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ODUCTION
4 reliasble method for measuring the rediocactive content of ordi-

.

nary terrestrial rocks, waters and deposiis is important in the solutior
of several problems in cosmology and in geophysics, Foremost among

these prohlems are the ages of the solar and extra-solar systems, which

n

are determined by radiomctive analysis of meteorites; ths problem of
terrestrisl heat, involving the unbelievably low conceniration of rajio-

acetive material at the earth's center; the correction of cosmic ray read

tion of geological sirata, particularly those of Precambrien

The radium content of ores can he ma&suredl> by the intensity of

the zamma rays eniitted from them if the radiuwn content exceeds 2 x 10

o IR T . T 3 E 3 e gy e A o 1 EATN 2
gm. radium per gm,. rock, but the ray method finds its prinecipal

U‘
]
=
o

R R | P 3
naterial contain

Cas . e an N
application in the measurement

More sensitive methods utilize the great ilonization produced by
alrpha perticles. Redon, the gaseocus, inert, first decsy proouct of

radium is separated from the material %o be anzlyzed, snd the ionizetion

produced by the alpha rays of the radon and its solid decay vroducts is
measured. This gi the cuantity of radon associsted with the radiam

culated, Similarly, the thorium content can be messured by releassing

and measuring the thoron.

“

Vessurements of the radiocasctive content of solids or liguide of

{W,?

low aetivity thus invelve two distincet problems, first the compleis re-

1) Hess, im. Zlectrochem, Soc, Trans., 41, 287, (1922},



moval of the radioacitive emsnations from the sarmple, then the sccurate
measurement of the emanation removed., These problems are separsiely

treated below.

¥, v,

This thesis presents new soluitions to boeth of these vproblems,

and describes the rresent status of 2 search for satisfactory,

methods of enalysis, together with & thorouzh knowledsze of their limi
tions and applicabilities, The course of the investigation is inter-

seration of the following pages, which contain
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————— ~——
7O AR,CO, , R FURNACE

CONTROL PANEL
& APPARATUS FOR
REMOVING RADON FROM
LIQUIDS

™ nov AC

. U - SCALE.
[BruzaTion % m.
CHAMBERS — (]

—-

Fig. 1. Apparatus for removing radon from liquids.

Fig. 2. Control penel and apparatus for removing radon from liquids.
The overhead boiler (p. 13) is seen in the left background;
the ionization chambers in the left foreground.
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In general, the carbonete Tusion method never has heen clearly

demonstrated to secure ccomplete removal of radon, while

!‘3

W

wie

heve definitely shown their own carbo

fusion technigue to

3

e a feilure for carnctite cres, prohably because of insufflicie

‘S

nt tempers

ture. Jor the atment of pitchblend and cruge sulfatieg the method is

T™e solution meihod involves dissolving the rock completely in =zn

acpueocus, acidie solution, and removing the radon from this

the method for water samples deseribed on 1./0, ILindg and “hittemore
have obteined consistent determinetions of carncotite cores by dissolving
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the redon*’/, hoelding it in the
boiling or sspiration,
The common prelude %o the solution method 1s a carbonate fusion

t0 dissolve the siliea, the melt is then dissolved in 5

filtered, end the residue dissolved in 1:3 1IN0, solution. Iven in these
solutions encugh colloidal silica almest inverisbly forms to meke the

redon release 10 to 20 vercent low® .

1} #Ebler end wvan Rhyn, Ber., dsutsch. Chem. Ges. 54, B, 2098, {1921);
~%&, 2322, (1921); Zeit. anorg, Chem., 73, 1, | }
2) Tind and ittemore, VU.S. Bureau of llines Tech. Paper 88, (1915), p.
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Appearance of a granite charge after two runs
(X3)

Typical appearance of a granite sample after
Note coalescence of the fuse
(x3)

ak 17709C.



19b

Fig. 4b. Enlargement of right end of Fig. 4a, Note volcanism, and
slight chemical action at the granite-graphite junction.
(X7)

Fig. 4c. BEnlargement of a region of a granite mound near that of
Fig. 4a. Under higher magnification the volcenic fissure
in the center is seen to be lined with secondary crystals.
(X9)
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Fig. 5. Furnace unit assembly.

Fig. 6. Purnace, with cover tipped back and upper radiation screen
removed to show & rock sample in the trough electrode.
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zooo| | FURNACE  CALIBRATION —
FOR TROUGH ELECTRODES & . LONG -
00 ; ! o -
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1400 } g | ! ﬂ IR
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PRIMARY POWER INPUT — KILOWAT TS
600 | | | L
] / z 3 4 S5 € 7 &8 8 s

bration of the ©

verature csl a urnsce. Thess curves are
e aceurately represented by the equation T = el
e T is dezrees centigrads, W 1ls power i
the %-in.electrod@ g = 880, n= 7

in. electrode a = 840, n= 0.320.
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FURNACE-  CALIBRATION
FOR TROUGH ELECTRODES 8m. LONG
20001 ©
1
§
1200} %
Q
3
800 | &
q00 t
KILOWATTS PER INCH OF ELECTRODE PERIMETER.
0 I | | |
o / 2 3 4 5

Fig. 8. Ffurnace calibration curve from which temperature con be
estimated for any elscirode widtn.

0ol —— TEMPERATURE  vs. TIME
|

' FOR BAR FURNACE WITH n-o—-!o——-

W 2/m % %o e FLAT RESISTOR
so0|¥

S

L
eool\

Q

N T 1]
o0

— 700 wAarTS J/00 wATTS
200 } } 1|
‘ TIME ~MINUTES

o
0/ 2 34 56 78 9 /01112783

9. Tempsrature~time response curve showing how quickly the
furnace comes up to temperature.
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dnen rocks are voiled in the Turnsce, the
chemical activity of the meld occmsion the release of &bo

per gm, of rock per minubte. iuch of this gas is i
thege lons are allowed o enter the ionizetiorn chamber an

oes not completely

1%

These ione casn be removed from the zas stream elecirostat

in any way influencing the free pass of

a4e

s adon .
The ion trap consists of two brass plates 1 1/2 in. wide by 5 in.
long spszeed 1 umm, apert by narrow bakelite spacers held ab the edpes o
ths plates by beeswax end resin, which alsce provides the vecuum seal.
The en abing, This siople

onizer

shnormally

for 3 hours.

ically without

jiite deposit in U
2o ke
00 Tran.,
o vy e C i T s . Ty P - o A $o e d ~my o, T
The curves ol Fig. 10, p. 8, contrast the discharze of the

glectrometer in a run without the ilon Hrap with spn identi
the trep. The sharp initisl lonizestion réte seen in hoth
attributed to thoron. This is entirely zone in 20 minute
the curve ken with the ion {rsp shows the nox

czused by the building up of the decuy products of radon.
iz correctly resched after Z.5 hours anld the curve

line, indicating a constant dischzrge rate of the

The other curve, howevsr, shows an asbnormelly hic

s‘,

Whlcu gradually decreasss Tor 3 hours when all vy
reached the walls; then tae straight line slope conforms

ich

cal run using

1 o
18

curves

oy

IR
er wialicn

aft

slope

ionization

ions have

+0 the radon



Fig. 10.
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EFFECT OF /ON TRAP

\\

ZZAN wiTH

[row rens \\\QL\\§WM7QW* ‘“N‘\wk{
\\ R
N

| |
ELAPSED TIME - HOURS

0 / z 3 4 7 6 7

S0

80

75

IR SERPAUATION -DIVISIONS

Curves A and B show the electrometer Tiber separstion during
two runs described below. The curves A are from radon boiled
out of 3.114 gm. of biotite granite in 150 sec. at 1840°C,
The geses from the furnace were passed through fresh H,S04 in
the micro~cell. The nearly vertical branch of curve A shows
that the electrometer was completely discharged by ions dur-
ing the first few minutes, It was recharged and curve A con-
tinuved 10 min. after the beginning of the run. All the ions
were not swept out until about 2.5 hours had elapsed.

Curve B shows the entire ionization curve due to the raden
from 2.053 gm. biotite granite boiled 150 sec. at 1800°C,
The furnace gases were passed throuch glass wool and the ion
trap only. The high initial current due to ions is absent.
The steep beginning of the curve is ascribed to thoron.

In both curves the point P shows when the ionization chamber
filling with CO, was completed. The diameter of the circles
represents the observational uncertainty.
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into which 1e then isoleted by & stopeock, and

ibed on ﬁp.ﬁaf to 58 . Headings of prinsry
and secondary voltase and current as well as the gas pressure in the
of 4

4 Lle

syeten are token during the furnace run. 4 schemat]
system zre boken during the furnace run schemsavic

gplinters

in one minute at 9009C., Xolowrat®/ demonstrasted complesie radon removel

be described indicate that the last suthors mey have been under a misgpore-

hension

Zig. 1E, p. 31, shows the semperature

from directly neated cearnotite. The

gmanation occurs at sbout 1600VC. 4 detailed disc

is presented in the chapter on the absolute radium

slectrometer.
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A FUNCTION O ¢

Fig. 13, p. 32, presents ths principal results of a
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1) Iletcher, ¥ ieg., 26, 674, (1913).

5] 817, (1907); 6, 581, (1909); 7, 266, (1910).
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APPARATUS FOR ANALYSIS o |=rne

ELECTROMETER
OF ROCKS | cve o
FURNACE JON. CH|
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0 GLASI  ION
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the tempersture =2nd time dependence of radon relesse

ground to pass ¢ 60 mesh screen., It is safe o zssune

escepes Irom bthiz rock at room femperzature. It has just besn

about 1500°C is required for complete

that of providiing

Srinclng

nace runs are of zreat mineralogical interest. Crisiobazlits,

YT
SOIMe

15 to 20, pp. 37, 58, 38, zre photomicrog

the most interesting types of crystdl growbhs.

sT hign the reversible rcaction

probably takes plece between the resistor and the silica in the rock,

There are definite localized deposits of carbon near the Tused

3@ g net $ e S ot has indeed been o
I‘OCE masses 18T YhLE reacCTlon lag ludeed peen




a7

Fig. 15. Crystalline growth on radiation screen above fusion
shown in Figs. 4a,b,c. (X75)

Fig. 16. Crystalline growth above the fusion of Fig.3. The grapelike
clusters are believed to be cristobalite, the smooth domes
gless. (X75)

For prepering Figs.3,4,15 to 20, I am indebted to the kindness of
Mr. George Anderson.
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Fig. 17. Crystalline deposit from granite at 1940°C. Note spur like
growths at center and left, and superposed growths at cen-
ter. " (X75)

Fig. 18. Region near that of Fig. 17. Note very fine grained
deposit in lower center. (X75)
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Fig. 19. Region near those of Fig. 17, 18 showing a glassy structure
at upper left, and a glassy sphere overgrown with cristoba-~
Iite(?). (X75).

Fig. 20. Region near that of Fig.l5, showing entirely different
structure. Note glassy deposits at left, and glassy
spheres overgrown with cristobalite(?) at center. (X75)
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14, Solid radi

ouctive decay products Irom

Her runs

in the chamber. The decay products are always collect-

ad on the
effect is

out the ra

] e T
raarluwm J oo

the central

o o new

1. Presence o

gpontansou

radiation.

Z. Penetrating gaugne ra

] Y o e Cww ey
18, Gamme rays

£20. Variation

pletely by

only &s a

tial, where

s, sorth and atmosshere.

ne¢

usually negligible a Tsw hours
don from & run. The very long

s nezgligivle activiity, wut 1is

5.',_:

electrode perio

slectrode cen be installed.

ively charged centrsl electrode. Their

lived product

cleaned ofif

lCC,.lly O’ cheaiical mesns,

T redioactive elenments as impurities in the

radon or thoron from the metal into the

There is no evidence for these

ealed ionizadtion

¢

ratus. In =&

no inerssse with time.

sly or under the Influence of external

diavion, inciuding:

from radioscitive bodies

onstant as possible,

diztion. this smounts to about

chiefly

O
1>

two e

2

néd beta particles by the walis, either

rEIna

s_)/f

of battery voltage. This is eliminated com-

the present hook-uz, which

charging device, and to supnly

18es

he battery

guarding poten-

& smnall variation is unimportant. {see p.53).

1)

Milliken, Ph. Rev., 39,

597, Teb. 1, 193&,
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Fig. 22b. Removable head, bifilar electrometer with two
ionization chambers.
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Fig. 25.

Pig. 24.

ELECTROSTATIC CAPACITY OF
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C. ABSCLUTE CALIBRATICN OF THE APPARATUS IN TERMS OMMRADIUM
1. THE CURIE UNIT AUD THE EQUILIBRIUM TIME

The determination of the radium content of a substance is
carried oubt by measuring the gquentity of raden ssscciasted with the
radiwn. If equilibrium is present one curiel} of radon corresponds to
one gram of radium. The fraction of the eguilibrium amount of radon
present in & sample at any time can bs calculated from the known decay
constant of radon. It is now necessery to determine the constant of
the electromgter-ionization-chamber system, which will be exuressed in
curies per division per hour measured after equilibrium between the
radon in the chamber and its decay products has been reached. This
equilibrium is generally regarded as established three hours after the
intrecduction of the radon into the c¢
his epparatus showing ionization current as a

cal curve made with t!

function of elapsed time afber the initroduction of the redon. The ion=-

¢

ization current 1ls sesen to have nearly a steady value between Z hr.,
20 min. and 5 hr., 20 min.

It then falls off exponentially according to the known decay
rate for radon.

2., OBSERVATIONAL TECHNIGUE
Jontinuous readings are always taken of ilonizetion vs. time
from the moment of introduction of the radon until & hours, or for weak
samples until 10 or 20 hours have elapsed. An elsctric clock provides
sccurate timé recdings. Much information has come from these extra

readings, including the importent discovery of a melthod for measuring

the thorium content of rocks.

1) lMever and Schweidler, Rediozktivitat, 1927, p. 275.

F
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The readings of fiber sepesration and time are plotted and the
nean slope drawn in order to average out observational errors. Whers
the discharge is at a moderately high rate the most accurate reasdings
are obtained by observing the time (to seconds) at wﬂich the fibers
cross the tenths of division lines. These curves are then plotted for
each fiber and the total change in fiber separation per hour is read
from them. The scattering of points in these curves shows that the left
fiver, which is slightly thinner, cen be read more accurately than the
right fiber. |

For very rapid discharge rates there is time to read only one
fiber. In this cese the left fiber should be read. . There is®slight
asymmetry in thé rate of movement of the fibers; the left fiber moves
1.00 division while the right fiber moves 1.12 division, the total fiber
separation changing by 2.12 divisions. This raetio is constent to 1%.

For the very slow discharge rates due to ordinary rocks the
fibers cross tenths of division lines only about once an hour. There-
fore readings cannot be made by the method described above, but the
fiver positions must be estimated to hundredihs of large scale divisions
about every 20 minutes and the velues of fiber separation plotted

: 1

against time. A straight line is drawn through these pointis, averagi
e 3 g e

out the observational errors, and the slope in divisions per hour is
taken as the discharge rate. If the readings are taken at too short
time intervals the slow motion of the Ffibers tricks the observer into
rlotting = sinuous curve. This spuriousness can be avoided by taking
readings over 20 min. time intervals and for a totel time of several

hours.

The natural leak or "packground" is observed by the method of

the prebeeding paragraph except that readings are extended overnight
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giving a tobtal time interval of about 12 hours. BSuch 2 determination
of the average background preceades every test of radioactive material.
The éverage background varies slightly from run to run, but has never
veried by more than 4% from the grend mean value., This is to be con=-
tragsted with the methods of many observers, who permit variations as

large as 100%.

S, CaLIBRATIONS OF THE APFARATUS AGAINST RADIUL STANDARDS

8. CALIBRATION BY STaWDARD HaDIUN SCOLUTION

3olutions of soluble radium salts are known to be reliable
standards only if they are acidic. Otherwise precipitation or adsorp-
tion of radium by the glass walls takes vlace and may reduce the dis-
solved radium even to 50% of its original valuet) . Hydrochloric acid
is most suitable.

1

The standard redium solution available for the vresent worlk was

@

kindly losned by J. H. Ransome to M Eillanz}, who abtributed it 4o the

Radium Institute of Chicego and gave its radium content as 4.87 x 10

1

grams of radium per cc. The density of the solution is the same as
that of distilled water as measured with a lohr Balance at 22°C. The
observational uncertainty I estimate at 0.2%. This determination
allows small amounts of the solution to be weighed out instead of
pipetted as has been usual heretofore, and this procesdure reduced the
discrepsncy between successive calibrations of the electrometer to 1%,
whereas when pipetiing 20% devietions have been noted.

I enﬁertain some doubt, however, about the absclute value of

the solution. This 1s because the acidity, as measured celorimetrically

1) Rutheford and Boltwood, Am. Jour. Sci., 20, 55, (1906); 22, 1, (1906).
Eve, Am. Jour. Sci., 22, 4, (1906).
2) He¥illan, M.S. Thesis, C.I.T. (1929), p. 2.
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with litwmus paper, is certainly below 0.0l normal, though it is also
certainly acidiec. The literature does not disclose whether +this ascidity
is sufficient to retain all the radium in solution. However, the agree-
ment of the calibrations obtained with this solution and two of the other
three methods to be described indicates tﬁat the solution may be nearly

correct.

jan

By diluting 2 gn. samples of the solution in 500 cc. of distille

water, boiling in air for 20 minutes to expel all the radon, then sealing

l}"‘

the solubtlions in wvessels as described under the section on analysis of
waters, and enalyzing for radon after the elapss of known periods, a
velus of 34.6 x 10712 curie per division per hour is obtained for the
apparatus. The deviation between successive analyses is about 1%.
b. CALIBRATION BY CARNOTITE ORE
A sample of carnotite of unknown geoloegical origin is =2lso

The material is finely powdsred, and was analyzed for the

Denver Fire Clay Company by Ledoux and Coumpan 2re
reliable analysists of uranium, and thelr value of 1.59 sniwm in this

carnotite can be accepbed as accurabe.

The radium-uranium ratio for carnotites is however quite uncer-

ra
) -7 . -7

tain. Maurice Curie cites values hetween 2.3 x 10 ' and 3.6 x 10 '

s . i s = -7
while Lind and Nhlttemorez} obtained values between 2.48 x 10 end

-7 s sas
4.8 x 10 ', These deviations are explained by leaching and redsposition
effects, carnotite being a secondary mineral.

Large bodies (one ton to a carload) of well mixed carnotite ore

possessg> more nearly the normal radium-urznium ratio of 3.4 x 107

1) Maurice Curie, "Le Radium et les Hedio-elements", Bailliere, Paris,
1925, p. 147.

2) Lind and Whittemore, U.S. Bureau of Mines Tech. Paper 88, (1915),

p. 28; Jour. Am. Chem. Soc., 36, 2066, (1914).
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3mall bodies of ore or isolated specimens havs abnormael ratios. There
is no evidence to indicate what the correct ratio for the present car-
notite should be, hence .4 x 1077 nas been arbitrarily assuned.

istic of cernotite is its high

o
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emanating power. The term emanating power wes introduced by Boltwood
to name the fraction of the equilibrium quantity of radon theoretically
h the radium in a rock, which is given up to the air at
room temperature. This loss of radon is bebwsen 3 snd 8% for dense
minerals like pitchblende but varies between 15 and 5b% for carnotite.
The emenating power varies from sample to sample, is a function of tem-
perature and humidity, snd will descreass merkedly in carnobite if the
moterial is hested to 400°C for half an hourZ),

The emanating power of the present carnobite sanmple was found by

it By ot . , . s
Meliillan®/ Lo be 53.3%. Judging from the constancy of the guantity of
redon released from this carnotite in my furnace,the emanating vower has

remained constant for over thres years. There is but one low valus to
contradict this generalit

As might be expected, the emanating power of the carnotite is
also 2 function of tempsratures above 400°C. Fig. /2, p. 3/, shows the
dependence at slevated bemperatures. Thess poinis were obtained from
swell speciwens ranging from 0.0245 to 00,2180 gm., some heated in the
bar furnace described on p. /€ and some in the furnacss described in
appendiceé & and B, some measured with air in the ionization chanber,
and some witﬁ 502. The fact thet they fall so well on a smooth curve

confirm the views thet:a) k for COp = 1.00 (p. 75 ), b) the emenating

Boltwood, Phil. lag., 9, (1905).
Mackay, Proc. Roy. Soc. oz uapada, 15, 95, (1921).
illan, 1.8. Thesis C.I.T., (1929), . 18.

1)
2)
)




power of the cold sample is nearly constant (one clear exception),

¢} the emanating power is a conbtinuous funcbion of temperature.

>
The emanating power is regarded as 100% at 1600°C where all the
radon is removed by the direct heating. Teking bthis value of the total
and assuming
redon in equilibrium with the radium in the carnotiteq\l) & cold emenat-
ing power of 53.%%, 2) & ﬁa/U ratio of 3.4 x 10"73 we obtain for th
sonstant of the electrometer

7 o -1 » . 2 g v,
35.0 x 10712 curies per division per hour.

4. THEQRETICAL CALIBRATIUNS

ARD LABORDE

2, BY THn BUPIRITCAL PORMULA OF DUZ

Buanel) was the first to atbempt the determination of a formula
for the calibration of an ionization chamber when only its physical
choracteristics were known and no radium standards were available. His
eémpirical formula,which was backed by a cursory theory, was revised by
Pusne and Labordez) wrno gave the current, I, in 2 cylindrical ilonization
chambsr of Surface, S, volume, V, walls of unsiated materisl, and air
filled a8 I = 13.15 (1 = 0.572 % } e.s.u. ver sec. per gm. sec. of radon
in equilibrium with its de;ay products. The cogifieient 13.15 becomes

6.27 x 10° when multiplied by the latest value of A~1=4.7687 x 10° to
convert gm, sec. of rasdon to the modern unilt, curies of‘ra@on,

Schmidt and wlc““> assumed Dusne and Laborde's constant 0.572

correst and found values for the first constant of 8.07 x 109 & nd
6.36 x 10° in two ionization chambers of diameber 7.1 cu. and height

25,2 cm., and 7.1 cm. diameber and 6.5 cm. height respectively. However

1) Duene, Jour. dr Phy., 4, 605, (1908); C.R., (1905), 1, 58l.
2) Duane and Leborde, C.R., (1910), 1, p. 1421.
3) Schmidt and ¥ick, Phy. 4eit., 13, 199, (1912).
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the accuracy of their standerd radium solution was questioned by liache
and Meyerlj, who claimed it to be only 89.2% of the assumed value.
Ramsey?2) assumed 0.572 correct, and found Duane and Laborde 9% high for
the first constant, using radon standard © 54 of the Buresn of 8tandards
which was accurate to 3%. Gockeld) gave the first constent a value of
6.02 x 10 and assumed 0.572 correct, bub offered no experimentel dnta,

A recomputation of the few experim@nﬁél dats available indicathes
that the constant 0.572 is open to question, and may be as much as 15%
high. These computations are not presented here because an entirely new
equation for the effect is offersd in the following section, and the
constant 0.572 loses some of its significance.

Using ths Duane and Laborde formula

I=6.27 x 106(1 - 0.572 % } e.s.u. per sec. per curie

and substituting

<

the physical characteristics of the ionization chembers
and electrometer used in the present work, 2 calibration constant of
33.2 x 10712 curie per division per hour

is obtained.
b. HNEJ FORMULA FOR‘THB'ﬁALL BFFECY IN ALPHA RAY IONTZATION CHANBERS

It is well 1nowné) that a negatively charged wire expossd to the
air collects radium A, the first decay product of radon, and lic Geaa}
and others have shown that radium D recoil atoms from radinm C carry a

positive charge. Ve may depend upon the negatively charged electrode in

an ionization chamber to collect substantially all the radium A atoms and

¥

1) Mache and Meyer, Phy. Zeit., 13, 199, (1912).
2) Ramsey, Am. Jour. Sci., 40, 309, (1915).
3) Gockel, "Die Redioaktivetat von Boden und Quellen", Viewig 1914, p.l102
4) Dedourian, Am. Jour. Sci., 19, 16, (1905).
Kovarik and McKeehan, Bull. of Nat. Res. Council, 10, No. 51, p. 140,
(1925).
5) llcGee, Phil. leg., 13, 1, Jan. 1932.
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hold all the successive decay products.

Duanel) has reported that if a thick center electrode, such as
a wire, is used no difference in total ionization results from rsversing
the polarity of the chamber, thus reversing the site of ‘decomposition of
the radon decay products. However if a thin center electrode, such as
an aluninum foil or the gold leaf of an electroscope is ussed, the ioniza-
tion is as much as 12% greater if the decay products are collected on
+he foil than if they are collected on the ionization chamber walls.

This is because a thick electrode completely absorbs any alphs particlss
dirscted into it, while a foil allows some alpha particles to pass
through it and produce ionization on the other side.

In the present experimental work, as well as the following new
theoretical discussion, the central wirs elecitrode is always chosen
negative, and hence collects 2ll the decay products. Since the direction

£ ejection of alpha particles is entirely random, half of those due to
the decay products will be absorbed in the center electrode., lost of
+he other half will have their entire energy absorbed by the gas in the
ionization chamber, since the radius of the chambsr execeeds the maximum
range of ths alpha particles. Bach alpha emitting substance in equili-
prium with 1 curie of radon eject§}3.7 x 1010 alpha particles per second.
fach alphé particle from radium A creates 1.70 x 10° ion pairs while
each alpha particle from radium C' creates 2.20 x 10° ion pairs. Hence
the decay products in equilibrium with one curie of radon, neglecting
end effects in +the ionization chamber, wili produce
v

1) 3.7 x 1010 x %(2.204 1.70) x 10% = 7,22 x 1015 ion peirs per sec.

End effects will tend to decrease this value because alpha pearti-

cles leaving the ends of the center electrode and directed toward the

1) Duene, Jour. de Phy., &, 605, (1905).
2) Rev. Mod. Ph., 3, 439, (1931).
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end eoFf $ke walls will reach them, losing some of their energy there.
It can be seen that the fractional loss depends on the height
of +the chamber, the distance between the bottom of the chamber and the
end of the central electrode, and the type of gas in the chamber.
Assume it is of the form c/h,where ¢ is a constant for a given zas and
h is the height of the chamber, then we have
2) 7.22 (1 —-%)1015 ion pairs per sec. per curie,
The radon, however, is in the gaseous phase and uniformly dis-

tributed throughout the chamber. The range of the radon alpha particle

N

is 4.122 cnm in air, hence any alpha particle originating within 4.122 cm

of the wall, snd being directed toward the wall will not produce the

full amount of ifts possible ilonization of the zir, some of its energy

ey

being absorbsd by the wall. If the thickness of this layer is 4.122
em. it will contain a fraction 2.122 S/V of the total number of radon
atoms where 3 is the total wall surface in sg. em. and V is the tota
volume in cec. UlNeglecting the effect of the curvature of the wall and
of the angles at the ends of the chamber, and assuming: 1) that 1/8 of
these alpha particles are directed normel to the wall, and 2} that on
the average all of them have half their energy ebsorbed by the wall,
we find that the fractional loss of ionization due to the collision of

alpha particles with the wall is

3) 4,122 1 1 8 _ 0.34

1 5 _0.345
s §*2XT=E"T%5F

where s is the stopping power of the gas used, If the neglected
effect of the corners and wall curvature increases the factor 0.54/%
by a, whereas the ions formed by collision of the alpha particle and

the wall decrease it by b, then the fractional loss of ilonization is

0.54
4) ==

+8a -0b) %
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and the whole ionization due to the alpha particles from one curie of

radon will be

5) 3.7 x 1010 x 1.55 x 10° x [} - (O;Q%-+ a - D) %] ion peirs per sec.
ner curie,

; 5 , . . s
where 1.56 x 107 is the numberl) of ion pairs formed by an alpha
particle from radon, or, multiplying:

. 3
6) 5.73 x 1015(1 - mv) ion pairs per sec. per curis, where

7 ms 0% e -
s

and is to be sxperimentally determined. It can be ssen that m will
depend on the geometry of the ionization chamber (&), on the wall
€

maeterial (b), and on the stopping power (s) of the gas used in the

chamber since this determines the thickness of the layer of gas sending

-~
1

alpha particles to the wall. Probably(a)is also a2 funciion of (s) as
well as of the geometry of the chamber.
The total ionization produced in 2 cylindrical chenmber whose
radius is greater than the range of radium C' alpha particles (6.971
cr. in air) is therefore
8) {§.22(1 - %3 + 5.73(1 - m‘%g} 1015 jon pairs per sec. per curie.
There are sufficient data in the literature to permit approxi-
mate evmluation of m and c¢. A less exact formula bearing on this same
effect was worked out experimentally by Duane and Labordez), supersed-
ing Duane’sg} earlier formula which was clearly invalid because not
dimensionally homogeneous. They gave for the current, I, due %o radon

and its decay products

1) Rev. Mod. Ph., 3, 439, (1931)
2) Duene and Laborde, C.R. (1910), 1, p. 1421.
3) ODuasne, Jour. de Phy., 4, 605, (1905); C.R. (1905), 1, p.581.



9} I= 6.27 x 106(1 - 0,572 % ) e.s.u. per sec. per curiel)

as valid using air in 3 chambers whose dimensions were:

chamber length diameter
1 58.6 cm. 33.4 cm,
2 25.9 10.83
3 12.6 5.70

The wall material is not mentioned, but is probably zinc, since this
was used by Duane in his early work.

For radon alone, without its decay products, they gave
10) I = 2.48 x 10%(1 - 0.517 % } e.s.u. per sec. per curiel).

This empirical formula is seen to conform 4o Eg. & when
(1 - %) = 0, since then no decay products are effec%ive. This indicates
that m = 0.517 and we caen now solve for ¢, and also the percent satura-
tion, j, because we know thatb

11) 5.75 § (¥ - 0.517 2)10M5 x 4,77 x 10729 = 2,458 x 105(1 - -5173) .

This gives j = 90.7 %, say 90%, value in fair agreement with the known
percent saburation valuesz) for alpha particles and the known potential
gradient in the present ionization chanmber (see p. 54 ). Substituting
in formula 8) and multivlying by 4.77 x 10710 % .90 to transform the
number of ions formed into the e.s.u. actually collectsd, we obbain

12} {%-10(1 - %D + 2.46(1 - .517-%5] 10° e.5.u. per sec. per curie.
Substituting the dimensions of the ionization chambers used and assum-
ing a value of 35.0 x 107*2 curies per division per hour as the true
calibration of the instrument we find ¢ = 2.5 em. Then for the loss of

ionization from the decay products on the central electrode due to some

of their alpha particles striking the upper end lower ends of the ioniza-

1) The coefficients of Duane and Laborde were for gm. seconds of radon,
2 unit no longer in use. I have converted these to curies by multi-
plying by A'= 4.7687 x 10° for radon.

2) Meyer and Schweidler, Radioaktivitat, (1927), p. 281.
Broessler, Akad. Wess. Wien. Ber. 129, 2a, 47, (1920).
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tion chamber we obbtain the value % = Igﬁgg = 13%. This is a reason-

able value.

The theoretical value of the constant, ¢, can be estimated as
follows. 4&ssume the decay products are uniformly distributed along a
central elsctrode which extends the entire length of the ionization

chamber, h. Then the fraction of the radium A molecules which are with-

2 x 4,722
ST

£

in an alpha track length of the ends is and as before we

may sssume 1/6 of these are directed normal to their adjacent end wall,
On the average all of these particles will lo{se half their ionizing
energy by collision with the wall, that is 1/? of 2.20 x 10° ion pairs
per alpha particle. Similarly the fractionsl loss of radium C' ioniza-
tion will be 2 % 6.97 . 1 x.; of 1.70 x 10° ion pairs ver alpha particle.
The fraction of the totel ionization due to radiwn 4 and radium C',
remenbsring that half of it has already been assumed lost in the central

slectrode is therefore:

3.7 x 1010 % -é- x-]z: (.2.33%.13_% x 2.20 4 2% 2‘97 % 1.70)105

3.7 x 1010
2

1,90

(2.20 + 1.70)10°

Thus ¢ is found to be approximetely 1.90 cm. Considering the simpli-
fying assumptions made in this deriva%ion, and the absence of suffi-
cient reliable experimental data I consider this a sufficiently close
check to sugfest the validity of Lg. 8 and the theory described above.
The apparatus for a thorough precision determination of ¢ and m, the
constants of Eg. 8, in severai pases has been designed and the measure-
ments should be completed early in the coming sumner.

c. CALIBRATION BY THE NEW THEORETICAL FORMULA

If we talke the theoretical value 1.90 com. derived in the last



section for c, and apply Bg. 12 to the present apparatus, we find:

= 4.76 x 10%.s.u. per sec. per curie

-
\

or

¢

34.4 x 10712 curies per div. per hour.

Because the readings are begun about 3 hours after introducing
the redon in the ionization chamber, this value must be divided by 0,975
the fraction of the original radon remeining at that time. This gives

C = 35,2 x 10712 curies per div. per hour
as the theoretical calibration of the instrument.
d. SUMMARY OF CALIBRATIONS

Four evaluations of the calibration constant of the present

electrometer~ionization chamber system have been described. Thess are:

1) C = 34.6 x 10712 by the standard redium solution

2) C = 38.0 x 107%% by the standard carnotite ore

Ly

¢ = 33.2 x 10712 by the empirical formula of Duane and Laborde

[N
S

4) C = 35.2 x 10712 by the new theoretical formula of Eq.8 or 12,
derived in the precesding section,

where the units are curies per div. per hr. in all cases,

The separate ground for guestioning each of these values have
been presented in the sections dealing with each method,.

The true calibration constant assumed for the present analyses
will be

C = 35. x 1072 curies per div. per hour
where the discharge rate is measured from 3 to 5 hours after introduc-
ing the radon into the apparatus and the curies are those originally

present.



e, BATURATION CURRENT

As already shown the potentisl gradient in the ionization
chamber collects only about 90% of the ions formed. It is to be ex-
pected that the absolubte or radium calibration of the system will vary
with the voltage on the ionization chamber, or, what is the same thing,

! s

sh the scale resding of the elscirometer. Fig. 27, p. 70, shows the

]

ot

wi

experimentally determined veriation of the sensitivity of the syst
g funetion of fiber seperation. This curve represents 35 observetions;
the mean deviation from the average curve shown is about 0.8%. The

curve is the same, within the observetional uncertainty, for the bacik-

ground and for alphs ray ionisz

o

<\3

:tion in both air and 0@2, A1 redium

}.J
o

determinations are corrected for this effect, a fiber separation of

7.4 divisions being arbitrarily beken os the standard of reference.

The ionization chambers are always cperated at pressures be-

tween T40 and 750 mm. The careful investigstions of Ludewig and

tween (40 ) =)
Lorenseru), Lepapac/, Lesteré', Meder®/, and others have shown that
for these limits of pressure varistion, the variation in total ionize-

/

tion is certeinly less than 0. BE%e.

o o

Bragg, "Studies in Radioactivity", lacmillan (1912), p. 59.

Lepape, C.R., 176, 1613, (1923).

Ludewig and Lorenser, Zeit. f£. Ph., 13, 284, (1923); 21, 288, (1e21).
Lester, Am. Jour. Sci., 44, 225, (1917); J.0.S.4., 11, 837, (1925).

leder, Phys. Zeit., 33, 178, Feb. 15, 16on.

o1 B> oo
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Accordingly, no corrections for ionization chamber temperature

and pressure are recuired.

D. TUSE OF COp IN THE IOWIZATION
1. ADVANTAGES, STOFFING POWER, HOLECULAR IONIZATION AND SFuCIFIC
TONIZATION

Carbon dioxide from tenks more then one month old is used in
the lonization chembers because it provides & reproducible, dry, radon
end thoron free bachground gas. In order Lo coupare measurements of

adon in which the ionizetion chember is aly filled, with meesurements

using a COp filling, we must know the lonization produced in COy by the
alpha rays from radon, radium & and radium C' relative to the ioniza-
tion by the same particles in air.

axperiments closely related to this problem have been carried

tors. Two fundsmentel principles are involved.

out Ly many investiga

The relative stopping power of any substance is the ratio of the retarda-

=

tion suffered by an slpha particle in passing through a given thickness
/
of the substence, to ithe retardation experienced in the same thickness
PR + ata s 43 Bpen g 1) eran 2 . 3 2y,
of zir at standerd conditions. Bragg®/, Kleeman®’/, and others®’ have
shown experimentally that the stopping power of an atom is approzimately

4 5
proportional to the square root of its a2tomic weight. Taylor*), Bates”2

_— - 7 » -
Gibson and Eyrlngg), and others’) have shown that the relstive stopping

power zlso depends on the velocity of the alphe particle.

1) Bragg, "Studies in Rediomctivity”, 64. kmeomillan, (1912).

Phil. Meg., (1906), 1, 620; (1907) _1. 333,
2) Kleeman, Proc. Roy. Scc., 79, 220, (1909).

3) Rutheford, Chadwick and Ellis, "Rsdiations from Radiocactive Sub-
 stences" p. 97.

4) Taylor, Fhil. liag., 26, 402, (1918).

5) Bates, Proc. Roy. Soc., A, 106, 622, (1924).

6) Gibson and Eyring, Fhy. Rev., . 30, 553, (1927).

7) Rutheford, Chadwick and Ellis, loc. cit.
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Hess and Hornysk rege of Teylor as the most

reliable work then done, snd expleined their owm high results as due

to realization of complete saturation.

The decressed tobael ionization observed in zn ionization

chember due to the Amﬂ&Cu of alpha particles wells was dis-

cussed on p.6F. The thiclness of the layer off gas affected by the

wells depends on the sfopping powsr of the gas. Incressing the stop-

gas decreases the thickness cof this laver, reducing

o

ths number of

alpha particies which reach the wall, Thus the loniza-~
tion defect fachtor, m, of Zg. &, p. 65, is decreased, and the total
ionization in the chamber should be grester in QB than in oir. This
conclusion is in agreement with the experimental results to be des~-

P -

cribed in the next paragyavoh, but is the experimental

o
ot
<
©
]
{- ¥
o
]
Q
(]
o
ot
ny

results of Lepaype- 1) who found that the relstive total ionization pro-

duced by radon and its decey products in

chamber of 3140 cc. volume, (12 cm. insi
with centrel electrode 0.8 cm. in diam.} varied with the mol percent
of COs in air ss follows:

mol % COp =

(o3]
&
.
-3
o}
*
[se]
o

0
JA]
.
.
Pt

An accuracy of 1% is claimed for the results; but no remark on the

method of obtaining & known constent scource of radon nor the elsctrical

1} Lepape, C. R. 176, 1613, (1923).
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polarity of the electrodes - which determines the site of decay product
deposition - is'made. A colleeting voltage of 300 volts was used.

On the other hand, two experiments on my apparatus have indi-
cated a value nearer 1.04 for k. These were conducted in the follow-
ing way. About 0.07 gu., of carnotite was boiled in the furnace and
the radon liberated led simultaneously to both ionization chambers,
which were open to the furnace and themselves through about 3 feet of
4 mm. glass tubing and 2 stopcocks of 2 mm, bore, during the furnace
run and for exaétly S5 minutes thereafter, One chamber was then filled
from 12 mm. to 750 mm., with CO,, the other with air., This was expected
to produce equal quantities of radon in the two identicel chambers.
However, as shown below, the discharge rates taken after three hours
showed en asymmetric distribution of the radon, due to the faect that
the branch lines from the furnace to the two chambers differed by about
one foot in length, and that the diffusion of radon between the chambers
during the extra 5 min. period when they were connected together was
80 icw as to fail to distribute the radon equally between them. Two
runs were made, the CO, and air being put into opposite chambers in the
second run to check the symmetry of radon distribution. If x represents
the fraction of radon in chamber No. 1 in the two tests, and the asymmetiry
of distribution is assumed constant in the 2 runs (which were identical
in all respects), and if ka, kp, represent the apparent values observed
for the specific ionization, k, then for the first run where CO, was in

chamber No. 1:

kK X =
l=-x ka

and for the second run where air was in chamber No. 1l:

x-1_
‘k x kp
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solving for k, we find

Substituting the observed k, and Ik, each good o 0.4%, we get

= v1.25? % 0.803 = 1.037 say 1.04

Congldering the asymmetry of distribuition (x = 0,587) this result may

be questioned with sav b5%.

ng worked out, and the results obteined will he
reported in the literaturs.

For the present work, & valus of &k = 1.00 is asssumed as 8 feir
sversage of all the above reports and the resulids sre gquoted =s within

limitation is imposed by other conditions mentioned in

the next paragraph.

Be LINITS OF &
The observational uncertainty in the rate of discherge of th
electrometer, when the rate is low and readings are talen every 20
minutes for three to five hours, amounts to aboul 0.008 div. ver hr.
For rocks of low scebivity this 1s equivalent to sbout 5 to 8% uncer-
tzinty in the radium conbent. Theore%ically, the probable deviation

in the background smounts to 1 to 2% for this time interval as shown

on p.q@l, and similarly the probable devistion in the observed activity

iz of the same magnitude. It follows that this electrometer is in-
//
capable of going all the way to the natural observation limit.

VIURAL CBSERVATION LINIT

FOR REACHING THE B

To resch the natural observation limit 2 new hook-up has besn
devised. The circuit is common in some branches of physics, bubt to
the writer's knowledge has never been applied to the measurement of

mall quantities of radon and thoron.



Iwo identical ionization chembers are connected to a string
electrometer so that only the difference between the ionization in the
two chaubers is measured. Both chambers contain identical background

and one slso conbtains the radon or thoron to be messured. The

g
o
]
o]
1]

a
2

slectrometer readings then represent only the rodicachive ionization

ckgrounds due to the presence

C)

nlus the very small difference in the be
of long lived solid decay products from former runs. The string elsc=

trometer is cperated at o sensitivity of about 30 divisions per volt,

=nt to reduce the obser-

where it is relatively stable. This is sufficd

vational uncertainty to a velue well below the statisticel variation

of the background and the radon or thoron being determined, measurcnents
can then be extended Lo the natural observation limit, defined on p.42,
The use of two ionization chambers has four sdventuges and one

-

etions due to cceasionsl

disadvantage., It eliminates

icsetive material in the
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vicinity of the apparetus; it permits the use of the whole scal

]
Q
[}

the electrometer to measure change in charge. and offers grester charge
gsensitivity; it permits the use of higher collecting volteges; and by
induction it eliminstes errors due to variations in betiery volitage.

Its disadvenibage is that the statistical varistions of the background

(=3

Professor Bateman, in o private communication, has extended

his early enalysisl) of the statisbical veriations from one ionizing
subs;ance in one ionization chamber to the present case of the fluchua-~

tions observed from one ionizing material in one chamber instrumentally
deducted from the combined fluctuations due to two or more ionizing

agents (background and radon) in a second chamber. He has shown that

1) Bateman, Phil. Mag., 20, 704, (1910).
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ir 2ll czses the net mean errer or variation 4o be expecited equals
the square root of the total nuwmber of ionizing particles active in
both chambers during the time intervel emploved. This is entirely

sn2logous to the simpler case for a single chember and indicztes that

the statistical varistion of the background in the

system will ﬁg\[— or 1.414 times the wvariation for 2 single chamber.
This is 2 small orice to pay for the 80 fold increase in sensitivity
of the string over tne bifilsr electrometer.

Two circults ewmploving the string slsctroneter are showm,

That in Fig. 28, p. 78, involves the measursment of only a low vo
above ground., All high potentials applied to the instrument sre held
at thelr proper values by the batteries, hence errors due to insuletion

et 1 ey ] PR
much smaller o

to the plates of the string slectromeier. The firsty

circuit is the steadier and more reliable one.

Deta are not yet sufficiently numercus to permit precisiocn
anolysis of the background verietions, but five runs have indicated
they are of the order of 6% per hour.

Fiz. 30, p. 79, is 2 photograpn of the apperatus showing the
string electrometer between the two ionization chambers. The inder-

connections and platinum tipped switches are in the bri

2

square brass box joining the tops of the instrumenis.

IINATYION Ok

It has been found possible to determine the thorium content

of rocks with this apparatus. For this purpose the furnace snd ionize-

tion chamber 2re filled with COp and this ges is circulated in 2
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Fig. 28, Circuit diagram for high sensitivity, double ionization
chamber method.
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Fig. 29, Alternate circuit for double ionization chamber method.
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Fig. 30. String electrometer and double ionization chamber apparatus.
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Fig. 3l. Release of thoron from granite, showing 850°C threshold
i temperature .
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& & closed circuit including the furnace,ion trep, lonization chamber
end circulating pump, whils the rock is being boiled in the furnace.
In this way the thoron préduced by the thorium in the roék is removed
snd quickly delivered to the ionization chamber where it is measured.
Because the gas svstem is & closed circuvit, the radon literated from

conserved and it is measured in the threa

<
3
5
o
0:
P
’.J
(6]

hours after the furnace is shut down. It is therefors possible to
measure both the thorium and radium content of the same rock sample in
g single run.

Because thoron has a half life of only 54.5 sec., and its long-
est lived decay product, thorium B, emits conly bets rzys, the ilonize-

3

tion effects due to the thoron completely disapvear within a few wmin-

vt a s . b an e
the ionization duve Lo thoron is sasily

tests of this method & rubber bulb ges circulsting pump was used, 28

. With & gas circulstion rate of 30 cc.

this was readily a

sec. bhe ionization due to thoron could be rendily measured.

found that no thoron was released from the hesated rocks until & femper-

o

ature of 850°C was reached, where the reles

was only btaken to 920° and had not reached

expected by snalegy with the case of radon., Fig. 31, p. 79, present

these data on the threshold temperature for thoron.

h ionization observed during runs conducted as described

o

sust above is attributed bto thoron, and not Lo spurious seffects, such
as ions from the meld, because: l) no heavy ions have ever been observed

e

from the furnsce at or below 1020°C, 2) the gas in question passes
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through the electrostetic ion trep, which stops all ions (Fig. 10,

U3

p. 28), 3) the decay curve, when pumping is stopped, corresvonds +o
the knowm half life of +thoron.
Accurate determination of the thorium conbent of rocks and the

temperature-percent thoron release curve sawalt the constructlon of an

all metal,
smploying copper bellows and ball check valves. This is a preregulsite

to reliable measurements because the electrometer calibration is a sen-

sitive function of the gas circulation rate. Inough work has been

et
<]
fuin
2]

completed to demonstrobte the effectivensss of this combination analy:
of botn thorium and radium, and to indicate the gas circulstion rates

snd furnsce temperatures reduired.
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HIGH TEMPERATURE
GRAPHITE  RESISTANCE
FURNACE

0P secTION

Vertical split-fube furnace.



Fig. 33. Tube furnace assembled. A graphite crucible is seen in the
axial stuffing gland.

Fig. 34. Detail of furnece cover, electrodes, and split-tube resistor.
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perfectly free to expand. A second advantage of this construction is
that only one end (upper) of the resistor loses heat through cooling by
conduction to the water cooled elscirodes,

A hollow graphite radiation screen (Fig. 32, 1.83) filled with
grephite powder surrounds the electrode and retards heat transmission from
the resistor to the cold metal walls of the furnace case.

The crucible (Fig. 33, p.84) is introduced through a 1/2 in. pack-
ing gland in the furnace cover, and extends along the axis of the resistor
to the highest temperature zone. This construction permits exchanging
crucibles without opening the furnace. The resistance of the split tube
resistor is 0,024 ohms when new, and gradually increases to about 0.048
ohms before failure. The average resistor life when the furnace is not
evacuated is 3 hrs., representing about 20 heatings and coolings. The fur-
nace can be operated without evacuating because the graphite resistor soon
burns up all the oxygen in the furnmace volume and thereafter no air enters
the furnace, hence inert gases only are present. Zvacuation, however,
lengthens the life of the resistor.

Furnace temperatures up to 1100°C were measured by a chromel-
alumel thermocouple in a quartz crucible. From 900 to 2000°C a leeds and
Northrup optical pyrometer was used, temperature observations of the in-
side wall of the resistor being made through the 1/2 in. erucible gland
in the furnace cover. Characteristic curves, showing 1) equilibrium
temperature against watts input, and 2) temperature-time curves for both
heating and cocling ére given in Figs. 35 and 36, p, 86, As will be
seen, the furnace attains 2000°C on only 7 K.W. power input.

The power supply and power control described in the main body of
the thesis is used on this furnace.

When investigations of the release of radon revealed theat

temperatures of 1000°C did not affect complete removal, as had been
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Fletcher, Phil. Mag., 26, 674, (1913).
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Fig. 37. Glass covered bar furnace.
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Fig. 38. Temperature calibration for bar furnace shown in Fig. 37.
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