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I 

The accurate deterr::cin'Fition of the radimn content of 

matter has D1an:;r 

diffj.ct1lt is to carry out. ~~o first 

rer.:oval of re.rlor1 fro2 the r:1s.terie.l nei "tested~, ~hen te 

ns of its 

rrd.0:::1 re::ioveG. ::ieesured is 

The s 11sed heretofore for removi rarion 

!Jr'e rr:odif:i.ecl so::1e-rll1at, ~:ind the f:led 

of is :1.0VI less 

for radon fror1 :r·oc:cs ! 

different and much of is 

:L1;-:.ens are boiled vii thout flux direct 11ec:: 

t6 resistence f\1rne.ce. eases are led. 

electrostattc v1!1ich 

rei::oves e,.ll the ionized n1olecules coming from tI1e boili te. 

moisture absorbents and reservoirs are eliminated fron:. t'1e i:::as line, 

small insulation device in the ionization che,,,mber the 

amber insulation from deleterious vapors. 

of the of the total radon removed 

as a function of (a) ture, tirce of fineness 

of sample , showed that is the factor 

end that 1800° effects complete re.do::i remo-val. The duration of 



is 2 1/2 min., which is to be vri th one hot1r for t"he ck~est 

former methods. 

In the measu_ren~.ent of s~nall ties o.f radon, is 

i.aid on accu.rate of' the ion.izatior:.. dt1e to cos~:1ic 

and locel radiation. stati ical variativns in the 

shov:1n to 

sources of 

Zl these vari ion.s. 

,re~oveble-head elec 

iox;~izatlon cha1Ylbe:rs is described. ionization contair1 a 

srnall ir1su.letion :ing , t!ltlS the use of moist 

lt1te or radiU::"~ calibrations electrorneter-ioni 

s te:Yld.s.ros 

of sr1d Lebor1e nre cri ti discussed. 

ne\1 t!leoretical forr:i:_1la for the 111all eff'ect 

for radi 1u:1 eal.i brs_ti of e~:~e:iatior: electro1nete~rs, of 

their eaei rne,:isured icel is ted 

tal calibratio~1s nvo1v:i. , ... reditu·;~ stend;:;.rds. 

1irri t of the bifilar electro01ete:r is 

described whi will extend the ts 

natural observation li:.r:i t. is 

str electron:eter whi 1neasures the differe~ce in ionization 

tv;o iderjtical ionizatior1 cl101nbers both of \vl1ich co::tain, the scJJle ~ac~-

one oi~ v;hi ch con tai~LS t!1e redo:a or ttoro!1 to be 

measu.red. 



It is thoriurn as well as the 

tter can be determi:r1ed in a 

fr01:1 rocks direct , the thres:1old 

biotite re--

rnoval the absolute c~.li br~tion of t11e eleetron:eter 

thorillln await the ion of an all-:netal e:as circulat 

desi of 'Which is described. 

':"nree discuss the construction c~::.s.ructeristics 

three other furnaces deve in the course of the investi tion • 

.,rrertical, is 

s11i ted to a of cb.em.ical a:1d 

Eiai11tains 7 kilowatts of power 

TI:e first artificial of cristobalite s tentnt 

s be 



~ reliable method for the radioactive content of ordi· 

nary terrestrial rocks, waters and 

of several in COS!f'D and in 

these are the ages of' the solar and extra-solar 

are deterr:1ined radioactive s of meteorites; the of 

terrestrial heat, the low concentration of radio-

active material at the earth 1 ce::;.ter; the correction of com:;ic ray reac 

for local radiation; the location of :re.ult lines; eorrela-

tion of cal strata, those of Precrunbrian 

radiu..D content of ores can be 

the ,:;ancma rays emitted fro::n them if the radiu;r; te:-lt exceeds 

~ radi urr. per rock, the its 

i tte rneast1rer:Jent of n:aterit::l eo::l 

• radi tu11 per 

":ore sensitive methods utilize the ionizatio 

Radon, the r;aseous, inert, first of 

radium is f'rom the r;:aterial to be ionization 

produced the rays of the radon and its 1 • -, 
S0~1..l0. is 

measured. 'l'his cive the of radon associated wi the redi 

in the material tested, fron: which the radiur::. content can be ee.si eel-

culated. St;nilarly, the thoriux::i content can be measured re leas 

and neasurine: the thoron. 

1:easurements of the radioactive content of solids or ds of 

low activity thus involve two distinct , first the complete re-

1) Hess, P.:rn. :S::lectrochem. Soc. 'I'rans., 41, 287, (1922). 



mo~val of the radioactive emenatiorrs from e.ccure.te 

measurement of the emanation re;noved. These are 

treated below. 

This thes:i::s presents new solutions to both of these 

status of a search for sati 

s, with a t[:_-

tior:s a.rd cabili ties. "I'he course of the i inte~-

the ion of the paces, w~ich contain 

record not of the 7mrk shed but "brief tior:s of 

work cted. 



I 

11t1e solubi 
1 ' 

of radon in water~J anc other 

's lavv, or: which all n:etl1ods of free radon from are 

based. 

dadon car. be ren;oved from solutions free 

the solution et room 

i as 

1nust be con.tin11ed for abou~t 3 hours before 

di tior1 is realized, and eve:::1 "then. t11e release of rad.or;. is 

011 the 

~iadon be removed boili tiOri 

t. v;hen the volur~:e of the sol~~tion is s?nc.:21 

since the boi s vtole!1.t tat.ion~ t~a e n '._t li i 

while the elevated reduces re la ti ve volu.r:-!etric 

tration of radon between the and gaseo:J.E to .. 107 ~ 

n1ethods can, 01: course, 

si::-:1111 Otl:er s include tl~j,e for 

for eq_uilibrim:1 is obtained 

but is used. , r .510; at 

·-~-- -------
1 Yor literature see 

_p. 411. 
2) loc. cit. p. 412. 
3) liutl-~erfo:rd, 8~1ad.v;i ck a:r;.d ~lli , un.c.dia tions fro:rr1 ::~adi.oac ti ve :.]·,,;_bs tancE 

~ ..... ac~zlillan l93J, p. ;;57 .. 

5 

,.. \ 

O; 

1.1 
..:::::::..' 

Bothe, Zeit. f. Ph., 16, 256, 1923. 
TTT __._ ..... .,,.,., 

Parreth and ~<::oeck, :'.eit"°:" f. . C:h. 3odenstein Festba:n.:i, 
Schmidt, . ~.eit., 6, 561, (1905). 
~To1-..+r.:1a"1 ° n;1 ~":e ,~-.--lS ,. ,.¥, - 1 0"r ·=:ci 21 ~'7 '1 19~ l ,i • _,_ ,,,)J,,J..,_ - ;,A_\_;,.~\ ..l..i.i ',;.i.iL!.. t..: u • ,,,_ ...... , ..._, v.' ~-~-

T ·- C: • 9 2 4'°·3 (,-93 1 'J •. ; our • '""ci., .=..._, dt , i. .A.. • 

Jour. ScL, 40, 309, (1915). 

77, ( c 



for 

ea.ted a gas 

sclution. solution itself atsor~s 

..:..ar 

1 of the ruCon pre 

it ~as care f·, boi 

it- 2'.:is ts c. t 

cc • ~ro l u:-:1e 71as tlSed" r:;he discussion .72 

air is 

en 

dre:wn 

tl~e ionizetion che.T~:bers, ar:d its 

usual 

' . ~-, 

the 

is 

ete rnodified i~;.. 

12, ~· is tl:.e flask~ tr~ \Vhic:h t~:e 

mes:::is of the s!-1ellaced rubber 

tubes and 

nc:~de the fl:tsk is connected to the , now conta 

pressure heavy rubber tubing collars, :::, 

of t11e tu_bes and Tz are crushed with pliers. 

internal electric heater, CO:'.lSi feet of 

,0;aue:e chrome1 "~'.,." wire wound on Ti, is now witt. 

a 110 volt ";.• C. sou.rce and the solution vi boiled for 

to assure radon re1aoval. The va11ors fro:n t.l~e boili. solu~t 

pass into the bulbous reflux condenser, R, ':rhere the water vapor 

1) 

<) \ 

"'I 

l,ind, 
Bohn, 
1\:c 

U .:3. 3t1reau of' i~Ij_nes :SulJ~etirt 212, 
Ph • 2:> • The s i s C • I • T • { l 9 22· ) • 

.u. '::hesis, ,-, .I.T. (l929). 

( 1923) ' :P. 194. 
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CONTROL PANEL 
& APPARATU.5 FOR_ 

REMOVING RAOON FRQW 
LIQUIDS 

Fig. 1. Apparatus for removing radon from liquids. 

- --- ---------- ---

12 

Fig. 2. Control panel 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. 



is condensed and returned , 
; 

botton of the boi t:r.1s contri to the 

of the solution and the reflux cond.enser 

of the carry-over difficulties t in tu.be reflux 

conde:isers. 

other gases, , etc., libereted froc the 

solution then pass a Slllfuric acid micro-cell, flarL,,.k:ed }Jro-

, arld on to tI'~e ionization Che1~:ber. r:i~.~.iS C·311, Yihile 

sorne is far 1:1ore 

its i1al vttl::'"r a ... ction the volumetric concen_-trr;.tl 

can be blii.lt in the ionization chamber, while bei redt:ced to 

101: value over t11e boil ng solutton, a~1d hence to a neE,~11 i.n 

the so s1:ice r • D?. 

sulfuric 8Cid cell and 

tion char::ber !'1as no obser··v,,able effect on tb.e latio!l becat~se 

the arnber) wt~ich is describe<: 

.50, 

i\.fter the concl11sion of' t~~e boi is closed 

in t~e flask above t~:i.e , as well as the reflux condenser, i com-

filled th hot, distilled water t~:e f'rom a:: 

~ ""!. , • , 011erneeo. 001-Ler, v1i th an inter:ial heater sir1ilar to ::. ::~11is 

forces an:l radon in ~ne gas space above the solution 

the acid valve into the ionization chamber. 3ecause the distilled water 

enters the flask below the surface there is no 

tion of the upper surface and hence radon t 

hot water surface. 

Tlie stopcock is then closed and the ionization chamber 

up to pressure with co2 introduced through stopcock ~his gas bubble: 



through the sulfuric acid cell, reduci 

ble val 

well waters and water contain the order of x 

curie of radon per liter. ~he rador~ frorr1 l cc. of 

detected the bifiler electro~eter descri 

ter are run. It s clear that the 

o. as scr:L 

cessive fro1:1 the sen1e sou_rce (7'Iell, etc. ~var:r fro~:: one 

t11an 1 
.L • be 

1 :~ve and :rcintosh, i1. . ' 1~30? • 
2 ~hler and van ::ler. de11tsch. Chen1. 8-es., 54, (1921); 

44, 2~:)32, t 1921) ; ~lei t. • Ghem., 73, 1, (l9ll). 



rnethods for 

fror'.:. rocks. research ird , whi 

sses s over tr:e earlier :·neth.ods. 

l. r<c •• ~ ,.,--,. .~. - ' .,.,. 

v ... ·:....::C \) - .... ~ ... , -·--' 

du.ced in ~?1}1 i 

sodi u;:1 carco~ate, &nd the nixtuxe fused in 

that the flux dissolves tl1e rocl:: ~ releasi ts 

nt !nodere.te below 

cor1tinued for about an !1our, b~1t no one has carried out 

the effects of tise 

teness of rcdon re;::oval. 

ob ctlons t::> the carbonate f~1sio2:.. 

, l"2 \ 

others~v / l12.:;le criticized te 

----------- ------
(1'209 

24 
::: ) Poole, Pf1il. • , 48 ~'319, ( 2.924) 
3) :Z:'oole, ~Phi -- • , 40!' 466, 

.. Tour. Sci., 
' (1932 

.Jtrutt, I'roc. • ~:;oc., l '" l . .:~,..., J ii 

7 
e; 

<uirke ar1d Jj'ir.l,,~elstein, ~l::.t. 

Behounek and Santholzer, S-er1. 
44, 237' ( 1917) 

g 
(1931 ' p. 60-69. 
i3ohn: :P".1. D. J.1hesis, .I 11~. 1928. 

10) :1:c I.~illan: ~.:. • 1I1:1esis, C ~I. T. 1929 .. 

z. sik, 

11; .Ju.ch!~er, ~Tabrbtlch d. lied. u. i~le1'~tr., 10, ( 1913) 
12) Lind an.d . ._,-t11i ttemore, lJ. S. B~..reau of li:1ines, 1Tech. 

Jou.r. 
see ref. 

Che;.-:1. Soc., 36, 
l \ 9 1'('.\T" 
j' j ' -- ..;;..VI 

2:)66, 
e.bove. 

pos-

t 

tic 

le 



Ir1 , t:C.e carbonste f~.1sioJ 1n.ethod ::eve~r· r,Las beer:. 

demonstrated to secure of le 

tte::,,ore have definite sho·;n their ow·2 carbo:'J:.te fusion to 

a failure for carnotite ores, because of insufficient 

ture. )for the treatment of tchblend end crude the r:1ethod s 

'.2:'.",e solution method involves :iissolv tl:e rock i 

ac~ueous, acidic solution, and the from lt:ttion 

th_e Iaethod for v::ater describe:l on . 10 • 

have obta.ined consistent deter::cine.tions of ce.rnoti te ore dissolvi 

the ttJ.e s1"L1ca u .. ndissol"'ved. ts 

t be to some rocl":s b~.1t it could !lOt se 

used indiscriminate obtei a cleer 

with t~e silicates dissolved, ~ut it s well known that i 

the vicissitudes cf dis tbe roe}:: e.re s1Jrr:iou;ited the so1 

diffiClJ} t to clear. Colloidal silica te.tes out 

the it ~ the solution efforts to remove it 

or aspiration. 

'I'te corr..:mon prelude to the solm:;ion r:,ethod is ce..rbonate fusion 

to dissolve the silica, the melt is then dissolved in 5 per cent 

filtered, and the residue dissolved i solution. :;=ven in these 

solutio:':ls colloidal silica ali;lost forms to n1aJ.ce the 

radon release 10 to 20 percent low~). 

1) J2bler and van , 3er. deutsch. ~ 2U96, (1921); 
44, 2322, (1921); ;:eit. anorg. Chem., 

2) Lind and '.,'lhitten~ore, ·u.s. Bureau of - (1915), p.l 



t 

necessary to 

The laborio~1s for etrx:eni tes a:r..d r:tonazi tes 

which contain ties of ti tani. 

to work are rec:;_uj.red 

?aneth, ' f!!ld 

ssolved their iron rr:eteori tes 

absence of silicates. 

3. 

'3) 

in Lft"'t' 
!·../-.. 

1Lethod for radon from rocks 

3VO tb.e lirG.i tat ions solution he 

has deve of' e rock i 

screert this 

' . er: is 

fl1.rx: Lor other teriai of sort is 

for 130 second~s reaches over 

of the constitaents, such as 

ox~i 

n.kelste:t 

tted 

other solids~ 

boil above these act ns 

reect eacr: otl-,_er a rate of 

r:-1ols per rni~1nte per of s is 

p:1ocess ·which t:.1e le .. st traces 

interstj_ces of the rock and is i;1ore intiuiute the 

1 . -" . E'er~ .. Y}er, 369, 

.It 

,gas 

\ 
i • 

2 th ard Koeck, . ~'lodenstein 

1£;2 2..27' ( 
( 1£<31)' 

Par:.eth and 
4 an.d li1 irJce # Jou:r. . ' ' 23?' 91 

2.6. 



biotite te after 

volcanic appearance of the fused 

release of ~aseous 

itself on rec..di 

roasted of i 

in ere-furnace llsi 10 .. per 

cross section. l:'letcter claimed cor:ly,:lete 

' l minute at full redness ( the 

s condition is insufficient to deemunate carnot te 

ture the t 

lree ex:per 

ores 

roc~cs 

of 

·f"l'"'~ 
"~ ,,,_,,_,, is 

-.-.,r:r' ,.,., . '..; 

£20. ~t i a.sse1nbled on a 11or:t.sontal steel 

is water cooled r:. 

i 

soldered to its bottom face. ".'.'he two hollow co:;-per electro1es 

in. bet'.':een centers. are 2 i . x 1 in. x l; 

cooled copper tubes which lead down the 

----------------------~-----------------------
1 

4 

~?letcher, 

lColo:~trat, Le 
LL1d and 

. ' 1~74 • 
? ' ( 191? 

i tterc:.o:r'e ~ 

ec,,rlier furnace are described 

13) • 



19a. 

Fig. 3. Appearance of a granite charge after two runs at 177o0 c. 
(X3) 

Fig. 4a. Typical appearance of a granite sample after fusion. 
Note coalescence of the fused mass. Temp. l 7lo 0 c. 
(X3) 



19b 

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

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

Fig. 6. Furnace, with cover tipped back and upper radiation screen 
removed to show a rock sample in the trough electrode. 
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FUR_NACE CllL!Bf2.ATION -

PRIMARY POWER. INPUT - KILOWATTS 

turo cs.libration of t~ne furnace. ~.r~ne se cu.rve s hre 
qt1ite accurate repres~n-:~ed by the equation T = a~.~n, 
where '1' is degrees centigrade, d is power in ,watts, and 
for the~ in.electrode a:::. 960, l1.-:: 0.337, 'WhilF) for the 
1 in. electrode a= 8L:W, n = o.350. 



F1ip;. 8. 

F'ig. 9. 

FUR_NACE C/ILIBRATION 

FOR, T.€.OU<:;H ELECTR__OOES 81N. LON(j 

iurnace calibration curve from whj_ch 
estir:1ated for any electrode vridth. 

~ --- TEMPERATURE YS TIME 

800 Hlnrrrrl~ 
mv I I I l _,~T: : 3/00WATT5 

600 

400 

200 

0 
T!MF -M/NUTE.:5 

0 I 2 3 4 5 6 7 8 9 10 II 12 13 

23 

con be 

Temperature-ti:ne response curve shovrb.g; how quickl;r the 
furnace comes up to temperature. 
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d'iticJ-~D.r;e occ·urs ~l':b.ich does r.:.ot cou1pletel:~i clisa:p:pear for 3 hours. 

'I'hese ions can be removed from the e·as strecra electrostatically ·::i thout 
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Fig. 10. Curves A and B show the electrometer fiber separation 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 gases from the furnace were passed through fresh R:aS04 in 
the micro-cell. The nearly vertical branch or curve A shows 
that the electrometer was completely discharged by ions dur­
ing the first few minutes. It was recharged and curve A con­
tinued 10 min. after the beginning of the run. All the ions 
were not swept out witil about 2.5 hours had elapsed. 

Curve B shows the entire ionization curve due to the radon 
from 2.053 gm. biotite granite boiled 150 sec. at 1800°0. 
The furnace gases were passed through 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 C02 was completed. The diameter of the circles 
represents the observational uncertainty. 



and decay 1)roductc ionization. 

ions. The ion 

'::'he gas line to the ;:· ui·np ce contaL:w onlj' t·:ro 

bulb containinc a tuft of 

. : l-, -· ·-~ ... l) , .c" ... 1 llc..1.1 , 
.- \ 

:?i ,·.:,;[;0 t •·~.'} 

~'his is achieve:l by t.'.:ie use oi' 0.0 back:-

-~'he roe,·: s~:-rnple to oo te;.;te'.l L; 

lll 

ionization c~1e.::tbcn·, .lon 

e11tire to :.c:t.Lo 

1 
2 ·-- To··-,., c1· ;7 1'~~ ,rl9.5?9,' .. i 

' ..:--:...lll• '1 <__.Li_ • _) • ' ;:__' --~ ..... ' -- ....... -

- r·i ...-~D 
,;;..;...J.. ...... 

evacuated to loso .Lan LC.~i. 

- tha full ~~o volt2 

,-,1,.--. 
·...;:._ ... in~ro-



50 

readings t~,Jrnn on it as dcscri bed on :JP. 55 to 5! . 

and secondary volta&ce and current o.s ';7ell as tl10 gas })rossu:::'e in the 

systm:i are taken cl.urine: the furnace run. .. schematic 

6~pnrutus is shovn in Fi • 11, p. ~l. 

t) • 

in one 1:1inv.te at 

co.rnoti te ores below the fuoion JlOint of J'enr-o ss. l'rw results now to 

be described. inciicate th2li the last authors IJB.Y he.ve bee·1 u:v.lc:r a 
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1 
2 
3 

li'letcher, 
Xolo·,,:r:;;.t, 
Lind an.d 

l"hil. • ' _26, 674, (191!.:S). 
Le HMlium, 4, 31'1, (1907); 6, 3~:;1, (l9J9); ?, 266, (1910). 

l · · e -·, B' ·ure u of' - -1· ne "ec11 D"" "OI'~"~.'.-l f 101'·'- · • .ill~cemor, u •. :,.;. , , a - .1.,i .cs..!. _ ..... u.i:' !,._..•_.., \-'- .... v 1 , 

Jour. ~:Jn. CI1e1t1. ~Joe., 36, ;:;Qr36, ( 1914) • 



4PPARATU5 FOR ANALYSIS 
OF ROCKS 

Fig. 11. Sc~1e~:~atic 

roc:::s. 

6 

5 

4 

.3 

2 

I 

0 
0 

~ 
~ 

~--=r-·· 
~-- I --

~ q; 

... 
~ --

~ 
~--

a 
400 

tµASJ ION 
WOOL TRAP 

of 

RADON RELEASE 
FROM CARNOT/TE 

--------

TEMPERATURE 

tJOO l20o 

ION. CH. 

TOVACUl.M 
Pl/MP 

-, 

- oc 
/6()() 

~-

zsoy 
-=-Gli?.OUNO 

2.0oo 

• 12. Had on re leu.se from cernoti te ore as a function 01' tempera­
ture. 



Fig;. 14. 

32 

f,q 

/.2 

1.0 

.B 

.IS 

.4 

21--~~~-+~~~~4 

B.adon release f"roG1 biotite ~,;rv.ni'tt; as t-~ £\1ncti·'.)n :>f ·ce~:i­

peratt1re. 

Ui 

1.2 

.B 

.4 

~~. 
~~I 
l;E~' 

~~I 
• f-
Q1':1::: 

~~ 
~~ 
~"' "~ 
~~ 
~~ 
<l(I! 
~., 

~~ 
"l 

<~ 

~@ 

~ ASSORP'rlON OF R/'IOON .8 Y 
~S04 t;AS lJR..YJN(j CELL 

I 

-- I ---~-~1-=:::;==-------..:0::..· ~ 

::fold-up of r~1don in r.1icro-cell shown in l"igs. 1 and 
2, p. 12, 
of roclrn, 

showing; lNhy it must not oe used in the anD.lysis 
due to the action of furnace va::iors on the acid. 



it, 

' G.l1·l 

boill:lf~ oi' the 

.L - ,- ~!-
\,.! ,_,:,.._ v 

~d:-;.orbe.n.~ oi.' rc:cion. 

p. 3~, ~ust ttarefore be re-

i11d.epenier:~:t o:C tl10 ucid cell action because the i38·..,'.Ue11ce of testd "'./:as rLot 

ture2, but rathe~ alternFted bet~e0n 

c:Lng t~1e C\;11 by e tu:'.''-1; of 

the i:i2.xi:m.ll1i vc::.lue obtai.:1ed using fre2h e.cid. 

te0ted :...1s1n.g tb.e 



result. ~ither the hea 

51ere is LO evid0nce ~o t:1e f'orr.101· vie~.v s.:nd 
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1) 1.:c: .. ilkn, L~.s. T:i:1edi8 8.I.T., (1929}. 
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tyro .i"11otl1ods. 

then allo1·red t;o cool :cr:d immeciie.tely rerun 0.t t :e sm::e tm:e ::·or 

or :.~ore. 

.. t is go:::1er' lly 

It is of interest to recall thet 

ion b~~ 

s of the oriGinal 

.~:."".~; ,.., ·.-". r·-· 
J-Ul.J __ .,,,j 

t1rid - _er-:: in 11 

rocl~s ~nd 

rerjovol frou 0 to 

It i the~c:ore i~licuted that 
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1) Pif:.:;ot anu.:e:r·.·1in, ;;;.:. Jou:r. 3ci., ~3, 49, .Js.n. 1932. 
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c:.:illa:n..L · f'our:.d the em.s.rw.tin{~; IJO!Jer oi' a very fL~ely :cro;.,md 

for dete:::r:~inint~ tlie tcri~gerature a::.cl time dependence of radon rele<we 

:Cu;:;:i.on oi' t~!O o:c 

"cll:1t of provi 

;,1cnt. 'I'i:e f'irst 2rtificial IJI'Oduction of' eris tob,:li te is :Jelicvei to be 

. 15 to 20, i/P. 37, Ob, ;:sg, Gre -;:)hotorui 

probably t2.~:e0 pl&ce between the resistor a::.1d the sllicc in the rock. 

to the left ;:::.s rvell c:~s -co tf1e 

silica growths, such as cristobalite, are to be exoected. f? 
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Fig. 15. Crystalline growth on radiation screen above f'usion 
shown in Figs. 4a,b,c. (X75) 

37 

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

For preparing 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°0. 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
lite( 7). (X75). 

Fig. 20. Region near that of Fig.15, showing entirely different 
structure. Note glassy deposits at left, and glassy 
spheres overgrown with cristobalite(7) at center. (X75) 
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14. ~3olid radioe.cti ve dece.;;r procl:ict:;; from the foruer l'lms 

in the chmnber. The decay 1n·ociucts are always collect-

ed. on the nege.:ti vely charged central electrode. Their 

ei'fect in usu~ally nec.licible a fevl :1ours af*ter puiipin.f~~ 

out tl~e r~adon fr·orr~ 2 rUI1. ~l:e very lone lived prod.uc t 

rEccliu.r::i .J has 11e;lit;ible activitJ, but i::; cleaneJ off 

the centrel electrode ,;.ie:;:ioJ.icc.lly by chc:..rcic[,l n:es.ns, 

or a nevi elect:·ode c:c~n be installed . 

..:..0. Presence oi' rt;.dioactive eler::ier.t.,;, az L::..puri ties in the 

also le:::u to the 

17. 1ieleese of 2.lpfu:,. &~1d beta pa:eticles b:Y7" tl1e \Valls, oi ther 

radiation. 

Penetrctinl:'. l;;:1r,n:rm. r&diation, including; 

1 C' -..:. ) . 

helU as co11stfa11t bS 1Jossi ble. 

}Jer cc. 

, chiefly 

:pletely by the J:!rescut hook-t~J.J, w:J.ich <ses the battery 

only as a charging device, a:;:icl to strp:Jly guardi:ig po ten-

tial, where a s:.1sll variation is unimportant. (see p.53)" 

1) Millikan, ?h. Rev., 39, 397, ]'eb. 1, 1932. 
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REMOVABLE HEAD ELECTRO.:;cOPE - DETAILS OF HEAD 

• 21. Construction -bifilar e le ctroF1eter s 
~raase ~oint for rotatL1~ fiber as 
p. 48t', for 

10 
ELECT.ROMETE /2 CALIBRf!T!ON 

.9 I " 8 ~ I 

~ 
7 C\ 

6 

~ 
5 h: 

~ 
4 Cl: 

~ 
3 

~ 
2 ~ 

I 

a I VOLT-5 

0 50 100 150 200 250 



Fig. 22b. Removable head, bifilar electrometer with two 
ionization chambers. 

48b 
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Fig. 24. construction of the ionization chambers, showing insul3.tion 
drying tray. 
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cm. ± o. 

rur.!., never b::t t::e cb.u:r~~e 
1 l 

::1ethod of ::.~e:meth :::L.'Ii ~(oeclc'- 1 vihich 

3ives very inconsistent results o~ this .. is little 

essential differe~ce in the iDport2nt constructional details of the 

1) ?s.neth and. :(oeck, Zeit. f. :l?h. CLem., '3odem;toin i.i'estbc:.nd, 1931. 
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collars c.::.cl conte.cts. 

ri~; protects onl; ttc insiQe surface, und 

electrostfatic soa:·:i11~ effect after 

to 

~00.0 volta, there is a effect of O.lJ divisions (~.? volt~) 

OV0I' a 

I' 

botl1 i:-:::5, ~lo.tors. 

ri 

·it:_s to in.J11ction. _ is effect is J.OJ~~l iivisions (J.J5'l..:i volts) 

volt i 

is held et constLnt potc~tial (~5..:i.J volts) 

0.ll rims :i.o b~t it 

-,..,P-T" 
;:.-''-""""" 

t:-~e c;u.L1.TC. :.cin.g vol tace, as usei I' i:::: 

or;0n to i::H:n·ious ob.Jection unlace: thh; correction is 1'8Cogrlizerl a:ld. 

applied. 

ionizr;.·tio~n chs:1'.Jer is c.:3J -:- 3.07 = 6.~? er:~. at c r11eur1 fiber sepr.:.ration 

an.cl 9 .4 cli vh;i0ns, nhere all rea,::j.in'c:;s are tcken.. ::_,',J_rthernore one scale 

1) :our. of ;3ci. In;:.t., 113, 
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c. ABSOLUTE CALIBRATION OF TfIB APPA.1-l.A'l'US rn 'r:Em.ls o~ RADIUM 

1. TfIB CUi:?.rn mrn AfJD '.EHE EqUILIBlUUM Tnn;; 

'rhe determination of the radium content of a substance is 

carried out rr.easuring the quantity of radon associated with the 

radium. If equilibrium is present one curial) of radon corres to 

one gran~ of radium. '.Lhe fraction of the amount of radon 

present in a sample at any time c~m be calculated from the known decay 

constant of re.don. It is now necessary to deternir:e the constant of 

t>-ie electrorneter-ionization-chamber system, which vvill be expressed in 

curies per division per hour measured after libriurn bet1veen the 

radon ir: the chamber and its decay products has been reached. '£his 

equilibrium is genere.lly regarded as established three hours after the 

iro.troduction of the radon into the chamber. Fig. 25, p. 56, is s 

cal curve made with this apparatus showing ionization current as a 

function of elapsed time after the introduction of the re"don. The ion-

ization current is seen to have nearl;r a value betvveen 2 }1r tl, 

20 min. and 5 hr., 20 min. 

It t'.l.en falls off exponentially accordir..[t to the knovm decay 

rate for radon. 

2. OBS:CRV.rt.I'IONAL TECHI\IG~u.8 

Continuous readings are always taken of ionization vs. time 

from the moment of introduction of" the radon until 5 hours, or for ·weak 

samples until 10 or 20 hours have elapsed. .kn. electric clock provides 

8,ccurate time ret'-d:tng~s. Ic:ucn. information he.s come from these extra 

readings, including the import:::.nt discovery of a method for measuring 

the thorium content of! rocks. 

1) Meyer and Schweidler, Radioaktivitat, 1927, p. 275. 
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The readings of fiber separation and time are plotted and the 

mean slope drawn in order to average out observational errors. Where 

the discharge is at a moderately high rate the most accurate reedings 

are obtained by observing the time (to seconds) at which the fibers 

cross the tenths of division lines. These curves are then plotted for 

each fiber and the total change in f'iber separation per hour is read 

from them. The scattering of points in these curves shows that the left 

fiber, which is slightly thinner, can be read more accurately than the 

right fiber. 

For very rapid discharge rates there is time to read only one 

fiber. In this case the left fiber should be read. There is4 slight 

asymmetry in the rate of' movement of the fibers; the left fiber moves 

1.00 division while the rig_;ht fiber moves 1.12 division, the total fiber 

separation changing by 2.12 divisions. This rl:'1tio is constant to lf~. 

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 

fiber positions must be estimated to hundredths of large scale di visions 

about every 20 minutes and the values of f'iber separation Plotted 

against _,_. 
vJ.:n:::e • A strEd .. ght line is drawn through these points, averaging 

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 fibers tricks the observer into 

plotting a sinuous curve. This spuriousness can be avoided by taking 

readings over 20 min. time intervals and for a total time of several 

hours. 

The natural leak or 11background 11 is observed by the method of 

the preceeding paragraph except that readings are extended overnight 



giving a total time intervei,l of a.bout 12 hours. Such a determination 

of the average background precettdes every test of radioactive material. 

'rhe average background varies slightly f'rom run to run, but has never 

varied more than 4/o from the grend meD.n value. This is to be con-

tr~isted with the methods of many observers, \c'ho permit variations as 

large as loo%. 

Solutions of soluble radium salts are knovm to be reliable 

standards only if they are acidic. Othervrise precipitation or adsorp-

tion of radiu::r1 by the glass walls takes place and may reduce the dis-

solved radium even to 50;1a of its orig,inal valuel). Hydrochloric acid 

is most suitable. 

'I'he standard radium solution rw8ilnblc for ·i:;hc nrosent ··irork vYas 

T_I T' t "'•" ''~•11 2) h +t •b + d •J. kindly loa.ned by J. n. nansome o 1'1cx~1 ~an , , v1, o 1:1.v Ti uce :i." to the 

Radium Institute of Chicago and e~ave its radhi.m content as 4.87 x 1 

grams of radium per cc. The dens of the solution is the se,me as 

that of distilled water as measured with a Eohr Balance at 22°c. 'rhe 

observational uncertainty I estimate at o.2::7a. This determinntion 

allows small amounts of the solution to be we d out instead of 

pipetted as has been usual heretofore, and this procesdure reduced the 

discrepancy between successive calibrations of the electrometer to 13, 

whereas when pipet:ting 20% deviations have been noted. 

I entertain some doubt, hmvever, about the absolute value of 

the solution. This is because the acidity, as measured coloriffietrically 

1) 

2) 

Rutherford and Boltwood, A;m. Jour. Sci., 20, 55, (1905); ~2, 1, (1906). 
Eve, Am. Jour. Sci., 22, 4, (1906). -
Ivlclli;illan, 1'.'..S. Thesis-,-C.I.T. (1929), p. 12. 

• 
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with litmus pa.per, is certainly below o.ol normal, thoup;h it is also 

certainly acidic. The literature does not disclose whether this acidity 

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 that the solution may be nearly 

correct. 

By 2 s of i::;he solution in 500 cc. of dist:l.lled 

water, boil in air f'or 2Ci minutes to expel all the radon, then 

the solutions in vessels as described under the section on is of 

waters, and analyzing for radon after tiw e of known periods, a 

value of 34.6 x io-1 2 curie per division per hour is obtained for the 

apparatus. The deviation between successive analyses is about 1)%. 

b. CALIBRATION BY CAH.1WL'I11G ORE 

of car·notite of unknown g;eolov;icm.l origin is elso 

available. The materiB.l is fine powdered, and was analyzed for the 

Denver FirE: Cle..y Company Ledoux and Company oi' lfov,r York. Le dom: are 

reliable analysiats of and. their value of 1. ura~1tu11 1n t11is 

carnotite can be acce d as accurate. 

The radium-uranium ratio for carnoti te s is ho-vvever quite uncer-

"· • r. • 1 ) · 2 3 1 - 7 a 1 - 7 tain. Me.ur:i.ce vurie- cites values between • x -0 · an. 3.6 x O 

while Lind and ';fhittemore2) obtained values betw·een 2.48 x 10-7 and 

L1.6 x 10-7 • These deviations are explained by leaching and redeposition 

effects, carnotite being a secondi::.ry mineral. 

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

2) io-7. possess more nearly the normal radium-uranium ratio of 3.4 x 

1) 

2) 

Maurice Curie, 11Le H.adium et les Radio-elements 11
, Bailliere, Paris, 

1925, p. 147. 
Lind ~nd 7H1ittemore, U.S. Bureau of Mines Tech. Paper 88, (1915), 
p. 28; Jour. Am. Chem. Soc., 36, 2066, (1914). 
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SmB.11 bodies of ore or isole.ted specimens have abnon1al ratios. There 

is no evidence to indicate what the correct ratio for the present car-

notite should be, hence 3.4 x lo-7 has been arbitrarily assumed. 

Another unf'ortunate characteristic of c::;.rnoti·be is its 

power. r.l.'he term e power was introduced 

to nm:'.le the fraction of the equilibrium of radon the 

associated with the radiur:i in a rock, which is 

room ter:iperature. T~~is loss of rador: is between 3 end for dense 

minerals like de but varies between 15 e.nd for car:notite. 

The povrer varies from to is a function of' tem-

perature and humidity·, and will decres.se mar'.rn in carnoti te if the 

mo:terial is hee.ted to 4oo 0 c for half an hour2). 

Tli.e emanating power oi' the car'!1oti te sample was i'ound 

f,"cv1· 11' .,,.,3) +o be r:;3 .,.d, ,,..·,~ ..i.. r "1.,... v\ v • from "che cons or th.e of 

radon released from this carnotite in my furnace,the uovrer has 

remained constant for over three ::re£trs. There is but one lo,v v~tlue to 

contrB-dict this 

be ex.pee t;ed, the emana power of the carnotite is 

also a f'unction of temperatures above 4oo 0 c. • l'Z., p. '31, shows the 

dependence at elevated tei:1peratures. 'I'hese ts vvere obtained fro1n 

small speci:nens ranging from 0 .02'1,5 to 0. gm., son1e heated in. the 

bar furnace described on p. 18 and some in the furnaces described in 

appendices !\. and B, some measured with air in the ionization charcber, 

and some with C02. 'l'he fact that they fall so well on a smooth curve 

confirm the views that:a) k for C02 = LOO (p. 75 ) , b) the emanating~ 
-------------------------~··-

1) 
2) 
3) 

Boltwood, Phil. l:lag., 9, (1905). 
I1Iackay, Proc. Roy. Soc-: o:r. v""-nade., 15, 95, (1921). 
·- ··"'11 - ... "'h . CI'" (192°) l" r::c;:,.i _an, r.1.i:>. Lesis •• 1., ..,,, p. o. 



power of the coJ.0. sample is nearly constant (one clear exception), 

c) the emanating power is a continuous function of temoorature. 

The emanating power is regarded as 100% at l600°C where all the 

radon is removed by the direct heating. Taking this value of the total 
11hd ass11mi119 

radon in equilibrium with the radium in the carnotite,J\ 1) a cold emanat-

ing power of 53 .3f~, 2) &» Ra/U ratio of' 3 .4 x 10-7 , vve obtain for the 

constant of the electrometer 

36 .o x io-12 curies per di vis ion per hour. 

D LABOB.D.8 

Duanel) was the first to attempt the determination of a formula 

for the cal:i.bration of an ionization chamber vihen only its physical 

c!-10.racteristics were knovm and no radium standards were available. His 

empirical formula, vvhich was backed by a cursory theory, vras revised 

Duane and Laborde 2) who gave the current, I, in a cylindrical ionization 

chamber of surface, S, volur.1e, V, walls of unstated materie.l, and idr 

filled as I = 13.15 (1 - 0.572 ~) e.s.u. uer sec. per s,·m. sec. of radon v c - ' 

in equilibrLun ·;;Tith its decay products. The coef'f'i3ient 13 .15 becomes 

6.27 x 106 when multiplied by the latest value of ).-l=.4.7687 x 105 to 

convert gm. sec. of r[don to the modern unit, cur:i.es of re.don. 

Schmidt and Nick3 ) assumed Duane and La.borde's constant 0.572 

correct and found values for the first constant of 6.07 x 10 6 &~nd 

6.36 x 10 6 in two ionization chambers ~of diameter 7.1 cm. and height 

25.2 cm., and 7.1 cm. diameter and 6.5 cm. height respectively. However 

---------·----' 
1) Duane, Jour. dr Phy., 4, 605, (1905); C.R., (1905), l:_, 581. 
2) Duane and Laborde, C.R:, (1910), 1, p. 1421. 
3) Schrnidt and Nick, Phy. Zeit., 13,-199, (1912). 
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t~1e accuracy of their standard radium solution was questioned by L:iache 

and keyerl), who claimed it to be only 89.2% oi' the assumed value. 

Ramsey2) assumed 0.572 correct, and found Duane and Laborde 9% high for 

the first constant, using radon standard E 54 of' the Bureau of Standards 

which was accurate to 3,%. Gockel 3) gave the first constl'mt a value of 

6.02 x 106 and assumed 0.572 correct, but offered no experimental d0,ta. 

A recomputation of the few experimental data available indicates 

that the constant o.572 is open to question, and may be as much as 1 

high. These computations are not preser1ted here because an entirely new 

equation for tho effect is offered in the following section, and the 

constant 0. 572 loses some of its significance. 

Using ·!;he 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 ionize.ti on ehmnbers 

and electrometer used in the present work, a calibration constant of 

33.2 x io-12 curie per division per hour 

is obtained. 

It is well known4) that a negatively charged wire exposed to the 

air collects radium A, the first decay product of radon, and Mc Gee 5) 

and others have shovm that radium D recoil atoms from radium C carry a 

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

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

1) 
2) 
3) 
4) 

5) 

Mache and Meyer, Phy. Zeit., 1:.£_, 199, (1912). 
Ramsev, Am. Jour. Sci., 40, 309, (1915). 
Gockel, 11Die Radioaktiveta.t von Boden und Quellen 11

, Viewig 1914, p.102 
Dadourian, A,~. Jour. Sci., 19, 16, (1905). 
Kovarik and McKeehan, Bull.of Ne.t. Res. Council, 10, No. 51, p. 140, 
( 1925). 
McGee, Phil. Mag., 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 \'lire, is used no difference in total ionization results from reversing 

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 aluuinum foil or the gold leaf of an electroscope is used, the ioniza-

tion is as much as 12'/~ gre~).ter ii' the decay products are collected on 

the foil than if they are collected on the ionization chamber walls. 

'Ihis is because a thick electrode completely absorbs any alpha particles 

directed 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 wire electrode is always chosen 

negatbre, and hence collects all the decay products. Since the direction 

of ejection of alpha particles is entirely random, half oe those due to 

the decay products will be absorbed in the center electrode. Mos·b of 

-t;he other half will have their entire energy absorbed by the gas in the 

ionization chamber, since the radius of the chamber exceeds the maximum 

range of the alpha particles. Each alpha emitting subst<mce in equili­

brium with 1 curie of radon eject~J3. 7 x 1010 alpha particles per second. 

:::;ach alpha particle from radium A creates 1. 70 x 10 5 ion pairs while 

each alpha particle from radium C' creates 2.20 x 10 5 ion pairs. Hence 

the decay products in equilibrium with one curie of radon, neglecting; 

end effects in the ionization chamber, will produce 

1) 3.7 x 1010 x i(2.20 + 1.70) x 10 5 = 7 .22 x 1015 ion pairs per sec. 

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

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

l) Duane, Jour. de Phy., 4, 605, (1905). 
2) Rev. Mod. Ph.,~' 439, (1931). 
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end &.i: ~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 e le ctr ode, and the type of gas in the chamber. 

Jl.ssume it is of the form c/h, where c is a constant for a given gas and 

h is the he i~~ht of the chamber, then we have 

2) 7.22 (1 - ~)1015 ion pairs per sec. per curie. 
h 

The radon, however, is in the gaseous phase and uniformly dis-

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

/ 
is 4 .122 cm in air, hence any alpha particle originating within 4 .122 cm 

of the wall, and being directed toward the W8ll will not produce the 

full amount of its possible ionization of the s.ir, some of its energy 

being absorbed by the wall. If the thickness of this layer is 4.122 

cm. it will contain a fraction 4 .122 Sf! of the total nunber of radon 

atoms where S is the total wall surface in sq. cm. and V is the total 

volume in cc. :Neglecting the effect of the curvature of' the wo.11 and 

of the ane;les at the ends of the chamber, i:cnd assuming: 1) that 1/6 of 

these a.lpha particles are directed normal to the wall, and 2) that on 

the average all of them have half their energy absorbed 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 
s 

where s is the stopping power of the gas used. If the neglected 

effect of the corners and wall curvature increases the factor 0 .34/s 

by a, v1hereas the ions for!lled by collision of the alpha particle and 

the wall decrease it by b, then the fractional loss of ionization is . 
4) (0.34 b) s --+a- -s v 
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and the whole ionization due to the alpha particles from one curie of' 

radon will be 

5) 3. 7 x 10 lo x 1. 55 x 10 5 x G _ ( 0 ~ 34 + a _ b) % J ion p~irs per sec. 
per curie, 

where 1. 55 x 10 5 is the nurnber1 ) of ion pairs formed by an alpha 

particle from radon, or, multi plying: 

6) 5.73 x 10
15

(1 - ~) ion pairs per sec. per curie, whe!'e 

7) m : O • 34 + a - b 
s 

and is to be experimentally determined. It can be seen that m will 

depend on the geometry of the ionization chamber (a), on the wall 

material (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 

alph; particles to the wall. Probably(a) is also a. function of (s) as 

well as of the geometry of the chamber. 

The total ionization produced in a cylindrical chamber whose 

radius is greater than the range of radium C 1 alpha particles ( 6.971 

cm. in air) is therefore 

8) £;.22(1 - ~) + 5.73(1 - m .§.0 1015 ion pairs per sec. per curie, l.'. n v'J 
There are sufficient data in the literature to permit approxi-

mate evaluation of m and c. A less exact formula bearing on this same 

effect was worked out experimentally by Duane and Laborde2), supersed-

ing Duane 1 s 3 ) earlier formula which was clearly invalid because not 

dimensionally ho:-nogeneous. They gave for the current, I, due to radon 

and its decay products 

1) Rev. Mod. Ph., 3, 439, (1931) 
2) Duane and Laborde, C.R. (1910), 1, p. 1421. 
3) Duane, Jour. de Phy., 4, 605, (1905); C.R. (1905), J:., p.581. 
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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 2~5 .9 10 .83 

3 12.6 6.70 

The we.11 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 

6 s 1) 10) I= 2.48 x 10 (1 - o.517 V) e.s.u. per sec. per curie • 

This empirical formula is seen to conform to • 8 when 

( 1 - ~) = 0' 
h 

• 
since then no decay products are effective. This indicates 

that m = 0.517 and we can now solve i'or c, and also the percent satura-

tion, j, becmJse ·we know that 

11) 5.73 j (l - o.517 ~)1015 x 4.77 x lo-10 = 2.48 x io6(1 - .517~). 

This gives j = 90. 7 %, say 90%, value in fair agreement with the known 

percent saturation values 2) for alpha particles and the known potential 

gradient in the present ionization chamber (see p. 54 ) • Substituting 

in formula 8) and multiplying; by 4.77 x lo-lO x .90 to transform the 

number of ions formed into the e .s .u. actually collected, we obtain 

12) ~.10(1 - *) + 2.46(1 - .517 %)] 10° e.s.u. per sec. per curie. 

Substituting the dimensions of the ionization chambers used and assum­

ing a value of 35.0 x 10-12 curies per division per hour as the true 

calibration of the instrument we find c = 2.5 cm. Then for the loss of 

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

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

1) The co~fficients of Duane and Laborde were for gm. seconds of radon, 
a unit no longer in use. I have converted these to curies by multi­

plying by A-•:. 4.7687 x 105 for radon. 
2) Tuwyer and Schweidler, Radioaktivitat, (1927), p. 281. 

Broessler, .Akad. Wess. Wien. Ber. 129, 2a, 47, (1920). 
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tion chamber we obtain the value c h 
2.5 = : 19.05 13%. This is a reason-

able value. 

The theoretical value of the constant, c, can be estimated as 

follows. Assune the decay products are uniformly distributed along a 

central electrode v1hich extends the entire length of the ionization 

char:iber, h. Then the fraction of the radium A molecules which are with-

in an alpha track length of the ends is 2 x 4 • 722 , and as be f'ore we 
h 

may assume 1/6 of' these e,re directed normal to thei:i.r adjacent end wall. 

On the average all of these particles will lo~se half their ionizing 

energy by collision with the wall, that is 1/2 of 2.20 x 10 5 ion pairs 

per alpha particle. Similarly the fractional loss of radium C 1 ioniza-

tion will be 2 x 6.97 x 1:. x 2:. of 1.70 x 10 5 ion pairs per alpha particle. 
h 6 2 

'£he fraction of the totel ionization due to radium .c,,. and radiur:1 C 1 , 

rernerritering that half of it has e,lready been assumed lost in the centr£tl 

electrode is thelref'ore: 

3 7 X 1010 v 1:. v ! • ~ 6 ~ 2 ~2 x 4.722 
h 

x 2.20 + 2 
x ~· 97 x 1.70)105 

3. 7 x 1010 5 
( 2 • 20 .... 1. 70) 10' 2 

1.90 
=~ 

Thus c is found to be ap9roximately 1.90 cm. Considering the simpli-

fying assumptions made in this derivation, and the absence of suffi-

cient reliable experimental data I consider this a sufficiently close 

check to sug(l;est the validity of' Eq. 8 and the theory described above. 

The apparatus for a thorough precision determination of c and m, the 

constants of Bq. 8, in several gases has been designed and the measure-

ments should be completed early in the coming summer. 

c. Cii.LI13R...~I'ION BY THE N:I~}ii T.ffEO.tiliTIC.ci.L FORMULA 

If we take the theoretical value 1.90 cm. derived in the last 
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section for c, and apply Eq. 12 to the present apparatus, we find: 

·I= 4.76 x l0 6e.s.u. per sec. per curie 

or 

C = 34.4 x io-12 curies per div. per hour. 

Because the readings are begun about 3 hours after introducing 

the re.don in the ionization chamber, this value must be divided by O .975 

the fraction of the original radon remaining at that time. This gives 

C = 35.2 ~ io-12 curies per div. per hour 

as the theoretical ce.libration of the instrument. 

d. SU1VIMA.ti.Y OF CALIBRATIONS 

l''our evaluations of the calibration constant of the present 

electrometer-ionization chamber system have been described. These are: 

1) c = 34.6 x io-12 by the standard radium solution 

2) c = 36.0 x 10-12 by +' vne standard carnotite ore 

3) c = 33.2 x 10-12 by the empirical formula of Duane and Laborde 

4) c c 35.2 x 10~2 by the new theoretical formula of Eq.8 or 12, 

derived in the prece,ding section, 

where the uni ts are cur:i.es per div. per hr. in all cases. 

The separate ground for questioning each of these values he:ve 

been presented in the sections dealing with each :::nethod. 

The true calibration constant assumed for the present analyses 

will be 

C = 35. x lo-1 2 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. 
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As already shown the potential gradient in the ionization 

chamber collects only about 90/o of the ions formed. It is to be ex-

pected that the 8bsolute or radium calibration of the system will vary 

with the voltage on the ionization chamber, or, what is the sar:1e 

with the scale reading of the electrometer. Fig. 27, p. 70, shows the 

experimentally determined variation of the sensit of the as 

f1 function of fiber sepe.ration. '£his curve represents 35 observatio:r:.s; 

the mean deviation from the average curve shown is about O. The 

curve is the sarr:.e, within the observE:.tions l for the back-

ground and for al ionizB.tion in bot~1 ir tind co2 • 

de,cerminations Hre corrected for this effec"<:., a fiber se of 

7 .4 div is ions be arl::itrarily taken as the ste.nde.rd of reference. 

) and Lepe.pa 

temperatures there is no in observed rny ionizat:i.or. with 

te1npera ture $ 

The ionization chambers are ah'w.~rs d at pressures be-

tween 740 and 750 mn. The careful inves of and 

Loronser3), Lepape2), em d otr1e rs ha.ve s hmm that 

for these limits of pressure varie.tion, the varie.tion in total ioniza-

tion is certidnly less than 0.5%. 

---···----------
l) 
2) 
3) 
4) 
5) 

Bragg, 11Studies in lfadioactivity 11
, I,Iacmillan ( 1912), p. 59. 

Lepape, C.R., 176, 1613, (1923). 
Ludewig and Lorenser, Zeit. f. Ph., 13, 284, (192~5); 21, 258, (1921). 
Lester, An. Jour. Sci., 44, 225, (1917); J.O.S • .A., 11_-:-637, (1925). 
I:Iader, Phys. Zeit., 33, 178, Feb. 15, 1932. 
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l<'i~;. 23_, is very sme_ll and opoosito directed. 
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Accordingly, no corrections for ionization chamber temperature 

and pressure are required. 

D. USE OF C02 IN TIE IOIHZA'l'IOW Clw.J3ERS 

l. ADV.illi'.I'AGES, S70PPING PQ;iER, I:DLECUL.11.It IONIZATIO:tJ Al'TD SF.t:.:CIPIC 

ION IZAT IOJY 

Carbon dioxide from t~mks moro than one month old is used in 

the ioniza.tion che.mbers because it prmrides o. re , dry, radon 

c.nd thoron free ound gas. In order to compare r~ea.surements of 

re,dcn in which the ionization chamber is air filled~ v~ith mee.surenents 

us a co2 filling, we must know the ionization produced in co2 the 

alpha rays from radon, radium if. and radiurr. C 1 relative to the i.oniza-

ti on by the sl:.me particles in air. 

Etxperiments closel:;r rel:)_ted to tI1is h&ve beon ce.rried 

ou.t many investit;ators. T:vo func.0mentcl pi~inc s are involved. 

The rol2.tive sto;iping power of any subsfamce is the ratio of the retardH-

tion sui'fere,d by an alpha particle iD passir:g through a given thickness 
I 

of the substsnoe, to the retardation experienced in the same thickness 

of air at standard conditions. 
~) ?' 
l T{le"''~·>r:~) , ! \/-.t:.C-,,, ' e.nd others have 

shown experimentally that the stopping uower of an atom is ly 

proportional to the square root of' its atomic weight. Taylor4 ), Bates5~ 

Gibson and Eyring6), and others 7 ) have shovm that the relative stopping 

power a.lso depends on the velocity of the alpha particle. 

1) Bragg, "Studies in Radioactivity 11
, p. 64. ;,~acrdllen, (1912). 

Phil. Mag., (1906), 1,, 620; (1907), 1, 333. 
2) Kleeman, Proc. Roy. Soc., 79, 220, (l909). 
3) Rutheford, Chadwick and Ellis, "Radiations from Radioactive Sub­

ste,nces 11 n. 97. 
~ ' 

4) 'raylor, Phil. Mag., 26, 402, (1913). 
5) Bates, Proc. Roy. SoC':", A., 106, 622, (1924). 
6) Gibson and ~'yring, Phy. Rev-:-;-30, 553, (1927). 
7) Rutheford, Chadwic$: and Ellis:oloc. cit. 
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Tiess and rege.rded the results of' Te.ylor as the most 

reliable work then done, and exphdri.ed their ovrn results as due 

to realization of te saturation. 

The decreased total ionization observed in an ionization 

chamber due to the impact of alpha oles 't/ri tl1 the lls lNas O.is-

cussed c~n p.Qq. Tll.e t11iclrr1ess of the of" r-:fl.s e.ffected 

lls c1e en the sto:iDinE nower 
~ ,L c._; J. 

of' the lncret::.s the 

, re 

tl1e nt1rnbe r ol'' a 1 cles "\"<'}:ich rer~.ch t11e YJitll. l'lrus the ior1iza-

ti on defect factor, , of' • 8, p. ci5, is decrense nnd the total 

ionization in the char:;.ber should be in co 2 than in air. This 

concli.;.sion is ir. vrith the experinental results to be des-

cribed in the next paragrr:. , but is at 1-re.ris.nce v1itf1 the experi~nental 

duced radon ar.i d its de cr:.y· r:ro(~u_cts ir1 cal ionizntion 

cha::r;ber of 314-0 cc. volw1;e, (12 em. ir.side dieJ11., and 27.:'i c:IJ. he 

of co 2 in s.ir 2.s follm:s: 

1i:ol ·:, COz 

o i.co 

o.98 

32.8 

63.7 

92. 0.91 

An accuracy of l;;,; is chlime d for the results; but no reme.1+ on the 

nethod of' obtaining a known constv.nt source of radon nor the electricel 

-------------~ ------·-·-
1) Lepape, C.H.. 176, 1613, (1923). 
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polarity of the electrodes - which determines the site of decay product 

deposition - is made. A collecting 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 0.0'7 gm. 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 exactly 5 minutes thereafter. One chamber was then filled 

from 12 mm. to 750 rmn. with C02 , the other with air. This was expected 

to produce equal quantities of radon in the two identical chambers. 

However, as shown below, the discharge rates taken after three hours 

showed an asymmetric distribution of the radon, due to the fact 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 

so low as to fail to distribute the radon equally between them. Two 

runs were made, the 002 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 asymmetry 

of distribution is assumed constant in the 2 runs (which were identical 

in all respects), and if ka, kb, represent the apparent values obserTed 

for the ~ecific ionization, k, then for the first run where 002 was in 

chamber No • 1 : 
k x ---=ks. 

1 - x 

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

k 
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Substitutinp: the observed and 
1 each good to we 

x 0 • 8 53 = l • 0 ;~ 7 say 1.04 • 

Gonsiderin.g the of' d:Lstribu-'~ion (x = O. this result rnay 

be questioned v,-u~11 se;r 

il.. ~method for ir1st1r 

two chambers is be vror}<ed out, and the results obtained will be 

velue of = l.oo is assun1ed as a fe~ir 

avore.g;e of all the above re ar1d tJ:1e resu.lts o~re quoted e_s VIitl1in 

since this li::dtation is imposed other conditions lYlentioned fr, 

ir:. the rate oi' dis 

eleetroFeter, when the rate is low and 

mir.utes for three to five hours, anounts to e.bout 0.008 div. per tr. 

For rocks of low ectivity this is equivalent to about 5 to uncer-

te.inty ir:. the redium content. 'I'heore"'.;iceUy, the probnble deviBtion 

in the bac1q;round amounts to 1 to for this time intervGl as shown 

on p. 41 , and similarly the probe.ble devistion ir.. the observed 

is of the same map;nitude. It follows that this e le ctrometer is in-

ce.pable of goim~ all the way to the naturel observation limit. 

OBSERVATIOIIJ LD.Tf 

To refcch the r1atural observation lhni t a ne>v hook-up has been 

devised. 'l'he circuit is cor,:mon in some branches of physics, but to 

the writer 1 s lmovvledge has never been applied to the measureDent of 

small quantities of radon s.nd thoron. 
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Two identical ionization che.mbers are connected to a strir:.g 

electrometer so that only the difference between the ionizetion in the 

tv:o chai:1bers is measured. Both etc.ambers contain identical 

€;ase s, and one e.ls o contains the radon or th or on to be measured. 'J:he 

e le ctrometer re then represent only the radioactive ionize.tion 

-r;lus the very SlTiB.11 difference in the bD due to the presence 

of long; lived solid decay products from former runs. The str elec-

trometer is operated at e. ser!sitivity of' about 30 divisions per 

where it is relative l1his is s1Jfficier_t to redt1ce the obser-

VEttionE\l 11ncertai1:. to a vti.lue 'irell below t 1:ie statisticrtl variutim 

of the background and the radon or thoron be n1easv.rElli1GJl ts 

csn then be extended to the natural observation lirr.i t, defined on p. q.z, 

I''1e use of t',•;o ionization ch0mber.:: has four s e.nd one 

diss It elirninn.tes 

x-radiation or the movement of recdioactive material in the 

of the ~' pp&.ra tus ; it permits the use oi' the v1ho le s cB. le of 

electrometer to measure in , and offers greeter 

sensitivity: it nerr:its the use of hi;:iJmr collectinp; voltages: and 

ir.duction it eliminates errors due to variations in vol tag;e. 

Its disa.dvantage is that the statistical varie"tions of the bac;:ground 

are sli~htly increased. 

Professor E0teman, in s. Drivs.te cormrunication, has extended 

his early analysisl) of the statistical variotions from one ioniz 

subsjfe.nce in one ionization char,1ber to the present case of the fluc~~ua-

tions observed from one ionizing material in one chamber instrunentally 

deducted from the combined fluctuations due to tvvo 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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iL all ceses the net mean error or variation to be expected equals 

tr1e square root of' the totlil number of ioniz s active 

both. chambers dur the time intervP.l e oyed. 7:-iis is sntire 

to the simpler case for a s ch;'.nber P~nd indico te s the.t 

the stfttistical varietion of the bac~qo;roun in the double-ch<:.mber 

or 1.414 tir::es the variation for a s 

This is a small nrice to ney for the 80 fold ir:crease ir sensi. 

of the str over tr1e bifi.J.ar e le ctrorf\eter. 

;i•v10 circ11i ts ernplo~ying the strin~, e lectron1eter re sl1ovn1. 

'.Chat in a low vol 

above All paten inls ap1Jlied to tl1e: instrtlrierLt a,re ld. 

t their nroper values tl1e bs.tteries, hence errors clue to insul&:cion 

1e and s s.re SFlaller in tne circu:. of 

s tt1e 1r:e as11rer:1en t of sr:1e, 11 s ir.. the two 

s ied to the nlates of tho str 

circuit is tr1e steadier ann more re liable one. 

Data are not yet sufficiently nu:I:erous to por1r\i t -ere cision 

lysis of the backg;round variations, but i'ive runs have indico.tcC. 

are of' the order of 6;~ per hour. 

Fig. 30, p. 79, is a photogro of the e. pp2.ra tus the 

string e lectrometer bet-ween the two ionization cb:.i.mbers. 'l'he inter-

connections and tir:t.e: ti~Jped switches a:re in the br 

sque,re bra.ss box joininr; the tops of the instrumen"cs. 

G. DBT;::.;1~L:IN.AiION 01" L"lO;:UUivl 
/ 

-lil-:e 

It has been fo1md possible to deter.nine the thoriura content 

oi' rocks vd th this apparatus. For this purpose the furnace and ionize.-

tion chamber aro filled with C02 and this ges is circulated in a 
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ION. CH. 

Fig. 28. Circuit diagram tor high sensitivity, double ionization 
chamber method. 

ION. CH. 

CH<iSW. 

.:5TRN<:; 
ELECTi METER. 
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Fig. 29. Alternate eireuit for double ionization chamber method. 
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Fig. 30. String electrometer and double ionization chamber apparatus. 
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Fig. 31. Release of thoron from granite , showing 850°C threshold 
temperature. 
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~ & closed circuit including the furnace,ion ionization chamber 

and circulc.ting pump, while the rock is be boiled in the furnace • 

In this way the ti1oron m~oduced the thorium in the rock is rer:10ved 

and quickly delivered to the ionization che.mber where it is measured. 

Because the g;as s:'rstem is a closed circuit, the radon literated frol11 

the rock is conserved a!'.ld it is measured in the ustu:l ·:if:ty abo:.i.-':; three 

hours after the i'urmcce is shut down. It is there:eore nossil;le to 

::r1east1re both the thorivJn a.n.d raditun content of tl-.1.e sf:~n1e rock: in 

a sing le rur.1.. 

Because thoron has a half life of on 54.i; sec., and its 1 

est lived decay product, tr10rium B, enits 

tion effects c,ue to the thoron te 

1) .. tes. T.h.11s tI1e ioniz tion d11e to t11oron is e~~.s ·7 resolved fror~i t 

due to radon. 

Theron, like r~don, is adsorbed ru.bber, bu_t for ·orel 

t(:;sts of this me-t.1-1od H rttbber bu.lb ge.s circttls 

available. ~ith a gas circulation rate of 30 oc. per 

sec. the ionization due to thoron could be re 1r1easu_re d ft It vvHs 

fotlnd that no tboror1 11\rgs released froI: the heated roc:{s u.ntil a 

ature of 850°C wri..s res.ched, \"There the re lease be;;D.n sharuly. The curve 

vms only ta~cen to 9200 and had noJ:: rec-1 ched a r:1r.:di:n.in, as is to be 

expected by o.nalog:y with the case of' re.don. • 31, p. 79, presents 

these de ta on the threshold tempers.ture for thoron. 

The ionization observed during runs conducted as described 

;!ust above is attributed to thoron, Dnd not to spurious effects, such 

as ions from the melt, because: 1) no heavy ions have ever been observed 

from the furnace at or below l020°C, 2) the gas in question passes 
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the electrost&tic ion trap, which stops all ions ( • 10' 

p. 28), 3) the decay curve, when is d, corresponds to 

the knovm half' l'.:f0l of thoron. 

J~ccurate determino.tion of the tl10rium content of rocks and the 

temperature-percent thoron re lease curve avrn.i t the construction of' an 

all metc.l, r:1otor-driven circul0,tin1:; 1JUT'.lp of the re 

employinr; copper bellO'!iS and ball check: valves. This is e, pre ite 

to reliable rneasureme!'lts because the e 10 ctror:ete1· 1 ".., ' • ca.L 1or::1,--c1 on is a sen-

s itive function of' the t~as circulB.tion rate. work has been 

completed to der:1onstrate the eff'ectiveness of this cor:1oination 8.YHi is 

of boti1 thoriur:1 and radiur:i, and to indicate the gas circuh;.tion rB.tes 

and furnace temper2, ture s required. 
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• -~ .... "T""• • • 

.L lJ.t5~ 

The first tv~rnace -ou~ilt for t1-1is inves ion Yfe,.s £t vertical 

s i t-tl1be te res istan.ce fu.rnace, vr1:1ose closest progenitor is 

ner ps the s Scale o:t' 

D.re 

I'he case is of c~nro1niuJJ ·ol8.ted steel 7 in1t 

stands about 

r steel vessel. te is bo1te 

carries fot1r fiber ii1sl1lr:1.ted 

s 00.rr~r cool in 

lectrodes. 

t.i1er bol 

s .ite res i_stor .. 

t:n.e princ 1 novel 

34:' 

last 

s end is reinforced lavite insulators and G d 

tho copper electrodes C.escriOed above. '.che e ctric current enters 

side of' s 

intact. 101.'.~er end of t~1e t11be 8.nd u.D aYJ. OLlt -C.hr 

other s icie of the tube. lhis construction to e 1 irn irate s 

id electrodes, for -;:;ne lmver end of the resistor is 

-------···-----------
1) .fl.rserr:., Jour. 1\,".1. Chem. Soc., 28, 921, (HlOG). 
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Fig. 32. Verticv.l s Dlit-tube fci.rnace. 
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Fig. 33. Tube furnace assembled. A graphite crucible is seen in the 
axial stuffing gland. 

Fig~ 34. Detail of furnace cover, electrodes, and split-tube resistor. 
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perfectly tree 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 electrodes. 

A hollow graphite radiation screen (Fig. 32, p.83) filled with 

graphite 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 furnace volume and thereafter no air enters 

the furnace, hence inert gases only are present. Evacuation, however, 

lengthens the life of the resistor. 

Furnace temperatures up to lloooc 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. crucible gland 

in the furnace cover. Characteristic curves, showing 1) equilibrium 

temperature against watts input, and 2) temperature-time curves for both 

heating and cooling are 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 that 

temperatures of 1000°0 did not affect complete removal, as had been 
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the ro of of 

crucibles was ended. 

to be so Porous ns to allo,1 r.9.don to diffuse· out 

c_i.ble ·Nalls eve11 i:Yhen air v.ras be 

its wall in n.n effort to e lin,inate ·~his radon loss. 

l so11rc·:::.~ 

I"ound v1hic.~1 could pro·vide a gas t For 

ols o hs..d volu:r:etrie 

te 

s. beon su1J"~ rse d.e tl10 

tion., i"~ 

., . cxc .LllS 1 ~re 

tibili of the .18 

25". id::mti0al v:ith thosr~ descr-:'..bed 

for the are r1otu1ted e>r:. Et circuJ.ar stc0l te 

l in. t1ic~<: and , <} • 

.Lr, in. in dianeter. ~he inside e s of' th.e ;,"3 le ctr odes 

are spe.ced 3 in. apart, and e .. resistor 1 in .. 1xide ar:d 

·ordinarily used. The cover of this furnace; 7 in. 

be 11 jar. .i'i1is is cooled viater f"l::rwinp; over "-Cne ot-:.tside sv~rft-tce of 

t~~(:-J s onto tl1e base plate, 1Nh.ere it collects in tt1e annu.lrn:'" sp~1ce 

between the bell jar walls and a l in. h:ip:;h s 11eet iron 'JVall at the 

1) Fletcher, Phil. Mag., ~, 674, (1913). 
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Fig. 38. Temperature calibnation for bar :f'urnace shovm in Fig. 37. 
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