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SAZSIRACT,

The mechanism of the fallout redismuoclide transfer from the atmosphsre
to rain is studied by using a garmma«rgy speotrometrie system of analysis,.
The quantitative measuremsnt of several longelived "fallout radioisotopes*®
in beth air and rain samples are determined. Ths system of analysis for
the measurement of these isotopes was devised using a set of simul.
tansous squations for making the necessary mutual corrections. A oomputer
progran for their selution is included.

The gamma-ray spectre of the samples (oollssted at dally intervals)
are presented. The instrumentation wequirements, method of isotepe and
instrunent ealibratien, and the caleulation of the isotope concentretions
from the spectra are discussed,

The analysis of about 135 dally aiy samples and 45 rein samples from
the lLansing area are presented, G(ress beta analyses of the air and rain
samples are desoribed and their relation to the gammaeray analysis is
graphically presented. Finally, a hypothesis en the transfey mechanics
of the radiormoclides 1s proposed based upon the evaluation of the field
study.



GAY}AwRAY SPECTROMETRIC SYSTEMS OF
RADIOACTIVE FALLOUT ANALISIS

By

Ronald 1L, Haugen

A TUESIS

Submitted to
Michigan State University
in partlal fulfillnent of the requirements
for the degres of
MASTER OF SCIENCE
- Department af Mechanical Engineering

1963



L)

3

vt
SN
L\‘,

TABLE OF CONTENTS

Abstract ¢ ¢ o ¢ 0 0o ¢ 0 0 0 ¢ s s 00
Idst of F1oureSe o ¢« o s ¢ ¢ ¢ o ¢ 0 »
Chapters
I Introductien. ¢ ¢« s o o o s s &
IT ILiterature Studys o « ¢ o o o »

e & 6 @ o

¢ & & © »

*

L]

*

III Atmospheric Radiocactivity and Its Transfaer to Rain,
IV The Gamna=ray Scintillation Spectrometear, « ¢ « «

V Quantitative Analysis of Germa Speatrographs,
VI laboratory Instrumentation and Procedure. , .
VIT Collection Effisiency of Filtering Equipment.
VIIT Analysis and DASCUSELON « o o o o e o o o o o
IX Concluslons « « o ¢ o ¢ ¢ 6 06 a8 00 a00oe

Refer@NCOS o « ¢ ¢« 0 ¢ ¢ ¢ ¢ ¢ o ¢ s s 0 60 000 @

Appendices

A Gammaeray Spectra of the Fallout Radioisotopes.
BCanpntatProgrmB....¢..........

CAnalysis of Baples « o« o « ¢ 0 ¢ 0 ¢ 0 0 0 s o
DEquipment Usede ¢ « o ¢ ¢ 6« ¢ 6 0 00 006000

L]

« sl
o o 414

|
e o3
o7
.o 10

.o 19

oo b
v o 36
o« o W0

.o 43
.o 52



ST OF FIGUIES

Floure

Page

",. Groaasoc'bimViewotthosdmtﬂhtionWﬂlecw......."

z.m”mam»mumormywumbyym

DetOCtors o o ¢ ¢ ¢ s ¢ 6 s 4 6 06 6 o 0 0 00 60 s9ceoaeeeslil

3, Garma SeAntd11ation Spectroneters « o o« s o o s o o o v s o v o o s 15
s, Gezma Spestrun of Na2' as Obtained on a Scintillation Spectremeter. 17
5¢ Gamnaeyey SpectroZraDh, o o« o ¢ o s 4 s 4 ¢ 2 6 2 s o 060 a0o s 18
6. Camaeray Spectrum of & Vegetation Sample eontaining 344 Day 01d

Fmout...................-..........ZO

7. Gama.yey Spectrun of Vegetation Sample Containing Week 01d

Pallout...-.a......‘..-...............21

8, Garma~rey Spectrun of Vegetation Sampled 3k Weeks after Fresh

Fmﬂutnoc.auo-¢otoucas‘n¢oootooooooozz

9+ Gamna«ray Spectrwn of the Fallout Radieisotopes showing the Energy

Increnent and Compion Correction for the lMessurement of each

mtop“b.c‘nd‘O-OQUCQCQQQOODOi.‘D.lIO%

10, Experimental Values for the Conpton and Photopeak Correstions

11, Saapling Equipment. . .
12, Couwnting EQuADm@Nts o o + o o o o ¢ s o o o o o o o
13, Sample Processing Baudmient o o o o s ¢ o s o o o o
16, 27177 Equalibriun Mixtwe Gamaeray Spectrun . .
17. ¢8'778a%%7 Ew1tbrton Mixture Gammasray Spectrum o
18. 1! Camanray Spectrmr ¢ 4 o b v e e 0 e s en o
19, CoV¥pt™ Brt14trivn Mixbure Gamasray Spectrun .
20.m’°3wmwayspootm..............
24, Ba¥0ra1% pratapeiun Msxture Camsaray Spectrmn .

141
22, Ce Garmaemray SpootIWn, o ¢ o ¢ ¢ 2 6 s e 0 0 & o

23.. %1% Brut1abetun Mxture Cammamrey Spectrum o
24y, Computer Progran for Elght Component System , , « o

14

L]

© & & 8 & ¢ & 0 & & 5 O 8 0 o 0

.

L}

*

.

.

.26
« N
.« R
« 33
o Uik
. W5
. 86
o 47
. 48
. 9
.« 50
. 51
. 53



254
26,
27.
28,
29,
30.
3.
32,
33.
4,

38

Canputer Progran for Four Conponent System o &

Daﬂ,vGrosaBe‘taM:ActiVity.a...o..._

Datly R %1% ana o1 pan Actavity . .

Datly Zrio?” and Cs'37 Adr Activity. o o o & o
Rain Versus Alr Activity (Gross Beta)e « o o o

Rain Versus Air Activity (Individual Isotopes) o «

Gross Beta Atr Activity Versus Zrib?> and Rut0%106 p3r Actavity

[

 J

e & & @

Gross Beta Adr Activity Versus Ca'?? and Cot™'*™™ sz activity.
w,mAMﬁwvwmvaty. ¢ e 6 060 0 e e e o

RainfAdr Activity Versus Rain Depthe « « o o o
Fain/Air Activity Versus Cloud Hedght. o o o «
Predicted Versus Measured Aiz/ain Activities,
Daily Isotope Percenfageﬁ. P .7. e s o800
Idst of ASr and fain Dat8, « o o o o e o o o o

-

.

*

L g

*

e

)

iv

. 5
. 5
. 60
. 61
. 62
. 63
. 6
. 65
. 66
. 67
. 63
. 69
. 70
.7



~FLRODUCTION.,

The pressnce of fission preduct radicactivity has been reported in
streams and waterwvays, foodstuffs, and sewage treatment plants. This
wrld wide distribution of radicastivity does mot repressnt an immediste
health hazard, but it may result in long term injury to hman health from
internal deposition.

Presently, the atmospherie radicactivity levels are but a fraction of
the level labeled "safe® by the U, S. Goverrment, FHowever, the "safe®
level is merely a temporaxy standard and tending te be reduced by further
understanding of the bilological effects of radiation. Alse, with sxpected
inoreases in the use of radioisotopes in industyy, medicine, and research
institutions; mining and chemical processing of wranmium ore; nuclear
reactors for power pruoduction and research; c¢hemical processing of spent
reacter elements for the recovery of muclear fuel; and fallout due to the
use of mwolear testing devices; the presence of fission product radice
activity in our envirorment will inorease. It may possibly increase into
the dangerous levels of eoncentrationsa.

Even the present "low" level of envirornmental radiation may present
& serious problem. The long term injury pessibls through genetis effects
nay be the most severs of problams te future generations. Radiation is
known o be the sause of mutations, Soms of these mutatlons are for the
good but the majority are for the worse, In the past, nature allowed only
the fit %o swrvive and thus weeded out the urwarbed mutations. However,
today with the advanced state of the medical preofession, the weaker, une
warbed mitations may survive, With the wxesireble mrtations being in the
najority, the long term effeot may be dewlutionary. For thess reasens,



studies such as that presented in this thesis are desirable.

The identification of the radicactive materials present in the fallout
is necessary for a meaningful assessment of the potential health hazard ef
the contamination present. The more difficult and yet important problem
eoncerming the radicactive pellution ef eur enviroment is to understand,
quantitatively, transfer mscharisms ef the radio mclides in the environe
rental media, in particular, from aly te rain,

This thesis 1a to irnvestigate the mechamism of radiemuclide transfer
from the etmosphere to the rain, Camma scintillation: spectrometry is
applied as 2 possible means of analyzing the transfer mechaniam of ine
ddvidual radiemclides. It is sttempted first to develsp a method for the
quantitative analysis of mixtures containing urknown amounts of garmaeray
emitting redioclsotopes. Secondly, the mechardism of the falleut rediomiclide
tronsfey from the atmosphere to ths rain is studied,

In the lobewatory, both gross beta count and garma ecdntillation
spectregraphs of aly and pain stmples are analyzeds A definite earralation
is found between raln concentration of a esrtaln radiomiclide and atmo-
spherie concentratien of the same mclide for all the radiemealides analyzed
in this study. |

In addition o0 the direct alr to rain activity relationship, sddie
tional parsmeters of importart influvence have been investigated, such as
vind veloeity, eloud height, climetologleal conditions and ethers.

This study is based en daily average samples, observed frem Sertember
1962 to July 1963 en the Michigan State University campus. Also, the species
of the radionmolides analyzed ave limited to the four long half life
f1ssion preductsy co ™1, cupa137, p,103+106 o1y 20m95,
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In 1957, Greenfield (13) made a theoretical analysis of the rain scaw
venging of radisactive particulate matter from the atmosphere. A two step
process was 4ivolved in the analysis for the collsction of particles by
waterwcloud droplets and subsecuent depositien by rainfall, It was eone
sidered that (a) a eertain percentage of particles wonld be gaptured by
waterweleud droplets, and (b) a certain percentage of the dnplcts would
be subsequently captured by falling raindreops.

It was concluded that, as a result of the oollision of falling rein-
drops with particles, particles with diametars lsss than hn.nﬂ.mns would
be removed in only mimite amunts, depending en the amount of yeinfall.

Also, the probability was very small that vatercloud droplets would
pick up sigmficent quantities of particlea with diameters greater than
0,08 mlerons, and the mechamism of droplet capture by raindrops would eccur
in a manner similar to the direct sapture of radioasiive particles.

Assuming & mean particle diameter of two microns, Greenfield showed
theoretically that over 97 percent of that radisactivity is scavenged by
diroet interaction with raindreps, For all practical purpeses, the rcm. -
moval is by direct impingement of falling raindrops with particulate
matiore

Ttagald and Koermma (14) interpreted the Oreenfield analysis to mean
that the predomdnant transfer mechanism was collisions between raindrops and
radicactive particles during the process ¢f raindrop descent. Thay meaw
sured the radiocactivity of seven rains at five different elevations and
found that the spealfig activity deereased with altitude.

Kruger, ot al., (15) neasured the consentretion ef Sr=90 in presipi-
tamnmmmhrgoacmupmmmouw storms, They

3



interpreted (reenfield's analysis as meaning that the predominant deposie
tion mechanism was by cloudedroplet capture and subsequent rainout. This
13 in apparent contradiction to the work of Itagaki and Koemma, By
exrining three rains they found evidence of correlation between cloud
ceiling and the ooncentration of Srw-90 1n the raimmaters The cloud celling
was interpreted to be & measure of the concentration of the radioactivity
resulting from the evaporation of the raindrop in the unsaturated layer of
alr near the gwmmwnd, |
Collins (16) explains this phenomenon on ths basis of certain neteoro-

logieal hypotheses; briefly, that precipitetion that empinates fron air
with less moisture ean preduce higher concentrations than alp with greater
noisturd since more aiy is needed to make th- same depth of rainfall, The

assutptien is :thamnt that arid reglons obtain rain from drier air and
that raindrops falling in arid regions undergo more evaporatinn than in
hrdd areas, thus emxiching the Sr«50 in the remaining liquid water.

Miyake, et, 8l4y (;17) have proposad an equation for the deposition

of radioactivity in terms of the concentration in the air and the amowstt
of precipitation, Thelr data are aesurately represented by the equation
when atmospheris activity is taken as & canstant over an extendad period
of tires However, in works by Norris (18) largs fluctuations in the cone
centrations of radicactive vdusts are observed, Fluctuations of sein’
activity may be due to these fluctuations in the toncentrations of
radicactive dust in the alr. Norris concludes that in the case of sumor
rains, CGreenfield's model does not apply. No rain was extensive to the
degree that the percentage of particles renoved from a vertical cylinder
was equal to the percentage of parﬁ.oles yooved from the entire radio-
active clouds The specifie activity of rain did mot appeayr to be related



to elther claud height o rain intensity. This tends to support Grenficld's
proposition that the fractien seavenged may be oconsidered to be independent
of rainfall intensity. Norris proposes a relationship, between specific
rain activity and the speedfic activity of alr at the tims of the rain,

of the form Cp = 223 C, »

At the Urdiversity of Michigan, Dingle (19), has undertaken to model
the rain process in somewhat more detall, sccounting for the size spectra
of cloud droplets, of raindreops, and of contamdinant particles in integrating
the rainegenaration and scavenging precesses layer by lsyer through a
hypothstical atmosphere, Wnfortunately, the esllectlon of data is not
sufficient at this time te moke comprehansive analyses., Dingle claims
Iis effort holds a great deal of promise and plans to presemt further
detalls and results in the near future,

Kruger sgys that in general, the fallout radicactivity oconcentration
in precipitation which reaches the ground is likely te be dependent upon
ths paransters listed below. {15)

1{¢ The height of the precipitation genarating level.

2, The precipitation generation amd growth mechanisms in the ¢loud,

3e The amount od radicactivity imtially in the alr masses participating
in the preciplitation process.

5. The previous precipitation experience of the aly at the generating
level,

6e The descent experience of the precipitation frem the eloud, in which
precipitation originates, to the ground

The data of Kruger (15), show that in each c¢ase the ground level
Sr~00 conosntretion follows closely the trends in the height of the eloud



cedling. A peorer correlation is moted for the average precipitation rate,
ard very little correlation is moted for the influence of previous pree
cipitation experience at the generating level, Variations are seen in

the individual showers. Ths largest Srw90 ooncentxfations are in the rain
which falls after the cloud has achieved its greatest vertical developrmnt.
Showers which occur further from frontal storm systems show lover concenw
trations but stil) with variations due to the changing height of the
precipitation generating level, _

In all the works performed to (iatez Sr=90 or gross beta analyses are

useds With the vast amourt of debris deposited in the atmosphere by
muclear tests, rany other Lsotopes are present., Alss becauss of natural
decay the relative amounts are constantly changing., It is thus possible
that a stuly of the individual isotopes will be more revealing than the
gross type analyses. Oamma scintillation spectrometry effers a possible
neans of analy~ing the transfer mechaniam of air activity to the rain.



Beginndng with the work ef Greenfield, a mmber of authors have pree
pared plausible sounding hypotheses én the transport of the radienuclides
in aixr to rain. However, nearly all authors have restricted their view
point %o ons basie parameters Itapgakl, with transfer via direct collisions
between rairdrops and radicactive particles; Kruger, with cloud«droplet
capture and subsequent rainout; Miyake, with the correction for the wind
velocity. :

In examining Oreenfield's work, the author feels that the wxphasq.s is
placed en the direct collision zpproach as furtherd by Itagakl and Koermuma.
Itagald and Koemma's proof is dependent vpon the observation that the
specific radioactivity ef rein was found to decrease with altitule. Hovie
ever, as desoribed by Collins, the observation does not automatically imply
such & generalization. Raindrops may begin their descent with an inltial
concentration. The change in concentration ebserved by Itageld and Kosermuma
nay be dus to the amount of evaperation & rainirep experiences during its
falle Thus, the specifis activity of the rain would decrease with ine
areasing sampling altitude, I the direct eollision of raindrops with
radicactive particles is an important mechanian, the specific activity
of rain should be dependert upon the speeifie astivity of the alr as
measped at the time of the rain. Experimental evidence will be presented
later which tends to strengthen thls propositien. Itagaki, Koerma, and
Kruger all observed an influence of eloud height upon the final specific
rain activity. Thelr observations are unfortunately only qualitative,
Although their results are ech used for preving opposite viewpoints, it is
irmortant to establish or disprove any relationships PFurther study en this



mechardsm 1s presented in this report.

If Kruger and Collins ave correct, a correlation between specific
rain activity end specific humdity should exist. To jJudge such & corre-
lation it would be neceszary to0 know the specifie sctivity of the rain at
the ¢loud height, With only ground lsvel observations available, this
would be impossible. However, ths relative Imddity idea may be of
assistanse in qualitatively explaining extreme points found in the experi-
mental studless S -

Urder the asswption that the basle mecharism of transport is via
direct cellizions, Norris proposed a correetion for differences in ground
level wind speeds, Fowever, the mmber of rains vas small, More impore
tantly, the velocities used were daily averages measured five miles distant
from the yain sampling locations It is quite probable that alr turbulence
increases the possibility of a raindrop « particulate matter collision
and that wind velocities mxy be used as an indication of this effect, Howe
ever, the data and results presented by Forris were insufficient and 2
‘eloser look at this mechanism is Justified,

The amount of precipitation is listed by Myake as an important
paraneter. Although this would not be so aceording te Greenfield, its
effect may actually existe For this reasen, the amount of presipitation
and its effect upon the specifie activity of yain water is measured and
will be discussed later, | |

The previcus experience of the aiy at the generating level was pre-
sented by Kruger as & possibly fuportant parameter, At present, it is
enly pesaible te ook at tids effech qualitatively, However, it nay be of
some irportance and therefore its effect will be detexrrined,



In the process of evaluating the possible paroreters, both gross
beta and ."uﬂividual isotope an~lyses will be used, Gress beta counts are
nade of a1l beta emitting 4sotopess Imdividual isotopes may be morTe re-
vealing since the amount ard proportions of each radioisotope changes
because of the addition of new radicactive debris and natural decay of the
old.



The gamma scintillation spectrometer is used 4o analyze the spectra
of gamaeray emitiing radiomueslides. The cormon sensing urdt used for the
detection ef radiation in a gam scintillation spectrumeter is a thallium
activated sodium iodide orystals In being ebsorbed in such a erystal,
gamma photons transfer all or a portion of their energy to orbital
electyons of the molexiles ewxposing the @xystal, These electrons lose
thelr energy by exciting and iormizing the moleoules cemposing the erystal.
The energy received by the moleoules is, in tum, given ¢ff in the forn
ef pulses of 1ight, part ef which are collscted ¢n the photocathede of
a miltiplier tube which is optically coupled to the arystal, The come
bination of erystal, photorltiplier tube, and arpliffer act as a scine
tillation counters (5) A dlagran otf the detector and accompanying photow
rmltiplier tube is shown in Flgure 1,

Garma~radiation 4s absorbed in the orystal by three principle processes:
(2) Photoslectrio, (b) Compton scattering, and (¢) Pair production, These
processes are scheatically diagramed in Figure 2,

Absorption of gamma photons in the erystal by the photoelectric proe
cess results in current pulses essentially representing the energy of the
incident photons, In the photaeleotrie effect, most of the emergy of the
gamas~ray is glven te an imer shell atoris elsctromwhich excapes from
the parert atom. This atomlc elactron leaves the parert atom with an
energy less than the energy of the gama pheton (less by an amount equal
to the binding energy of the atomic shell from which it escaped), The
_ photon energy is converted to an electrical pulss by the seintillation
erystal photomiltiplier aystems The parent stem, baing lefl in an sxcited

10
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state, soon gives off the remaining enorgy when an electron falls inte
the shell from which the photo-electron eamee

In Compton scattering, soms of the energy of the incldent garma
photon is trensfered to an orbital electron, the remainder of the energy
belng carried auay by the scattered photons The scattered photon may or
nay not be further absorbted in the erystals Again, because of the
relatively long resolving time of the detection equipment, any series of:
Compton intersctions followed by a final photoelectrie eapture within
the crystal will produce the signal proportienal to the energy of the
incident photons The photormltiplier tube can not distinguish between
two seperate light flashes if they are sirultaneous, ard in these ine
stances a current pulse representing thelr sum results, (1) Thus,
Compton scattering eccorpanied by photoelectrie abserption of the
scattered photon may yleld a pulse representing the energy ef the original
gama radiations In general, however, absorptions involving Compton
scattering yleld a spectrum of pulses with a maximm energy less than
the energy of the incident pma photon

In paiy production, amsitmm#moh«mnmmaw.‘ This
creation requires 1,022 Mev energy, the remaining of the incddent garma
photon appearing as kinstie ensrgy shared between the positren and the .
eleotyon. The positron and the electren loss thedr kinetio energy through
collisions with moleoules composing the erystal. After it is brought teo
rest, the pesitren amrdhilates with a nearby electron giving rise to two
photons, sach possessing 0.511 Mev emerzy. If the two ammihilation photons
escaps frum the erystal, the resulting pulse represents the ensrgy of the
incldent gamna photon minus 1.022 Mev. If beth are absorbed within the

12
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arystal, the pulse will represent the energy of the incident gamma pheton.(9)

Through use of sultable elsctronic circuits and disoriminators, it is
posgible ts count only pulses within & given energy range. Such an
instrunental set-up constitutes a gamma seintillation spectrometer. Iis
basie components are shown schematically in Figure 3.

The electrical mignal output of the photemiltiplier tube is directly
proportional to the event which caused the scintillation., However,
further amplification is necessary because the pulse is of the order of
mllivolts, and the pulses are in the order of volts when used for the
couwrrting process. (9). As described here, the spectrum is a ocurve showing
the numbe of pulses of any given energy &3 a function of energys The anale
yzer contains two disoriminators. Unless the voltage pulse is higher
than the setting on the lower discriminator, the pulse is rejected.

The second discriminator is set to reject woltage pulses sbove its
setting, The circults are arranged so that the second discriminator
setting is a wvoltage slightly higher than the first disoriminator setting.
The second setting 1s referred to as the "chamnel width®, The output of
the pulse analyzer is connected to a scaler t3 record the nurber of
pulses observed in a specified time,

To calibrate the curve in terms of Mev corresponding to any given
pulse helight setting, & radicactive sample with a known energy spectrum
is used. cs"' 137 with its single peak at 0.661 Mev i3 a very eommon
source material.

The N, «2}} spectrunm 1s an excsllent illustration of the priviously

mentioned principles. A study of the na-zb spectrmm reveals that there
are peaks at enercy levels of about 0.51. 1.02, '073. 2¢23, and 2,75 Mev,
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The fact that there are pesks at these snergies does not necessarily indicate
that na;u endts gama photons with all these snargles, It does indicate
that the scintillation equipment observed a considersble muber of events
havingthﬁsova.rlous energlea, To explain the various peaks it is
helpful to note that K -2 does emit gama photons having energles of

1,36 and 2.75 Hevs The peaks at these energies indicate the 1ikelihood

that considerable mubers of Na-2l garmamrays are completely absorbed in

a comgtan photoelectric serles of events. The 0.51 Mev pesk is produced
asa,multotpairpmdumonmmseqummmm but where

orf of the photons escapes the crystal. The 1.02 Mev peak scours with

)du absorption of both 0,51 Mev photons. The §.73 Mev peak is the kinetic
/ enargy of the pair preduction from & 2.75 Mev gameray (2.75 « 1.02 = 1.73).

" The 2,23 Mev peak 1s evidently the cbservatisn of & 0,51 event and & 1.73

evert where both evernts ocoured in less than ths resolution tims of the

equipment and thus were observed as a single event of anorg" 2423 Mev,

This 1s called a sum peak. (9)

The broadness of the peaks is attributed to a certain extent to
Corpton scattering where only a part of the energy was given up to the
crystal wvhils the remainder escaped and was not ebserved.

Because of the mechanism of its operation, the garma seintillation
spectrometer affords an excellent means for £he study of the basie processes
by which garma radiation interacts with matters (1) More importantly,
the spectrareter makes possible an analysis which does not demand districe
tion of the samples Also, & measurement of the peak area ( at least for

simpls spectra) gives a direct indication of the isotope concentration.
The mixing of a nurber of isotopes greatly complicates the analysis and

will be discussed later in this report.
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Gamma-yuys resulting from the decsy of radicisetopes are emitted in
discreet energy levels and undergo only slight attenustion in materials
with Jow atoxde numbers, These properties have psrmitted quantitative
spectrometyic analysis of certain mixtures of redioisotopes in samples
of tissus and bone from axperimental animals, in various food materials,
and also in humans, (5,6) By similar methods ef analysis it is possible
to quantitatively measure redioisotopes resulting from fallout ozvother
such sources. The problmm of measuring radioactive fallout is simplified
by the fact that the mxture of isstopes is generally restricted to
rathey definite compositiens,

The gumaeray spectm of "fresh fallout® redicisctopes, present on
vegetation three to four days aftar fission (see Pigure 6) is the result
of a complex mixture econtaining many short lived redioisotopes. A quante.
itative gammaray spectaomsiris andlysis of the individual gammaersy
emitting radieisotopes in such a mixture would be very difficult.

About one wesk aftey fission, many of the short lived radioldsotopes
have deczyed, and a less complex gama=ray speotiun is observed.(see
Figure 7) After a three to four week decay period, the short lived
redicisotopes have decayed to insigmificant concentrations and the garmae
ray spectru: possesses five characteristic photopeaks (ses FMgure 8),
due to Co™™, cor'™, Ra'031%, 7095, ard Ba1a'™, Prom tiis tine
until the isotopes have decayed beyend detection, it is possible to
neasupe them with reasonable accuragy from the gammaray spestrum of the
samples

In addition te occasional large amounts of fresh fallout from tests
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as in Nevada, there is a contimual slow falleut of radioisotopes fyom
atemic detonations at more remote locations on the globe. The material
from these tests consists largely of the longer lived isotapess CsBa' >,
ce!™, co'™, mu'93, m1%, and 2r1%5; and does mot usually contain
sigrificant amounts of Balal™ or I'Y, (7)

The general method employed for measuring the cencentrations of the
various isotopes is graphically illustrated in Figure 4, The counting
rate at the Bala'™ photopesk 1s directly proportional to the amourt
of this isotope present. The "net oounting rate” at the Zrib’> photoe
peak yequires a correction for the sontmitartion Ivonm Bﬂa‘w as well as
for some of the other isotopes. Similar uomct.ioz}s are required for the
renaining isotopes. After these "Compton Corrections® have been made,
the net counting rate of each characteristiec photopeak is proportional
to the amount of isotope present,

A discussion of the specific o@:ﬁitd.ons_tor making the gamma-ray
spectrograph and the methods used in calibrating the equipment are
inoluded in the experimental section.

The graphical method is not sufficient =ince it produces many
additionsl errors. Another similar method might be to algebraically
handls the *Compton cax'zjoatiom.'

In a case where eight 1s0topes are 0 be measured fyom a garmaeray
spsctrmun and each offers a eontribution ¢0 the counting rate, the
calculation of ths nst photopeak counting rates of the individual is0w
topes requires tha s0lution Of eight similtaneous squations £or the
odght wadwns.

A genmral ,aoluuon for the system may be calculated as follows:
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Let A,5,0,D,E,F,0, and E refer to the activity in micro micro curies
for each of the eight radioisctopes present respectively,

PiJ will refer to the ratio of the count rate in channel "i" with the
total activity of isotope "j", e.z.

P1A = Count rate in channel one as caused by isotope A

Activity (uuc) of isotope A

Therefore eight simultaneous equations may be written and their
solutions ylelding A,B,C,D,E,F,G,and H, Let K1, K2, K3, K4, K5, K6, K7,
and K8 represent the total count in channals 1,2,3,4,5,6,7,8 respecttively,
Therefores

Ki= PlaA+PIbB+Pl¢eC+PIAD+PleE+PILF +PlgG+PhH

K2=P2aA +PHB+FC+F2AD+PeE+P2AF +P2g0+P2h R

K3im PlaA+PhbB+PC+PD+PIE+PXTF +P3zG+P3h H

K4 = MA+mB+MG+mD+ﬂ-B+Mr+mg0+PImn

K52 PSaA+PbB+P5oC+PdD+PSeE+P5CF +P5g G +Psh H

K6= Poa A +P6bB+P6aC +P6dD +PSeE+PSL P + Pbg G+ P6h H

k7= PlaA+PHB+PleC+PHAD+PPeE+PILF +PgG+Ph H

KB= PSaA+PSbB+P8aC+P8AD+PSaR+PSLF +P8g G+ PEhH

Th.vﬂuaf?iammthoobtm.dupmtmy. For the spectroe
graph as used for this report, the values for Pid are given in Figure 10,

Since &1l the samples analysed for this repert contained only four
major 4sotopes, the process was further simplified by using enly four
simltaneous equations,

Kt = ,5559A + .25980 + AS561F + ,08648

Jh = (00834 + ,2646D + 31137 + ,0250H

KS = ,0081A + ,$469D + ,6645F + 21498

K7 = ,0060A + ,1275D + ,8703F + ,0002H



For ease in computation, a Fortran eomputer progran was used in
solving these equations, The program for both eigsht and four component
systens 19 given in the appendix,

FIGURE {0
EXPERTMENTAL VALUES FOR THE COMPTON
AND PHOTOPEAK CCRRECTLORS
Isotope Pt r2 P3 Ph Ps P6 24 P8
g ce!™ 55580 .0t77 00916 00830 00770 008 00596 00550
B caPr'™ 36270 .0M30 03211 ,02753 02552 .03050 02133 01872
cxPt 16801 L3151 60032 L0183 03036 02119 0.0000 00000
Dm'® 11511 10472 ,08023 .25600 . 14063 01370 01073 0084
B Rnt® 25070 19841 18913 L2645 02156 L0168 01275 01096
P Zob?S 85610 L58502 42387 (327 43731 J66453 87030 04390
o Bata'™  wigsh 20368 21377 L35052 .20153 07705 L 16516 Lopoe2
B caBa'¥ 08639 ,09369 05907 02501 LoM42h 29488 ,00018 00032



LABORATONY. TNSTRCTITATION AND 20C

Following are descriptions of the air sampling, rain sampling, and
counting arrangenents and procedures, The apparatus is shown in Figures
11, 12, and 13,

Mr Senpling

Two techniques ef air sampling were employed. One method was used for
gross beta ana:lyseé we another for the gamawray spectrometric analyses,

For the gross beta analysis, apmmﬁtdyﬂdrtycubiemébe:-aofair
were sampled every twentysfowr hours through a Millipore filter. This
amall volune results in a slightly reduced reliability due to eounting
statisties vhen compared to the "standard” high volune fihrous filter
methed, The fibrous filter introduces an error as the result of partie
oulate matter which penetrates and 4s stored within the filter matrix,
These particles are never cowntsd whem the gross beta method of analysis
1 used, and aceording to Cotton (10) this "effect cannot be accurately
carpensated by oalculatidm.' The Pﬁ.lliporo Miter has the rharacteristie
afretaimngbnthamraceaHparﬁcleawhieharelargerﬂmthe
specified pore size, ‘mmtoro. there i.s nogngiblo sbsorption of
radioact.ivity by the filter natrix,

Aly samples for beta comta.ng ware takn on & twenty=four hour basis
at a flow rate of 25 1iters pumimxto. m:lnuw rate was then
corrected for pressure drop. The filters were mounted and stored in a
dessicator until counted,

For garmawray seintillation counting a large counterate is necessary,
For this reason a larger volums of air was used than that, produced by the
Millipere filter systen. Instead a model (HASe4 Ataic Products Corp. )



28

hizh volune air sampler with a (TFA 2133) felt filter was used.

Alr samples for gamma counting were taken on a twenty-four hour basis
at a flow rate of 35 cubie feet per mimite, The filters were then placed
in one ounce bottles for counting.
findn Soosldns

Under the assuiption that a knowledge of thae distribution of radioce
activity in rain would be revealinz, a collection basin wos situated
on the roof of the Enzineoring Building. The basin was desimned of
16 gouge shoet metal with an area of 35 square feet, Rain samples were
usually about thirty liters in volume,

One liter of the rain sanple was evaporated and its residue placad
on & counting planchet for beta eounting, The procedure used was in all
essentials the same as that described by Setter, Haéee. and Straub, (11)
Techniques for preparing radiocactive samples on planchets is deseribed by
the Fuclear Chicage Corporation, (12)

The remaining rain was used for gama ¢ounting, This large volume
of rain wos evaporated in shallow pans, one meter square and heated by
5ix 250 watt infra=red heating lamps, The residue was then washed into
a an2ll glass bottle for eoumting,

Sowmblng

All beta counting was performed with a gasflow proportional
counter with a 2,5 millivolt sensitivity, A blanket counting efficiency
of £i7ty percent was assumed for all samples,

The fifiy percent was assumed so that the results could be ooie
pared, at the same order of magnitude, with other data, If "absolute
disintegration rates® ware needed, ssperate afflciencies would have to
be determined for each sample, However, fifty percent closely approxie
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notes the eflficieney of gas flow comters of this type as well as
arrecing with eperinental values for individusl isotopes.
The following vroccdurs was used,
1. A backoround count of 500 counts was talion before each counting
so3sion, Tais wos subtracted from the totad coumtinz rate for each sample,
2, ne thousand counts were taken on each sanple 47 days afier
sariplinz, Two or three additional counts were taken at 4w? day intervals,
3. The sanple counting rates were extrapolated back to the tims of
sarple colloctlon, The extrapolated counting rates were converted to
niero micro curies per liter according tos

wefif = ﬁ%ﬁ%‘tﬁﬁg TFlciency J(volme of air in i)

roin saple in Ly
A Mieclear Chicago single channel analyzer with a Mal (T1) detestor

wos used for the gamaieray spectrometrid measuraments, A photozraph

of the analyzer, detoctor, associated lead ehield, and scaler is shown
in Firure 12, The goneral operations of the analyzer is incluioed in
tre instruction manmal, The detactor 4s a three inch by three inch lal
(T1) well erysial (Hershaw Chemiesl Company) mounted on & Dwiont rmltie
plier phototube, The sample container, & one ocunce glass bottle, is
placed directly within the erystal recess,

A high voltage of about 2000 volts was used en the multiplier
phototube and was adjusted to eenter the 0,661 Mev Cs'27 photopeak with
a channel width of 0,060 Mev,

Enoun anounts, of each expected isotope, ware counted with the
spactroneter so as to determine the counting efficiency of each, The
rosultsv of this analysis are shown in Fizuwre 5, The procedure used
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w8 essentially the same as used for beta counting, &went 1000 counts were
aken in each of the sixteen ,060 Mev channels, Also, the gamma eounting

was performed only once, this being rmetiately after each sampling

period ended,
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COLLECTTON EFFICTIENCY OF TR FILIZLNs POVIP T

The efficiency of any particular sanpler, especlally one used to
detect radioactive notter, 1s ultinately determined by the type of filter
material wsed, The detection of high charze, low penetration particulate
notter such as alpha particles requires the use of a tight weave, fine
grade filter while beta particles and garma radiation are best counted
from more porous f£ilters permitiing greatar air flow,

Dospite the availability of more efficlent air saplingz fllters, felt
filters were used for air sampling for gama comting, Because of its
cauparatively low resistance to flow, it was selected over the cellulose
pipers, However, for a meaningful analysis to exist, the efficlency of
the filtering system rust be known,

This chapter descrlbes work perfommed to determine the eollection
effictency of TFA fw2153 £t filters,

The A\ Millipore filter was chosen as tha standard of measurenent
becouse of 1ts noar perfect efficiency, However, allowances were
necessary since the Mi1lipore filter operates in the velocity ranze of
200 fpr while the felt filters in the velooity range of 400 fpm,

A, Ooetz (10) used Cobalt Oxide fime particles of size 0.0 to 0,02
. mdcrons at the rate of ten liters per minute, With this he danonsircted

2% one particle in 500,000 passed the filter maibrane, Merrill
Esemut (11) measured the efficiency of the lm.npbri f.1ter as 100
percant down to 0.1 micren,

Thus for particulate matter greater than 0.1 micron, ¢ne may use
1411ipore f9lters with conﬂ.dméo that 4ts efficiency is {00 percent,
However, for atmospherdie fission products, the particle size distributlon
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appears to contadn a percentage of matter which 4s smnller than the 0.1
ricron 1irdt, These porticles nay not be efficiently trarned by the
MAipore fllter nmatrix, Ciudz, qualitative nedsurenents of thess partie
¢les show that thelr effect is neglisible, This 1s duwe, probebly since the
"fine pzirticles have insufficlent inertla to penetrate the falling raife
drop, and are instead merely pushed asids, Throughout this report the
effect of these fine submicron particles is essuied naglizible, Further
and more exnct werk will be necessary to completely astablish the true
extent of the subriicron particlels influence. At ay rate, vhen cole
pared to the Mllipore filter?s hich efficiency; that determined for the
£clt £41tars should be meaninsful,

The f£olt filter wms placad in an Atarle Products Corporation
nodel HASe# hizh volume sampler and run at 35 efm, An Ad Millipore
fillter was placed in a filter holder, which was then placed directly
in the high volime sampler's exhaust and run at 251m, Simultaneously,
another H11lipore filtering systan was placed receiving fresh air fram
outside tha Enzineering Bullding,

Each filtor was then mmn for twentyefour hours, The two Millipore
fAlters viore nomted and beta counted with a gas flow provortional
comter,

Defining the filter efficiency ast

2 no o N0, 2

n
cpm, fllter no,

For the arrangenent used here, this efficienzy was n = 87,67,
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Using the method of analysis as desoribed in chopter five it was
possible to quantitatively measure radioisotopes resulting from fallout in
both air and rain samples, The laberatory setup meets all eriteria of
sirplieity and adaptability. The data produced is both quantitatively
and statistically relisdle,

N when young fission produats are axpected (such as in Mours 6),
quantitative analyses becanms quite laborous sines approximately eight
wknowns exist, However, when analyses ars mede of long-dived radioastive
fallout, only four radioclsotopes are needed to describe the sample., With
only four “wnknowns® the resulting eimultaneous equations may be solved

directly using determenents, This results in relatively easy equations which

¥iald the four unknown activities after a minimum of ealeulations, However,
for more wnknowns, calculatdons would approach the impossible and eamputer
prograns prove to be indispensible, In either ease, the computer serves
to save tine and was used threughout this report.

To check the accuracy of this method, known amounts of seven isetopes
vwere mixsd, The sarple was them treated as an wnknown and the activity
ef sach isotope salculated, The resulting errors are al) within or near
ten parcent which is quite good emnsidering the difficulty of preparing
accurate samples,

This nethod is more than adequate for the quantitative analysis of
rnixtures contalndng uninown amounts of garmaeray emitiing radioisotopes,

36
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Activity Activi

Isotope (ealoulated) (actual Error (%)
Ge'“ 2h, 79 22,600 9.7
R 18,010 18,200 «1.0
131 2,53% 2,300 10.2
Rurp 100 9,989 10,120 1.3
Zrip9> 24, 10% 25,200 o3
BaLa !0 9,090 94760 .6
csBal? 27,100 28,600 543

Ita.«:md, ioem:ma, and Kruger each elainm an influence of eloud heizht
upon the £inal specific rain activity, Itagaki and Koenuma measured the
radioactivity of seven rains at five different elevations and found that
the specific activity decressed with altitude, On the other hand, the
author has made 76 ground level observationsi the apeciﬁ& activity of
vwhich 1s plotted versus cloud height, (Figure 35) This data shows no
relationship between the specific rain activity and the cloud height,
This apparent contradiction may be explained by ;:d.thar of two possible
causes, First, the author used only cloud ceiling measurements, and since
'r.tﬁ_.s makes no allowance for the oloud thislimess, the possible error in
neasuranents may cause the apparent discrepenay, Secondly, as explained
by Kruger, et, al.y the distance a reindrop falls may be interpreted to
be a measure of the concentration of radicactivity resulting from raine
drop evaporation throuch the unsaturated layer of air near the ground,
More precise elonvd heizht measurenents are needed to clear this point,

Norris! interpretation suggests that, for sumer precipitation, an
equation of the fornm

C, = Ky + kv"cA

might be more desariptive, In this equation, xm is a constant for the



specii’ic atnospherie activity, and V is the wind speed, Cx and C, are
respectively the specifie rain and alr activities, and k and n are
additional constants, Figure 33 confirms that some relationship exists
betuwzen rain activity and wind speed, IHowever, the relatlonship is
linear in nature,

In addition, the specific activity of rain did not appear to be ralated
to the anownt of rainfall, This tends to support Creanfield's proposition
that the fraction scavenged may be considered to be independent of
rainfall intensity, |

Figures 29 and 30 show a direct corrslation betreen alr activity
and rain activity. The pgross beta analysis shows two curves, one for
exrly spring rains and another for the sumer rains, The difference is
probably due to the additional upper atnospherie turbulence as typified
during the early spring months,

Since only spring rains were analyzed for the individual isotopes,
they do not exhibit the two curve charactaristio, see Filgures 29 and 30,
Howovar, in each ease the relationship betwosn air and rain activity
appoars to be linear,

Thma it appears that rain activity depends basically upon two
paraneters, alr activity and wind speed, Using the data of Figures
29 and 30, it appears this relationship is of the form

Apaanfinge = (G * GV
If the velocity is meamured in niles per hour, this equation beocomes
ARIAA = 190 + 15,4V, Unfortunately, the enly wind speeds available
were average daily valuesg the trus wind speed may vary greatly with
tine, Hore ¢losely measured velouities may show & better correlation
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Using the averaps daily values, a bettear £it to the data i3 found Af the
equation 13 used as
AR/"“A = 324 + {0V (seo Fimure 36).

sing the field study as described above, it 1s possibls to hypo=
thesize about the . ansfer mechanisn of fallout radionuclides from the
atnosphers to the rain, Since the amount of radiocactivity captured by
the rain wos found to be proportional to the anount of radiocactive
particles presanted to the falling raindrop, it is justifiable to assume
that ths mechania of transport i1s basically throush direct collision.
However, a certain parcentoze of particles may be captwred by water
cloud droplets, It does appear that this percentage s small, A nore
corplete experinantal program will be nocessary to establish the actual
anount, Also, the usasze of daily averaces has reduced the accuracy of
the study., It is recamended that averages of smaller tinme duration be
used in any further studies,



CONCIUSTONS

The following general conalusions ars drawn from this study,
(1) The Gammawrey Spectremetric system of analysis and the laberatery setup
meets ajj erliearla of simplieity and are both quantitatively useful and
statistiocally reliabla,
(2) The relationship between rain activity and air activity at the time
ofrai.nappoarsmmabhuudwmdbycr-J%Ga¢ '
(3) Some relationship between rain activity and wind spead at the tine
of rain sppearw evident, However, daily mean velooities do not seen
sufficlent, Possibly, wind velocities averaged dwing the rainfall would
ba more descriptive, The data is desaribed, quite acourately, by the
relationship, C, = Bhe, +0V,
(¥) The specifio activity of rain did not sppear to be related to either
elond hedght or rein intensity,
(5) The mechanism of fallout radiormelide transfer from the atmosphere
te rain is basieally through direot eollisions between falling raindrops
and the radioactive partionlate matter, |
(6) Dally averages of air activity, rain activity, wind speed, cloud
hedght, and rain intensity are of too long 2 tine duration, Murther
studles should use smaller time averages of the above paramateré.
(7) Conocentrations of submiaron radicactive particle are presant in the
atmosphere, However, they are not seavenged by the rain and may therefors
be neglected in considerations on the mechanisms of radiomuclide transfer.
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GAZY=RAY SPECTRA_OF THE
FALLOUT RADTOTSOTOPES,

The gammawray spectra of Cou". CePr‘M’, 1131, rm’oB. mml’%’ 21?2
and Bal.awo are presented as Figures 16 through 23,
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BaLa-140 EQUILIBRIUM
MIXTURE GAMMA-RAY SPECTRUM

loz. AQUEOUS SOLUTION,luuc Ba-440
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APPIDIY B

3 _SOLUTION OF FIFIT AUD

FOUR COMPONTHT SYSTENS



PROGRAM TO SOLVE 8 X 8 SIMULTANEOUS EQUATIONS HAUGEN
PROGRAM TO SOLVE 8 X 8 SIMULTANEOUS EQUATIONS

%wz( )s C(N,8
3 FORAT(P10 9"121.

* RE\D é’:déé’ 3) 94, aS.:-«.u)

I

nc.b.ﬂo 4,F10,4,F10,.4)

SRR
o

888
583
oo

8

v B
585
e .
Ty iy

e
il

FORMAT
7mo fzxmo 32X, Fio
PORMAT(170, 2X, 1HT
)
]
00 CONTINUE
BD
¢ SUBPROGRAM SIMEQ
SUBROUTLIE STITR
SDERSIoN A(8,9),B(8,9)
»
IF ACCUMULATOR OVERFLOW 2,
3 39 REVISR GIAE 23,23
23 NR=8
HO=HRH
w ‘ m.m
M=

21 DO 18
R

g
2§ IF ACCUMULATOR DW 3ok

CONTINUE
AQu,M)=1,
G0 70 20

19 A(H}}G(H.I?)

IF(10%NR) 5.5.
5 DO M

A(H nh(m,n)

30HAUGENSEMULTANEOUS EQUATIONS)
=

9),11=1,8)

53

1H2.13 61.710.3.2!,!’10.3.21.?10.3.2!.1'10.3.21.’10.3.21.
h? 11X, 1B, 11X, 1HC, 11X, 1HD, 11X, HE, 11X,



7 AQD4,N)=T
GO T0 21
6 PAUSE 0%
RETURN
20 DO f M=t NR
IF (Nai4) 8,1,8
8 DO 9 IT=IT,NC
AN, IT)=A(N, ITY*A (N M)
IF ACCITULATOR OVERFLOW 6,9
9 CONTINUE
A(N,}M)=0,
1 CONTLY
RETURN
ED

LRORTANTY
In lines 4, 7, and 11; Replace letter 'N! with the mmber of days of

deta to be analyzed,




¢

PROGRAM TO SOLVE 4 X 4 SIMULTANEOUS BQUATIONS  HAUGEN
mnmmmkthmmnom

COMION A
DIMENSION Z(k i{o e(N u), A(‘b 2
)

’

> B
§ aJ).m.uS.:h.n)

FORMAT (1H2,13 sx.m.s.a 0.3 22
gromm(tmix far,15%, 1A, 11 n&ﬁg

PRINT 718, (AL ) ket )t “‘
00 CONTINUE

mmmon A(l,5),8(4,5)
IF ACCUMULATOR OVERFLOW

2 IF DIVIDE CHECK 23,23
23 Hi=l

21 DO 48 N, NC
18 B(n‘w)-m.x)

A(nag (H,IT)/A( zim

22 IF AMAWR
4 CONTINUE
A(n*g)d.

3 DO 19 IT=d, NC

19 A(u.n{-e(x.zr)

T (M
fni-a(m.m

A g
£t

55



56

€ PAUSE 01
RETURN
20 DO 1 =12
IF (i) 8,1,8
8 DO 9 IT=INI,NC
AQH,IT)=AC,IT)=A (M, TT)*A (0, 1)
IF ACCUIULATCR OVERFLOW 6,9
9 COLTIIUE
A(11,}1)=0,
1 COUTIIUE
RETUW
EID

5 R’I‘j\?q L
In lines &, 7, axnd 113 Replace letter !N! with the number of days of
dota to be analyzed,
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Sample Preparations

1,
2,
3.
b,
5e
6,
e
84
9.

Counting

1.
2,

Type AL, 47 m dlameter Fillipore filters and holder
TFA §2133 "High Volue® felt filters

Rotometer, 30 liters per minute capacity

Hanoneter

Building Vacuun system

Hedé "high Volume® air sarpler

Pain Collection Basin

Rain evaporation pans

250aratt Anfra-red lanps

liuclear Chicage singzle channel analyzer model #1810
Ruclear Chicago Hodel 186 scaler, G=1$0B autamatie sample changer

and Ce1{1B printing timer,
3« Gas flow proportional counter with preamplifier and ricromil
window, N, C, model #180

b,

Sample mounts, copper sample pans, and one ounce bottles of glass

72
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