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The work described in this psper was performed undsr the direction
of Dr, Yarvin ¥, Wilkening of the ¥ew ¥exico Institute of ¥ining and
Technolory, The author takes this 9?@%?%ﬁﬁit§'iﬁf$$§?@$$ his apprecistion
to D, Wilkening for his guidance and many helpful sugpestions during
this investigation., The veoluntery sssistance of Dr. and ¥rs, K. €., 811
and of Dr. B, ven Buottlar in prepering this thesis is also gra%@faizg
acknowledged, The avthor wishes to éxp@%gg his sratitude to the personnel
of the Researeh and Development ﬂiViﬁiﬁﬁ of the Yew Mexico Institute of
Hining and ?%a%ﬁﬁlaéy‘%%m &mﬂiriﬁaﬁéé te the ﬁﬁﬁﬁ%#?ﬁhl gonegtruotion of
the apparatus, Thanks sre due to Dr, Howard ﬁyi?@gigfg of the Humanities

Department, who reviewed the papar during its preperation and whoss many

suggestions inproved the presentation of the material,




The purpose of the investigstion was to measure the radon content of
the atmosrhere and of soil gases escaping through the surface of the sarth,
The method of emanomstry was used to sccomplish the required analyses.
Results have been obtained with an sccuracy of 2 5 percent, giving values
eomparable to tose reported for other parts of the world, The average
atmospheric radon concentration at g?ﬁﬁnﬁ level in the Socorrc area was
found o be Qaﬁ'}ﬁ“ig euris/liter, and the average flux at the earth-air
interface was found to be @‘13“1§ sa?i@j@m@nagc. The atmospheric raden
concentration showsd a divrnsl fluctustion, whereas the radon flux at the

earth-alr interface appesred to be relatively constent over a diurnal

period,
P

s

taleulations based on idealized soll and atmospheric conditions indi-
gate that the stwespheric radon content represents an seguilibrium between
atmospherie radon decay and the radon flux at the esrth-gir interfece, 4

further calovlation indicstes that the radivm gontent of the logal soil

is about 1s10~12 gn Rafgm soil,




Elster and @@i%@ll showed that 2 ﬁ@g@uivgly*éhargaﬁ ﬁir@ gxposed to
the atmosphere for a few hours recelived a radicactive deposit that was
glmilar in character to sows of the decay products of radivm., Positive
proof that this setivity wes dus to fﬁﬁiﬂ% emanation (hereafter called

radon) was accomplished in 1904 by Ponstead and %h@ﬁl%r.g

Purther work
by other early investigators provided conclusive evidence that the radon

observed in the free air was due to the diffusion of radon gas from the

1. J. Elster and H, Geitel, "Beschreibung des Verfahrens sur
GCewinning vortibergehend rmﬁiwskﬁi?%r Stofle aus der stmosphiirischen Lufi,»
Zeitschrift for Physik, 3, 1902, pp 305310,

mstead and L, ¥hesler, "On the properties of a
radiosctive gas found in the 5@11 and water near Yew laven," fmericy
Journal of Sciepee, 17, 1904, pp 77111,




id from the raﬂim W only. %maaim fnr t&s th:iw of the rm

daughters pwemt ag u:xm*nim of *&sm are g&m in Appendix I. It is
well w@ab&i&m& M 811 soils ané rwks amm rmimﬁ so that one can
expect to find rﬂém in nearly all mmtha, Eam*& iﬁ%ﬁm&m have
indicated that &m xm eontent M ﬁm alr is a balma betwean the decay
of the atmospheric radon and the radon flux at the earth-air interface.”’®
However, a study of m literature mmh tha% the data mw%mgg ths.a
idea have been gaﬂam from mﬂy ae&t‘t:am& ieaﬂitzmm In Mmm,

5, Jd a@ww "on the mmt af mﬂﬁm mmtim in the lower
mgieaa of tm Ms@im mﬁ its wmm with the weather,*

o 1, Huc] .;alm w&hy M sz;ms, Znawmrmé,
m Y«nrk, 1@:%, P 1 6

J. B, Wright and O, ¥, Smith, *"The varistion with meteorological
mmim;ims of the amount of radium emanaticn in the atmosrhare, in the
w&lgasméfmtm&i?mham from the surface of the grouvnd atmzm,
m fhygical Rov {;2}»@ 5’; 19 5 PP ‘Aﬁ“&@ﬁl




Tables 1. Pertivent portions of the nstural ra éi ctive nories.

Beries Member Half-1life® Energy (Yev)
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* & = gecond, m = minute, h = hour, 4 = day, y = year.




Terael’ ahm that in soms i
| For the southwestern United States, there is no information avai

x, the stmospheric redon content, or the possible
rélationship between these ﬁma, the purpobe of this thesis
is to investigate the L oul M’a&ms of a%mp&wria radon W@ |
 with respect to the following specific pointst (1) The direct measurement

~ of the radon content of the atmosphere at the ground levels (2) the quanti-
tative determination of the radon flux st the earth-air interface, and
(3) the relationship of the radon flux at the earth-air interface to the
radium eontent of the soil, |

eoncerning %}m 9% F i

dammxsaﬁm &5 raﬁem %mm %!m ‘ aﬁ' x*am w amm at ﬁm

Wx&wn af li.q‘aiﬁ mgsm (;153 ﬁ}! | m&m ummé b@' a mm&d
mlm af m- ia\ gm&mm m:mzin a wﬁ mlaa tse ﬁz&; tmwatm, Mtar

a myﬁwﬁuﬂ ia Wzm, t%m tmil iw a}_m tae m ﬁ;}, mé %&m raﬁm
vawims, ?he rm M %&zm *&rmsfmad ta m i&n:ta%im mm m«n
m m‘h&vity causes a m&:& wrm %&w& au mmm w ma am af R
rm a;m W *nm mum@ natm of the mm ﬁw@w;u am& R

t}wmm ram in ﬁxa ml, Afw eulim&im, ﬁm Wam 13 taima -
mamae*fﬁmmmtefrminwemﬁ;mhm;mmw

g o rmel, *Rnéiaw%&vity of the am;asm, :
s hmerican Wetecrological Society, Bosten, Massach




the condensing eoil. This process is called the method of emancmetry,

. The emanometric method of analysie
sarples of Fn?YY and Rn*
isotopes (Table 1), Cemsequently, only the radon from the uranium series

excludes the presence in the

beesuvse of the short haelf-lives of those two

guipment and Appargtus. The equipwent and apparstus used to neasure
radon concentrations and the radon flux is illustrated in Figures 1 and 2,
In order to collsct radon sswvples from the surface of the soil; & &&éwtw
s &nd alr was

device, covering an srea of 193 on’, was placed on the grownd
wre 2 1s a schematic disgram of

ﬁm%@s&m&a&mﬂ by
connecting the system inlet to the Mama gir with Tygon tubing, For the
collection of radon sscaping from the surface of the earth, a "lide
{Figure 1) was attached to the end of the Typom tubing and placed on the

ground as shown, The collection system comsisted of trap 1, the condenser
eoil, the flowmeter, pump ?2, and the mwﬁiag lines and valves, Trap 1,
immersed in a wixture of dry-ice and acetone, removed the water vaper from
the dncoming air, The condensing coil was constructed from 3/8 inch-

dismeter copper tubing. To provide sufficient surface at low temperature

within the coil, the tubting was tightly packed with finely-cut cepper

o |
turnings, - The turnings were 1 mil thick, 10 rils wide, and out sbout ’;5
1/8 inch long, After the tube was packed with the turnings for a lengsth




To system

/ inlet

|~

Atmosphere —_ = — 3 ,\\"(_ =2 —
. . Val Y / —
o / / / 7 //

¢———— & inch diameter

Figure 1, Collection device for exhalation radon.
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of 36 inches, it was bent to form a coil which would fit inside a 3 inch-
. diameter Dewar ﬁaam This m, *Wmm a m&g copper plug in
which the radon condensed, The ﬂm was constructed from 5 mm Pyrex
tubing, bent in the &W shown (Figure 3), and attached at each end
‘ illary tubing which formed a bypass around the

, ;
system. ;z

i

2. Transfer, Vhen téaﬁ wméﬁ,ﬁm of a sample was completed,

ﬁamg; the Pyrex trap was ime

of these units was to insure m%mﬁiﬁﬁa removal of water vapor and other
inants from the gases mtm %k’w ionization chamber. mmm

showed that radon did not condense . s the Fyrex trap, (Prior to the

mmmtma of %;hs Sopper ﬁmdmmg %ﬁ# attempts to condense the radon

in a Pyrex trap at the temperaty

The ionization chamber was built from an 8-inch length of & inch

 brass tubing, giving a volume of about 1,6 liters. The cantral electrods

s

. W me is the tra

rk of %i!m mewm M&&w manulac-




Adr flow

V

L Rt gigieging 2-__,

From conden= To pump P
ser coil

%

Figure 3, Flowmeter,




measured with a Beekman Ultrohmeter, a dirsct-c
slectrometer, An Esterline<Angus recorder was used on the output of the
electroneter to give a continueus graph of the rm activity, The lower
limit of detection of the electromets: "2 amp above background
current, The combined leakege current of the chawber and electromster
input was 1.6°107%4 amp, With an argom filling of ome stmosphere in the
ion chamber, the normal background current plus leakage current was

oG wmmm dats cbtained with the apparatus
¢an be interpreted, the radén concentration of the air entéring *

ore 7This relatienship is
influenced by the ecollection efficiency of the condensing coil, by losses

- Mo aveid the diffieculties
ons to the date for those factors,




_Standards, To facilitate handling the standsrc
flask and reflux condenser were as “
aysten inlet. m‘?"m g
the reflux wmw W vas mm and the vial containing the
standard was bmm ﬁmﬁ’%&a b@@,‘:-? 1 e Emm@ &mm water was
added to the standard to give a total mm of sbovt ﬁ% ﬂﬁ. wiﬂtiw&,
The reflvx condense: agpein a%meﬁ to the system inlet, and the csli.
rformed in the following = \
The miﬁ%immgm&ybﬁi@d&ﬁ%&f&&kﬂ%ﬁmm&ﬁ
arpon was admitted throush a m‘f*&&%ﬁ into the lowest part of the boile
- g the radon
through the mm mmm to m Wﬂ: inlet, through trap 1, and into
the wnéma&z&g M&L. The mgu&aw vﬁva on the argen ¢ylinds
adjusted to give the @mm flow throvgh the coil as indicated by the
flowmeter, For this mm‘ the exp '
from the system, mmmm mqwmasmevmmmm
atmosphers by rubber ﬁmmnge.

ing solution, %e awem acted as a aﬁ'ri& gas, trangpordir

mnt, punp P, was disconnscted

milated radon in the reflux

t Valve 1 at the
inlet of the apparatus was a}am m %’za W‘k on the reflux conder
(Figure 4) was opened., The m:imm was mm and argon was bubbled
through, flushing the radon fm%%ﬁi&n@m and reflux condenser

into the atmosphere. VWhen all of the accumulated radon had been removed,
tharmw me&mﬁam&; wiwlmazmw,, am% a collec-

tion was made. With this method, only the raden that wes generated




System inlet
/;, connection

Vent

=
<

To atmosphere

' Cooling water outlet

Reflux condenser

Argon
inlet
Cooling water inlet

Boiling-~flask

eating mantle

'Figure 4. Reflux condenser and boiling-flask assembly,




during the time of collection wae deposited.
content of the solutien is knewn; the production
can be caleulatedr

where A;, is the radivm desay constant and Fyp 45
are in transit between the boiling-flask and the condersin
it is assunsd that the gens

arrival e:f thé radon in t&ém&mm %ﬁ% 3‘& a ea&l@tﬁ,@n &ffﬁ.ﬁw
of 100 Wﬁ%um&m rate of condensation of the radon in ﬁmp _
coil, Consequently, the number of raden stoms mmt in the cender
coil after a collsction time @g is ‘gveh i-m |

£

i T s A B U T
LIRS T

!Ef?? = na/ e

R SR o B ket A L

gge s ﬁi?} ﬁ%{}, Q*V)\f}* %» I S U {2)

where A is the decay constant of redon, When the collsction is stopped,
Mrﬁwﬁa%ﬁ&iﬁm%% m@w,%wwmmsm ‘

3,825 diys, reveals’




e om t&g fwh tﬁ@ each a&;&a

,Wkimr&ﬁwhmmmrﬁaf Sw@*m&wmmﬁagwm |

have N(T) radon m, the mwaw mﬂ &* A ﬁﬁﬂ o ;4
hence the current, I, is

T (emp) = AN(T) Rarticles . 5.49

I (amp) = 5%%&)*

~current ﬁf %’?*19’”4 amp can ht :
A R { ‘12& D
uawmt fm the decay of the mﬂw ﬁmMa, mir the Mﬁi&l value of
%&m ien wm% was used in *ﬁm calibration m f«xpﬁrimnm M&a taken),
In the first umm& performed to éamne the ﬁffinmy of the
which was closely wound to & diameter of 1,25 inches for a length of
hes. The total length of the tubing immers ‘ rger
sbout 11 feet, Data were taken for various air flow rates and collec-
mes. At a flow rate of 1 liter per mimute and & collectie

w51




mples proved to be unsuccessful.
porous copper plug condenser, deseribed previously, was then censtructed.
After this condenser had been installed in the system, data were m
m with the standard radium solution providing the radon. .
rates ap to 1.5 litérs/s ‘ma%s, for 1 hour collection mim, the effi-

listed in Table 2. On the basis of *masa gite.
por minute ard s collsction p

meters for sample collections,

Table 2, Overall efficiency measurements,
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16 shown to be essentially 100 percent @
_identical values for each case. It was found thats

1074 amp eorresponds 5 355.&*% eurde of radon,  (4)

e Be

_m ga}.ﬂ.bmtim 3»3 ; .
20714 amp proved. zw e, both mmmm and pmmg;,, -
~ The largest errer in t&m results imivm the Mmﬁi@m of the
mmz, value of the ien curremt, This wncertainty r om two
~causest the inability to fill the ien @hmbsr mﬁmeh, and mf
statistical ﬂw@wﬁm in the initial raden ~decay rate. In order to
winisige these effects and to increas
scheme was devised whereby the :mnm value of the lon current was

the wwmy of the results, a

obtained by averaging the recorded current over the first 15 minutes of
operation., To obtain the standard deviation of a comtinuous obser ation
of a statistical source, the method of Schiff and Evans was ﬁellmé.w
VY TY ssntaliis o BhasipiELh o2 the WWokiking sehome Ubed th Find
. ﬂm initial value of the ion aww%, and an error snalysis that gives

Tt is ahm that for an initial

§ of izs""‘* amp averaged over s mmms observatic
of 15 mﬁm, the standard deviation is % 5.4 pereent. (The &
 deviation decreases for higher values of the initial ov ,,
cation 1s limited to & § percent

10, L. I, Schiff and R. De Eﬂm, xm&mma mm&a of the
wmting rm mater, Review of Sclentific Imstruments, 7, 1936,
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in order to-allow fer a possitle ine:
%&hﬁﬁ‘i@ua.

-«,;,,,Wg} N M:

w m w mm that the w&i’?&%y

Em&,}

Wya m '&m\ to radon, the build-up curves of the activity S?ras; the
mzﬁaﬁ we compared with the theoretical build-up curve for mﬁ@ and
i&s amma as given by xsrmlgn (Figure 5), After secular mﬁzgliwima
gxf %hgsmwﬂty was reached, as indicated by the recordsd em%ﬁ%ha
decay ma aﬁ‘ ﬂm @&1}:&&:%& <

st e a3

MW curve of rm‘g

:a mrazmeé with the %ﬁaﬁ&iﬁﬂ

aﬁ»ﬁwnﬁ%@r&a m&m ‘samples were taken through Tygon tubing ﬁﬁs the
zam aﬁﬁ of the tubing placed 8.8 meter ukm the ground level, ma-
méf%harMﬁuxmtakmﬁ% ﬂm nlidn pmwwtha gﬂimaé
jst m@h &r Weir Hell on the campus of New Yexico mmmm of

.-‘x nau
m %&mﬁ!@gy. Approximately six weeks before collections were 'bg be
m, i small ares of the soil surface at this location was lmmdd to

a &spt.h ef abaﬁt thm mﬁhea; i 53&1 coarse stones and m&b&aa were W
in an a%myt to mske the fﬁrgﬁ,ggg z.nehgaaf the soil hmgmmg The
surface then remained wndisturbed untdl the collection "11d* was placed in
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amp)
3
L

~14

Ton current (10

1 | | |

0 1 2 ‘ 3 4 5
Time after filling (hours)

Figure 5, Comparison of experimental data with the theoretical
activity of radon and its daughters,

Log activity (arbitrary units)

| ] | |

0 1 2 3 4 5
Time (days)

Figure 6. Comparison of experimental data with the theoretical
radon decay curve,
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Bureau of m: sm:l m& anm indicates t&wﬁ m wi% ﬁ& *m
stly mmy rﬁy&m‘bﬁa and mzw Mﬂ%&n
that bas been transported &Wﬁ m *ma Socorro ?&ak we&.,,

w

G

campus area ia éuri

e

quantities of andesitic constituents may be mm@i m waztie ’m%mt
is negligible. Tn general, the equivalent urenium content varies from
gbout 001 percent for %&awﬁsﬁp to about ,004 percent for the rhyo-

lites, :
Datg. With these sampli

, , ipling and environmental “;"%m‘; the atmos=
pheric and exhalation, ﬁ?’f‘?ﬁ.m, data of Table 3 were obtained. Figure 7
is a plot of the stmespheric radon for Baturday, M#m 28, 195?, in
early morning meximm is clearly shown. The weather over that wesk-end
mmmmwm@mm, becoming ¢slm and cold at night, A
strong colum of smoke niorth of town indicated the presence of an atros-
sheric inversion layer extanding %o perhaps 1000 fest above the terrain,
During the following m,‘ several m« of snow fell, and no @m were
taken, The ground was aw thrm Jmaw 10 and 11, 1958, m& mﬁm
measurements were again made, m#‘ dsm taken miag that time are plotted
in Figures € and 9. The ﬁﬂta @W a period of 2& hours for imﬁi the
atmospheric and mﬁwi% radon,

T&m gmeml W@ af tha mmﬁigau& on .Imw m




EZxperimentsal atmospheric radon and flux data,

Date Type of Yean Total radon Exhalation Atmospherie
@zzast&@n tinme collected or fivx concentration
s 4 10 o
e IM»&E“ & gg wir 303 oplk "“"}a 4 . N
W owrd 0 " _egurie 10 “gurie
en”-pan 1iter
Dec, 28 Atmosphere 0215 20 2.3
1957 0331 28 «

0454 32
0603 43
0714 3
1225 24

- Exhalation 0839 124 126
0955 86" 49
1310 01 108

,&:&(’2 2{“‘
19 %’?

0921 &9 - 8.4
1031 117 100
1200 18"

Jan. 30 Atmosphere 1047 34 3.8
1958 2213 53 ‘ 5e9
Jen, 11 0038 ] 6.6
D420 57 6.4,
06% 55 6,1
0910 53 5.9
1530 6.1 0.68

Jgn, 10 Exhalstion 2102 101 Bl

2324 107 /A

0541 o3 &9

0800 109 g1

1020 &7 77

142 57 73 |

1755 59 , U4 i
®

The "lid® was moved to a hard, compacted surface for this collection,

This collection covered a two hour pericd. The purpose was to collect
as much radon as possible, so that the activity could be compsred to the
sctivity of a redon %az‘a{%ar@.
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Atmospheric radon concentrations for December 29, 1957,

Figurs 7.
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Figure 9., Radon flux at the earth-air interface for
January 10 and 11, 1958.




o welledefined cold ‘front with strong winds errived at 1230, = =
on data for Jamvary 10 and 11 indicate that the raden

though high winds

od throughout the afterncon. The variation im the flwx data of
ser 28 suggests that (1) either there is a noticeable effect of the
ry, or (2) the first flux valus obtained on this date includes
sone radon that had acovmul

both of these effects were present, Comparing the flux valves of Dec |

ember 28 snd 20 with those of January 10 and 11 suggests that long-peried

1% has been shown by Wilkening'> that within any volume element of
the atmosphere st the ground level, radieoactive equilibrium usuvally existe
between radon and its daughters, Since the emanometric

apparsive weasures

related snd gives & ealibration factor for the continuous menitor. The

ined by simultaneous cperstion of the two unite

~~~~~~~~~

12, M, B. mmmg, "onitor for natural radiocsetivity in the
wtsma;ahwsg ; 28, 3&, 3@523 w 3639,

13. K, H. ’&?ilkmg,@ mm mmie@ms




during the measwrements of January

s found on the average
that 100 counts-per-minute on the m&m COrTesE w a m&m wmmm
tration of 2,8+10713 curie/liter, Wilkening's observations of ’t&;ﬁ gra%ﬁ!w
lsvel atmospheric radon content with the continuous menitor gover & peri
of seversl years, Fis mesn value, when evaluated from the present cali-

bration, indicates that the average concentration of atmospheric Ws‘t
Socorro &3\2,,3*%“33 cvrie/liter, | | |
The mean valve of the radon flux for the Socorro area is taken as
9030~ curie/om®-sec (Table 3), The local valves of the radon flux and
" the atmospheric radon concentration are listed in Table 4 together with a
fow ﬁm’ssamﬁiw values of thssi{&ﬁéﬁ%;iﬁes from the liwm&mgu‘
Table 4 shows that both ‘%&m atmsiﬁawm w concentration, Wy, and the
radon flux at the earth-air mmxwé; J, vary considerably over &
vorld-wide scale, The mean value of Ny glven by Israel is the result of
some m«s observations at 19 mw mmtma, rost of mm are in
Euw;w. ‘In the southwestern mm MQ, bigher concentrations of
atmpspheric radon are to be Wé thw thoge concentrations found at

the island stations end coastal eities listed in Tabls 4. For Socorro,

the average value of the atmospheric concentration is close to Ierasl's
mean value, The wide variations noted in the flux values illustrate the

effect of different soil compositions to a greater extent than do the
valuesg of ':Ea beeguse the flux suffers no dilution from ocean or pesa

breezes, (Compare N, and J for Innsbruck with N, end J for Manila),

14, H. Israel, op. cite) p 158,

A eSSt s A AT D e e




“Table 4, Representative &

Schwald  Bad &m:m, 1@35 5,85
Tling . Ipnsbruck, 1933 4,36
 Wright and Smith  Menila, 1912-14 | 0.71 ;
- Ashman - Chicago, 1908 0,95 ‘3
Israel e wn ’ﬁa;%mw;mw 2,53

Although the mean value of J for Sosorre is higher than the given mean
value, this difference can be attributed to either a higher-than-norma
uranium gentent of the local soil or to an insufficient - ity of exhe~

iamtemlamﬂw




flux and the stmospheric radon, e simplified description of the migration
of radon through the soil, scross the earth-alr interface, and into the

atmosphere will be construe m@! The I@M@ assumptions are made in
arw to idealize the soil m ‘atmostheric con

- 1. Unifen sodd gmsmim extending to a depth of
- wm mw&.

ditiong:

'3:..“ ' ’mxxs th of radon m%&&n
o any wm element of the soil for a depth of several -
m

" 3. The net diffusion of radon oocurs ﬁnla'ia the
© - pesitive x-direction,

4. W¥eteorolegical eonditions have no effect on the
mvem of radon within the seil,

8 mel c’m diffusion determines the w@i&a& distri-
~ bution of radon in the atmosphere,

'ﬂm following symbols are ﬁm:
/m} = xm ﬁﬁfﬁm mﬂmmz in the wii.»
P (aw;’mgbsm; = Radon preduction rate in the mih
D, (em*/sec) = = Coefficient of eddy diffusion in the stmosphere.
J, (atons/cn®-sec) = Net radon flux in the atmosphere,
| J_ (atonsfenPesec) = Wet radon flux in the soil,
¢ { atmfmz') = Radon concentratien in the soil.
0q (atoms/en?) = Radon amﬁaﬁm of the soil at depth,
C, (atoms/en’) = Radon cencentratiem of the soil at the surface,
N (stemsfem’) = Redon concentration of the atmosphere.

¥, (atoms/em?) . = Baden concentration of the am;ﬁ:m at the
ground 1m$a

sé.ms t&aa mt éﬂfﬁs&m is msﬁ.&w&d to meas' mly iﬁ m diwmﬁm 4 t:he
x«emmmm is m wmmam to ﬁie w!wa ef ﬁm w*&, mu




n

surfaee of the earth is then represented by the plane x = 03 the positive
x-~direction extends into the. atn
extends dowmard into the sarth,

shere and the negstive Mmﬁim

amamw fimﬂz the aistribution of radon in the mﬁ:&. ¥ithin any

%‘im el&mm, éﬁfﬁﬁ&,

e 1&1&; d decay of the raden ocours
continuously, Tt is assumed that these processes have been in operation
for a period of time sufficient for steady-state conditions to be estab-

lished, In Wﬂ, the behavior of the radon within a volume element

am be m@é by

W%M ka + Decay. (5

I is mm& fwﬁxﬁr ‘&m& ?ﬁak*s :m a&‘ é&fﬁu&m &smmw m movement
of ﬁw mdm in m mn wﬂ. mﬁ ﬁm am;&amg In ﬂmh mmmm%?
ié:e ;mx;aar &iffam mﬁiﬁm% is @g}i#&g 3:13 ﬁm msm m&m,
mws law for diffuston in the sofl becom "

B3

3 = *ﬁ,,(«%% .

The uag:a%&m ;i@ on the ri@% Maatw ﬁ%&t tm m mzaaim 13 t:ks,ag
plam 1;; a ﬁirwm smw % ma éirm%m of :immmm :mﬁm mm—
trat don, oted °
m in givm a8 thg graa%;m% ai‘ ti;s fim, =D { bstit
5 the mwmﬁ ;Qiatm hwmaz

'm We&wﬁm 3_3 denoted

these quantities into equatio
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2. :
gj_'{éa i} + Pe \C=0, {6)

dssuming that P and D

are constant, equation 6 is solved by applying the

boundary conditions:

giving the sclution:

5 ﬁ;{ ;
c= (¢, - %}Q i3 + % s (7
vhere x takes only negative values, A8 x—-oca , C= Oy = % s and
equation 7 reads, after slisht readjustment,
A Ay ,
C=Cy(1 - & ﬁ;K} + G b.%, (8)

Bquation € describes the distribution of radon within the soil.
Bubstituviing equation 8 into Fick's law and evaluating the flux at
the plane x = 0, s x approaches this plane from the negative direction,

glves:

3= (0N (0 - G (9

In gensral, C, is small compared to Cys 80 that €, can be neglected,

Evaluating the diffusion coefficient of radon in the soil on the basis

1537

of experiments reported in the litersture, gives D_ = 072 aﬁgfsaa.

- Congldering that only 5-10 percent of the radon generated within the soil
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(to an accurscy of about

Badivm comtent =

nsing go°10~18 c&ria/smg—gas for J,
For the atmospherie radon distribution, P = 0. From considerstions
similar to those used in deriving the soil equation, the steady-state

squation for radon in the atmosphere is:

du UK = 0. (10)
o x* Ys

Dguation 10 is solved with the following boundary conditions:

as x—»oc0 , 0

vhich gives the vertieal distribution of radon in the atwospheres

N
NENe™ EK, S ()

15, C. M. He van Bavel, "Caseous diffusion and porosity in porocus

media,* Soil Science, 73, 1952, pp 73-80

1&. ¥, égst, Diffusion, Academic Press; Incorporated, ¥ew York,

DeVries, "Jome remarks on gaseous diffusion in soils,
s of the gﬁ% Interpational Congress of Soil Science, g; lgsﬁg p 41,

B, Boltwood, "On the radiosctivity of uranium minerals,*

é@@?ic égﬁ?ﬁal of fScisnce, 25, 1908, pp 269-298,




vhere x takes only positive values.: Again applying Fick's law of diffu.
plane from the positive dirsction; one gets:

e 3 - fgt )\)% a’

samﬁmfmwxqmmmwm;wmm&mmmm
positive and negative sides of this plane, the expressions for the flux,
J_and J, mW%g&w&

s 5
.y i

B*{ai Go) = wﬁﬂ (13)

Wﬁw&&ng Ig,_ = ’?mm‘ eaﬁfmﬁg % = .ﬁ’?ﬁ eug/m;, m& Wg ﬁw mm
va&uafn tw%&ammmﬁm%gv&a%&mnsmhfw
the radium content of the 1@@&1 ‘soil m %ﬁ equation 93

it
o e

Badiun somtant = ;ﬂa'm*i%ﬁ’_

(Again this figure is acer Iy to sbout 50 pereent), The two values
for the radium mm of the soil m @mlwa agreement, yet are based

on two independent messurements, In mm; the value of the radium

mm%am Wﬁ «s:bwz}y m.%h the vslms mmteﬁ .‘m %w mmm ;31
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for rock tvpes similar to thoss of the local area,

Returning to the expression for the radon distribution in the atmos=
phere (equation 11) the total number of radon atoms present in & column
of the atmosphere having a eross-section area of 1 ﬁmg iz obtained by
integrating equation 11 fromx =0 to x = , Converting g@ for the

13

Socorro area (2,3°107° curis/liter) to radon &i&ﬁﬁ/ﬁﬁﬁ and using

D, = ?*zﬁé'ﬁﬁgfﬁﬁﬁ, the integration gives:

Biotay = 7«4"107 ERCER G

From this quantity of radon, the mumber of radon atoms lost per wnit time

due to decay is:
¥ = 1,6 tadon atoms
A total 1.6 em“-goc °

The quantity of raden entering the atmosphere is found by converting the

fiux valve to radon atoms/cm®-sec, The rate of entry is:

using 90+20-18 %%ri&/@ﬁgw$@§ for J. Thus, within the scouracy of the
experiment, the rate of radon entry inteo the stmosphere balences the rate
of radon decay in the atwosphere. Considering that the radon in the
atmosphere is in equilibrium with 1%ts daughters, the above result implies

that the activity in the atwosphere from esch of the radonm daushiters is




The presence of radon in the stmosphers has been verified by

aring the time rate of change in the activity of collected samples
with that of knmown raden standards. The average radon cemcentration of
‘the atmosphere at the ground level hss been guantitatively measw

face. E’?& is also indicated that the radium content of the mmu
about. e @%w@m This result, although containing a large
meertainty, agxﬁn mmwaa &‘uw&&y with valves found in the literature,
of the
gubsurface radon mmw%m* gince the ;mrm squipment and epparatus

It is suggested @am wa qwaim mxm en investigation




Buildeup of activity within the jon chamber

adn an dnelght inte the bulldeup of activity ss & result of

an inftial quentity of raden wmdergoing radiosctive decay, consider a

g inditial quentity of radon, % . 4% time t = 0, radon

W

ie the only radicactive isotope present in the chamber, is time passes,

the followt reactions soour within the chanbers

3.825% 3.08m zi@*ﬁ*@z WIe 22,2

o = fah Z Bal

B;t'iiﬁiﬁ

The activity observed im the chember is due not only to the decay of the

radon, but also to the buildeup and deeay of the deughters Rai, ¥

T lw

D decsys with a helf-1ife of 22.2 yeare, so that the contrie

butions to the toltel svtivity from this davehter (and 21l svecseding

daughters) can be neglected,

&

Denoting the nusber of stoms of sach of the dau %J%gﬂm that econtribute

to the obgerved setivity by

A = Funber of stoms of &
o i % B <3
=

# u : ] %

and the number of astoms of redon by R, the following system of equations

2

gnd decay of speh dau
a

tar muet be solved:




s o - A %
R = B R
: ;. 4 = @@ z. )

"

(1)

L
o8

i

o
,éwibn

2
L

where Ay Ay Ay 80d ), are the decay constants of raden, Rak, BaB, and
Ral respectively.
Bterting wlth 22

8ince R is a function of time, the proper misﬁimtimz is mﬁe, givings

= )R e~ Met.
A= MR Mt

I% ean be ghown *’ésha% the solution of this egustion is

= Rode o= Agh - -)\%‘ (11
3 (AA)\) 9 )

The solutions for the gbundance of the dauvghters Rab and Bal have the forms:

B=E Mg ef,\At )\A)\K ,\ t EQZB e—/\Bt] {TT?}
R [CYOWCTW O\A Mg >‘R) (v Ne)ONi M)

¢ =R, |ae= vt e bem MY 4 gemAst . é&"‘c%], (1)
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whears

as AR Ma Ag
A= Ar)(Ag=2a) (A= AR)

%“j - >\q )\A )\5
(Ag=Aa) (Ag=Xa) (Ac- Aa)

o= e Aa As
k ()‘R- X&\L)\A‘ X&)(}\Q'Aa)

AR Aa Ap
(Ar=A) Cha= Ae) (Ag=Ac)

1
¥

Bateman has given the symmetric selution for equations of this type
for the nth @x’@é&m.ﬁ’%

If the time derivatives of these equations are taken and their sum
computed, one shtgiﬁs the total activity dpn the chanber as a Ponetion of
" tine r@sgltinQ»fraﬁ,an initial quantity of radon, H,, in the chamber.
Israel’ " has computed the valve of this activity as a function of timeg

plotting his data ?i?ﬁﬁ the solid curve of Figure 5.

* H. Bateman, "The solution of a system of differentisl equations
cecwrring in the theory of rgdiaaetévg,traﬁgfermaiiﬁns, Proceadinegs of
thg Cambridre Fhilosophical w@ﬁxgﬁv, 15, 1910, pp 423-427.

** Israel, pp. gcit,., p 156.




APPERDIX II

Determination of the initial fon current and ststistical error analysis.

The largest uncertain ty in the experiment arises in the determinatior
of the ﬁ.nm&al i&s W@. Bince mly *%m ﬁumi%y of rm mtma
into ﬁm :!m ehm is af mmws, *&m mﬁai @W’t m be éaﬁe:*»

ma&wmh amﬁh&t thaaws m&&mw&e msef %&m | .
.fimt raﬁxm ém@m (3*95 mu‘&& hm-.me) .ts Mlﬁﬁw* ‘S‘hﬂ shm}m' .
ﬁll’eiag t.im m aw‘my ahwt mn m, ﬂziﬁx mt ﬁw& ﬁm Sniﬁa}
‘mlau of ‘&w wrrwt xm:m w&; Mmiw m ?e aammam %ia
‘dif!ién}.w and to iﬁmm t&w mm ﬁf %&a sﬁm’ﬁa, mr ﬁ’a}}aﬁag |
whm m am: Eqmamg :’f, IE, m, m& :W @i‘ Igm 5 ﬁm& *kim#
%&a wtiﬂt;v af m&m mﬁ ita ﬁa@mn at my gﬁm *km ic me wmiw&
@f m agmm maﬁm&: mfi %.he ms,m wﬁv&w zzf tm rm ulm*
Since %&w ion Wﬁ :&a mmm %a tlm mmxy, m mm at any
@mﬁwﬁﬂmmﬁham&aﬁ mamwi&%fmwmws
inﬁ;ial euzm% ?ﬂm‘ axm, :u m wmamng mmu are oval-
mw% fm’ wm 'mm: m ﬁan mw a@w@m, mar imsiwm vﬁm for
ﬁu Szﬁt:ial ion mmt can be ah@m mﬁ m 'm eswmt-

v@ma-m curve mﬁmmg m wwma% va’lms far tha mit&a‘l
ion Wﬁﬁ%&; build-up curves of the aetiﬁ%y ware plxa%m on gmm
ingus recorder chart paper and bempls

8 of Ay Turves e




cardboard, These templates then were matched to the sctivity curves of

the samples over the first 15 minutes of the recorded current., Using the

template that pave the best fit to the average current over this period of
time, the initial current value was obtained by extrapolating the average
current back to the mean filling time of the charber, %ia»gaw; in effect,
2 time wnit of 15 winutes upon which to base the value ’s::f the initial
evrrent, |

To determine the statistical error ;wmmt in the data, the method

mmw by Sehiff and Evma was faiimé m mmw of the. %mm

-
rm samp&@s waa &%srmﬁmﬂ by in%ysﬂm ai‘ %&w m@ﬁ@m gmmk within

-3 m ﬁﬁﬁ&ﬂm m»lmég ﬁw mm

R m 3@33* ahg&a for m éata taken, m tem %MMW of the cireuit
m mm&é between *E&m outer wall mﬂ the m’bm& electrode of the ion
snce bridge, with an

m; mamt was made vﬁﬁz

oscilloscope used as an external detector to indicate the null peint of

the bridéa, Several wmeasuremsnts indicated that the total capacitance of
the input eirevit was 60 mmf, Feor purposes of the error analysis calove |
lations, the system is represented by a condenser shunted with a resistor, f

the combination having & time constant of 6 seconds. The arrangement is

such that a charge g is placed on the condenser each time s pulsse !

* 1. z. Bohiff and R. D, Evans, ﬂmm&fm mmn of the
counting rate meter,” awim of Seientific Instruments, 7, 1936, pp 456462, |




38

Figure 10,

Electrometer input circuit.




time acdording to Polsson's law, m ﬁm@ expected during the time
interval t to 4 +dbt 48 .

. @ U

q(xdt),

If the condenger charge is read at some later time, t o 1t is found that

Assuming that m system has been operating for a peried
when compared to RC (= 6 sec), the exp oted velue &f the awm Ry on the
condenser at the time of the reading, %,, is given by ir
time of operation up te t,. This means that. the W limit of the inte-
gration is essentially mmiw MM@? *&w o

Q w[m*%“ Wﬁ% = qxRC | W

To find the standerd deviation of the reading, the fact is used that for

cg, Prentice Hall, Incorpo-




randonly ccevrring ‘events obeying Polsson's distribution, the standard

deviation of ¥ obeerved events is %ﬁ For the preseni case, the standard

deviation of the number of pulses arriving in the time interval db is
ity
{xdt)*,

and the stendsrd devistion of the charpe placed on the condenser for this

inbervel is
4
gixdt) %,

The contribution of this devistion to the charge § on the condenser at

Considering that the time intervels, db, are independent of each other,

the contribution from sach is independent .of the others.over the total

tive considered. To cobtain the variance of the entire reading, the squares

of the individusl contributions are integrated over the time peried under

consideration. The veriance of the total condenser charge, U, at time i,

is thens

{s ét;;ﬁf 2 = f ng@ﬁ*g{teﬂ %}/ﬁﬁﬁt,

&
it
o
Sy,
bl
feo

(s0)% = £,

S




Jou
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P

anderd devistion ioy

..L

ga ;:v “"‘g*“ &= g[%%

L
O_I. = "E‘.Ew?é‘ = }ﬁ%i 22 :
& ek sl
- b
g = {Z=R0)T 2 (111)

This is the stendard devistion of a single obgervation, The sffect of the
averaging period on the stendard deviation mugt next be determined.

Schiflf and Evaneg develop the expression for the standard devistion of
centinuous observations by first considering the statistical fluctuations

for n observations taken at times of ORC apart, (0 =1, 2, 3; « « « K)s

For the fractional standard deviation of the mean to be & winimum, 1% is

shown that n must become large as © becomes small, such that ng = constant

and the condition
eEC =7

is satisfied, vhere T ig the time svailsble for the n obgervations,
F 4

Considering continuous observations, the above conditions imply thats
B>, and & — 0

subject to the restriction that




]

The {ractional standard deviation of the mean then is shown to be

L 4 q—-_l {E@‘}
dard deviation of z single
The present interest lies in the standard deviation of the initial
P % P el é&
sctivity in the ien @%&ﬁb@f. Since & current of 107 amp corresponds to
an activity of ,376 SSEMSEEENIONS - can be evalusted for this vslwe of
the initial cwrrent:
Q"| - {?ﬁﬁiiﬁwi
‘ T SF6 s 2. B)%
15 470
Evalvating equation IV sbove for this valwe of ¢— &énd an averaging period

I
= & e f? & }‘ @& ‘(j”@%»’*&??%;}

or expressed as a percentage error, this becomess

Percentage error = 5§,4%,

The computation of the error based on an initial cwrrent of 10~ amp
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s susnomstric epparatus,

Operational procedure for %




6,

'WM &m mg;k fw %M éam
‘gelected flow rate.

Ty

Fhag kS FEa

To il’inma t&w @waﬁmﬁ wmm« eﬁ’ a rm ma}grs&a, mfm

e 2 of the thesis, The Ma&a proceeds

mwﬁi&g to the

‘ the el mate ” % the "on* position, This allowse
mfwﬁgmwmwm%ammﬁw stabilize,

« ‘F&&tmlﬁmgm&m%m:&mmm.

mathewmmmzwmmwmmm
for the inner part of the tubing to reach the temperat
e&%aiﬁa&iﬁm&m

mwk the vaam m%mgsz ,
as Valves 1 and 4 open.
 ba Velves 2, 5, and 6 ﬁhwv

pump B, mﬂ adjust the air flow through the gellection
sgm, as ° W tw;r the r:mmm* mﬁ*& w’.’fm &a

wmam

famméng W@ﬁs
@. Check that valve & is closed. -~
b, Close valve 3, ¢ H,W?, wmm

- wvelve 8 to %&m line, the ion chamber and

¢« Start pump and evacuate the ien chamber

d, Immerse %m;alz in ldquid exygen.

. Rotate valve 8 to connect the line to the ion chamber,
é&amwm pump ?3. from the system.

f. Slowly open valve 3, admitting argon into the ion
chamber,

g. When the gage indicates that the chamber is at

m& a line.




g,

Ge

12,
i3,
is,
16,
17,
18,

19,

After collection is made for the

atmospheric pressure, rotate valve ﬁ so that the

ion chamber is 1%&&%&&%%@ line and m@mﬁr
h, Hhemove the liguid oxygen from trap 2,
i, Close valves 3 and 7§ shut off pump Pye
3+ PRecord the bsckground @W‘E‘ﬁﬁw

‘ specified time, shut off
pump ?2 and close valves 1 and 5.

Following the progedure of 7s, 7o, 7c, and Td mm,” evacuate
the transfer system, “ ' '

Rsmsw ‘the ziq;&:m oxygen ﬁ*tam %&m amsmg eoil and allow the
MI ta WAYT UDs

After reaching a vacuum on the trmsfw sm a& t:ha system,
racheck the valve m%mgr

a. Valve 3 closed. o

b, Valve 5 closed.

¢s Valve 1 closed.

Close valve 7, o
Fotate valve £ connecting the line to the ien ﬁhmbw;
Shut off pump P,. Fant | ( !

Open valve 2, Mgm%bﬁm&ﬁatwgmmm
on the m&m&ﬁm Mﬁ«# :

Lo # Ww N,;‘,,M,x BRI . %ﬂww e

Open v&lw b,
Opsn valve 7, This psmms the asrgm ta flow through the
condensing coil, pushing the radon through trap 2 and into

the ion Wa

¥hen the gage inmww n@maﬂzwﬁe pressure, mtate valw 8,
iw&atmg ﬁw don-charber from the entire system, Close vslw 2s

¥hile the ion ocurrent is being recorded, close valve 6, open
valve 1, surround the condensing coil with liquid oxygen, and
the sym is ready to m}.&w‘z another sample,
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