacuation necesss:
if too large a sample is taken.

_ The Mcleod gauge 1s evaeuaﬁed through tap Ty and is
connected to a system of plpettes Ej_, Pg and Expansion bulb,B.
‘The closed limb of the McLeod gauge is calibrated aleng its
length before construction. Graduation marks are made at
about 1 cm distances from the closed end by ¢tching with
hydrogen fluoride, The volume contained up to each mark 1is
then measured by filling the tube with mercury up $6 the mark
céncemed and weighing. Since, in operation, the tube is
inverted, the volume obtained in this way needs correction

for the volume occupied by two mercury menisci, In additien
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to this calibration, the distance from each graduation
mark to the upper limit of the closed tube is messured and
the results plotted against the respective volumes, Thus, if
necessary, volunss may be used intermediate to those
represented by the giaauation markq. |

The pipettes P; and Py ars calibrated in a sinmilar
way between the limits indicated by the broken lines in Pig.
The eéxpension volume B 1is ocalibrated by a gas expansion method, .
| The various volumes are:-

Py = 4,6315 ccs,
PB = 4,1289 ces, |

B+ Pla- Pg = 161,8 ccs, ;

In order to carry out the gas expansion calibration
mentioned above and also for measursment of calibration samples
1t is emmntial to know the total velume of the McLeod gauge
and slde arme. The geuge is £irst built in position and then
cut off as close to pipette Py as practicsble. In this way
the gauge may be rebuilt i‘nto the apparatus with the minimwm
change in volume as possible after the salibration of itse

volume. Then with this open end of the side amm securely

corked and tep T4 cloeed, the gauge 18 inverted and filled with
watsr to a fixed mark X, PIgXXIV . Dellvery of the water .
from a praviously calibrated burette leads to the volums of the
vesssl ﬁlléd. The remaining volume hetween the place where

the side arm was cut off end the open end of pipette P; is

estimated by measursment and ealculation. This volume represonts
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only about 0,3% of the total volume so eny errors in
mesasursment eannot be very serious,
Volume of gauge + silde arms ebtained thus = 890,6 cas,

The method' of measurement of a sample of helium for
calibration purposes 18 as followas~

A suitable amount of helium is admitted inte the
gauge, previously evacuated through tap T3, tap Ty leading
to the pumping system being closed. The mercury in the gauge
is then reilsed so that gas is cut off in the buldb, Tap Tg
18 then opened and the excess helium in the side arms etc

pumpsed away. The mercury in the gsuge is then raised to the

level of one of the graduation marks in the closed limk and the

pressure of the gas enclosed measured with a cathetometer.
Thus a known volume of gas is teken at known pressure, the
‘tempersture being taken from a thermometer suspended nesy the
g2euge,

Having measursd the pressure of the gas, tap T4 1s
now closed snd the mercury in the geugs lowered to the fixed
level X. By suitably am"anging the mercury levels in pipette
Py the gas 1s ellowed to expand into P, Thus a volume
of gas Py at a much reduced pressure may now be allowed to
expand into the expansion bulb and pipette P, By iselating
' Pg now a known emount of gas is obtained suitable for the
Pirani gauge @alibration.

Py connects directly to the compresaion bulb end the
cal&'bratign pample is transferred to the Pirani gauge in the
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manner pre#iously described.

8imple calculation shows that, using the volumes
obtained above for the variousAeomponenta of the calidbration
apparatus, the volume of gas delivered to the Pirani gauge
will bet-

- ces, N, T. P,

Whers v = volume of gas to graduation mark in the McLeod.

p = pressure of this volume v of gas,

Since thermel conductivity of gases at low pressure
is dependent upon the nature of the gas as weli as on the
pressure the response of the Pirani gauge 1s not the same for
neon as for helium ( 114 ). 1In order to measure neon then
separate calibratione need to be carried out, This simply
involves the inclusion of a reservoir of neon like that for
helium in the apparatus. Several such reservoirs are in fact

shown in Pig, XXI\
The whole spparatus is maintained under vacuum by

the use of two mercury diffusion fore pumps with a "Highiad"
o1l backing pump. A Secondary vacuum system ueing only a
"Highvac" oil pump is included for the manipula%ien of merocury
levels. |

Wwith the exception of the mercury diffusion pumps,

the inner ¢asing of the Pirsni gauges and the caaing of the
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pallsdium furnace (Pyrex) the entire spparatus is constructed
of gode glass, this being sudbstantially impermeadle to helium,
(115 ) |

"Apiézen" grease L is used on a&ll tap~keys and
"Apié&‘g}n“' grease M on most grmmaz Jointe, Where “Apiezon
grease M 1 not used the joint is sealed with "Apieson" wax

W or Everett's "very low vapour pressure” vacuum wax, these

being the Jointé of a more permanent nasure,

With the exception of two-way taps in the secondary
vacuum system, all taps ﬁnd are hollow bore end are earefully
ground with fine 'Cera' powdsr and tested befors building inte
the apparatus,

--o&-

e e e e e
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1. prantog

_ 200 ﬁ. of rooksalt sre dissolved im shou$ 1§ litres |
of distilled water and hydrochlorie seidadded te make the |
sélu_tien apyroxmtofw 1 X with respeet to ac:i@-.: wng of |

aluminium are added ss chloride to this solutiom and sarbomate-
free amnia. gas pa.,nsed into the seludien ain precipitation '
ocoura, | ' ' , |
The preeipitate of aluminium hydrexide is disseclved

in nitrie ecid and re-precipitated with mm: gas so as to 4
free it from chleride., This precipitate 13 now dissolved in

20 ml. of concsntrated nitric acid snd 10 to 90 m of solid
awionium nitrate added to the solution,

The solution 10 then shaken with feur separate lots of
ether (20 ml. each $ima) to extract the uranium, All the ether
is removed frem this extract by heating en a water bath in the
~ prosence of 100 ml, ‘of'.\mter, end the velume of water then
reduegd equueualy with & burner %o less than 1@ ml, .

| The remltinj solution is made wup te 10 ml., with
water end 1 ml, portions evaporated to dryness in platinum
fiuorimeter tr&ys. 0,94 gms of sodium fluorids are added,
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' the solids fused and the reéulting phosphors examined in
the fluorimeter,

Blank sodium flouride phosphors are prepared so that
the diffsrence in fluorimeter readings represents the uranium
present, .

2. Thorium

‘ vzoé gus. of rocksalt ére diseolved in about 1% litres
of distilled water and hydrochloric acid added to mske the
solution appre;imatsly 1 N with respect to acid, 100 mg/ of
iron are added as chloride.

‘-The precipitate dbta;ned on passing carbonate-free
armnonia gas into thie solution 1s diseélved in 59 ces, of
concentrated hydrochlorie acid, producing & solution which is
6.5 N with respect to acid, This sélution is then shakemn four
times with 50 ml, portions of ether equilibrated with 6,85 N
hydrochloric acid £ill the solution 15 almost free frem iron.
6 mgy of iron are then added as chloride and the ether in She
agueous phase evapprated on & water bath, The total volume
of solution is reducsed to 20 ml. snd then diluted with 20 ml,
water to give a solution which is now approximately 2 N with
'reapect to hydrochloric acid, |

Carbonste-~-free ammonia gas is —assed into thls
solution, The small precipitate of ferrie hydroxide is
collected and re-dissolved in 25 ml, of 0.2 N hydrochloric

acid, Thia-solutioﬁ is stored for one-month.
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2 mgs of lesd are then added as acoetate, Hydrogen
‘sulphide 15 pessed into the solution and the resulting
precipitate of lead sulphide collected and re-dissolved in
 the minimum smount of warm concentrated hydrochloric acid.

This sclution ;é evaporated to dryness on a
bolystﬁrene scintillation counter disc and eounting started
‘45 minutes after precipitation,

" The ThC d;-particles (in equilibrium with parent

ThB - half-l1ife 10,6 hours) are counted over a period of
18 hours, Subtraction of the 16 hour baeckground count then
gives the thorium present, This is compared with a standsrd

source,

_’0--
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