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This dissertation deals with radiocactive condi-
tioning of domestic water supplies. It is believed that in
order that an engineer may be able to condition water
radioactively, he must know at least four things. Firstly,
he must know what is radioactivity and nature of radiations,
secondly the grave health hazards caused by the presence of
excess of radioactivity in drinking water, thirdly the ins-
truments, appliances and techniques employed in detection
and measurement of radloactivity, and lastly methods of
removing radloactive contaminants from watér by various

water treatment processes,

An effort has been made to emphasise and discuss
all these aspects, speclally the last one. The data and
results included are not claimed as the Author's own
findings but are a systematic collection and compilation

from various sources.
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QRUCTIO

The topic of "Radloactive Conditioning of Domestic
Water Supplies" has abruptly gained importance during the
last few years. Owing to a number of nuclear tests and
extensive use of radiocactive isoclopes in various fields such
"~ as scientific, industrial, research and medical etc., the
sources of water supplies have recently been contaminated
with radioactive materials. -Extensive research has been
undertaken in various countries to explore the harmful effect:
of radioactiviﬁy and soon it was established that for safety
vaters used for drinking purposes should contain the least
possible amounts of radloactive elements. Consequently,
engineers investigated methods for decontaminating waters
which have been polluted by fadioactive substances. Subse
tantial work has been done at various research laboratories
and an effort has been made to present the useful information

obtained as a result of these investigations,

The treatment of water for radicactivity has al~
ready been started in various countries and it has earned
the same importance and status as other conventional water

treatment processes. The author feels the necessity of

5



monitering radliocactivity at least in waters that constitute
the important sources of supply in India - for example
Bombay and Tarapore where we propose to set up‘our nuclear
power station, and suitable treatment processes adopted to
condition water radiocactively. This happens to be the
source of inspiration for undertaking this study. An attempt
has, therefore, been made to provide all that an englneer
incharge of water-works requires in the form of background
for the subject. It is pertinent to point out that this
study is based on uptodate thinking and recent tren&s in
radloactive conditioning of water and it is possible that
they may be modified, ammended or radically changed by fur-
ther investigation and lapse of time.
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ELEMENTARY CONCEPT OF RADIOACTIVITY

1., Introduction

Before going into the details of the detection and
removal of radiocactivity from drinking water and other all-
ied problems it is important to know vhat exactly radio-
activity 1s. In order to understand radioactivity one must
have the basic knowledge of the structure of atom. There
is a very close relation between the structure of atom and
radicactivity. Here, therefore, an attempt has been made
to include something about the structure of atom and laws
governing the structural changes in atoms iﬁ a brief and
comprehensive manner, Units of radioactivif} and certain
definitions which would be useful throughauf have also‘been
explained; It should be appreciated that faﬁioactivity as
such falls under the domain of Physiecs or Radio—Chemistry
and much vwvork has been done on this topic. W% have to view
the topic through an engineers eye. With this in mind
enough backgfound 1s being provided in this éhapter to per=-
mit understanding of the terms, units, formulae and other

statements related to radiocactivity,



2, Historical

The selence of radioactivity deals with atomic
transformations and may be considered to date from 1895 when
Roentgen discovered a new form of radiation from cathode~
ray tubes, The rays caused certain salts to become lumine-
scent and also affected photographic plates. These aro
called roentgen rays or X-rays,

u In 1898, Pierre and Marie Curie concluded that the
- X~rays from uranium wvere an atomic phenomenon characteristic
of the elements, and they introduced the name radioactivity.
The Curies pursued their studies of radioactive materials
with great vigour, They found that compounds of thorium
emitted rays similar to.those of!uranium; They also noted
that certain ores of urdnium were more radioactive than
urahium itself.(l){ Thid led to a search for othar materials
in the residues remaining after uranium extraction, Two
ney radioasctive eléments were 1isolated, polonium and radium.
Radium is several thousand times more radioactive than

- uraniun, e

3. 4Atomic Structure

4

‘Modern concepts of atomic structure are largely
the result of kno&ledge gained from the behaviour of radio-
activeimaterials. It is'difficult'therefore to dlscuss one
without considering the other. Prior to the discovery of
radioactivity, atoms were considered to be'indivisible.



With the discovery that radiocactive materials emitted posi-
tively and negatively charged particles, the foundation was

laid for a new concept.(2)
4, Huclear Theory

By 1900 it was realised that atoms are not indivi-
sible. However, it was not until 1911 that Rutherford pro-
posed the nuclear concept of the atom. This theory held
that atoms were composed of a small positively charged nu-
cleus, containing most of the mass of the atom, with a cloud

of negatively charged electrons surrounding it. (2)
5. Electron Orbits

Bohr was the first to propose that the electrons
about the nucleus of an afom are arranged in a methodical
manner and revolve in orbits about the nucleus, (3) Alth-
ough, his theory propounded in 1913, has undergone some
refinements, it remains the basis of our modern day knouw
ledge. The present tendency is to think of the electrons
as belng arranged in shells about the nucleus. (4) A major
¢ontribution was made to the Bohr theory by Sommerfield who
has shown that the eléctrons within a given shell occur in
several energy levels. (1) Other contributions particu-
larly with respeet to chemical properties, were made by
Langmuir (Octet‘theory), Mosely, G.N. Lewis and W.Kossel,

The simplest atoms, hydrogen and helium, have one

shell of electrons and the most complex have seven. The

10
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'shells or rings are designated as K, L, M, N, O, P and Q {n
the order of their inereasing remoteness from the nucleus,
Thé arrangements of electrons for a number of elements is
given in Table 1, Over the course of ensuing years, the
positively charged nucleus was considered to consist of
protons and electrons, except in the case of hydrogen atoms
(1Hl)a The protons were always in excess of the electrons
in the nuciéus, and this excess was equal to the planetary

electrons; thus the net charge on an atom was zero.
6, Neutron - Proton Concept of Rueclear Structure

- In 1930, Bothe and Becker discovered a very pene=
trating secondary radiation when light elements such as
beryllium and lithium, were subjected to bombardment by
alpha particles from polonium. (2) The new rays were first
thought to be X~-rays of very short wavelength. In 1932,
Chadwick showed this secondary radiation to be made up of
neutral particles having 2 mass comparable to that of pro-
ton. The new particles were given the name neutrons, and
since their source was obviously the nucleus of the bombar~

ded atoms, a new concept of nuclear structure evolved.

According to present day knowledge, the nucleus of
all atoms, except the simple hydrogen atoms, consists of
both neutrons and protons. The number of'protons correspo=
nds to the atomic number and is equal to the number of

electrons about the nueleus. (3) The number of neutrons
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is equal to the atomic weight (expressed as the nearest
whole number ) less the numbag of protons., The structuro of
the atom may be represented as shown in Figure 1. The
nuclous has the diameter of the order of 10"12 to 10~13 om
and the atom a dlameter of about 10™° em. The density of
nuclear matter is tromendous. It is estimated that one

cubic centimeter would weigh 10% tons.(5)

7. Nomenculture of Isotopes
All isotopes of the same element have the same

number of electrons, and of course, the same number of
protons. Since the masses of the isotopes vary, the
number of neutrous must vary. 1In order to differentiate
between isotopes a new system of symbol writing had to be
developed., The system is vouge in the United States inclu-
des the,ntbmic number as a subscript Just before the symbol
- and the atomic weight, or mass number as a subscript after
the symbol., For example, 82 s 82 s 82 y and

p208 ppe04 v
.g2Ff represent (82 ) four isotopic forms of lead
all of which have 82 protons and 82 electrons, Since the
atomic¢ number of a given element is always the same, it

- is frequently eliminated when discussing isotopes.

Howa%er, in radicactive changes involving trans~-
mutation of one element into another, such as in the con~
version of U22° to szoe, the change is best shown by
9@“238 Szybzos. Any one familiar with radiochemistry

14
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knows that such a change cannot occur in one step and that

several intermedlate steps are involved. See Figure 2,

8, Natural Radioactivity

Over 40 kinds of atoms are known that display the
property of natural radioactivity. Most of these have ato-
mic welghts greater than 200.(4) The heavy-motal radio-
active elements fall into three seriest uranium, thorium
and actinium. The uranium series has US98 a5 its parent
substance and after fourteen successive transformations have
occurred,the end product is Pv20%, Thorium (Th232) is the
parent substance of the thorium series, After ten trans-
formations it remains as Pb208, The parent element of the
actinium series is U°S° and after eleven transformations,
it remains as Ph207, This series takes its name from the

fact fhat Pa231(preactinium) and Ac227 {(actinium) are long
| lived elements formed as steps in the transformation. The
uranium series 1s sometimes called the radium series for
the same reason, The sveps in the radioactive decay are
shown in Fig. 2. Th232 ana U%3% gecay through similar

steps.
9 Nature of Radlations

Barly workers with radloactive materials were
cognizant of the presence of only one form of radiation,and
its properties wefe similar to those of X-rays. Later
investigations established the presence of three kinds of

16



rays designated as alpha, beta and gamma rays. Separation
and identification were accomplished by directing the rays
through. 4 magnetic field, as shown in Fig.3. Under the
influence of magnetie field certain rays were bent slightly'
toward the negative pole. This phenomenon indicated that
they had a positive charge and, probabdbly, were of conside-
rable mass. These are called alpha rays, Other rays were
bent radically toward the'pééitive pole, showing them to be
negatively charged, and;probably of smaller mass. These
are called beta rays. A third group of rays were unaffected
by the magnetic fileld indicating an absence of charge and

are called gamma rays.
Alpha Rays

Alpha rays are not true rays as are light and
X-rays. They consiét of particles of matter and, therefore,
should be referred to as alpha particles (2). Alpha par=-
ticles are actually doubly charged ions of helium with a
mass of 4, (3) Although these are propelled from the nuc=-
leus of atom at velocities ranging from 1.4 to_z\x 109 en/
sec.(about 10 per cent of thevalbcity of iight), they do
hot travel much more than a few cm. in air at room tempe-
rature. They may be stopped by an ordinary sheet of paper.
The alpha particles emitted by a particular element are all
released at the same velocity, The velocity may vary,
however, from element to element. The alpha particles have

extremely high ionizing action within their range (2).
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Beta rays

Eeta rays, like alpha rays are not true rays since
these consist of negatively charged particles moving at
speed ranging from 30 to 99 per cent of the speed of light.
Beta particles are actually electrons and the velocity of
flight of individual electrons varies considerably for a
given element as well as for different elements. The pene-
trating'power of beta particles varies with their speed,
They normally travel several hundred feet in air. Shielding
with aluminium sheet a few millimeters.thick will stop the
particles, The lonizing power of beta rays is much weeker
than that of alpha rays. (5)

Gamma Rays

" Gamma rays are true electromagnetic radiations
which travel with the speed of light. They are similar to
X-rays but have shorter wave-lengths and, therefore, greater
penetrating power which increases as the wave-length dec-
reases. Proper shielding from gamma rays requires several
centimeters of lead or several feet of concrete., The unit

of gamma radiation is the photon (the light-particle).

10. Atomic Changes Resulting from Release of Radiations.

The change that atoms undergo when releasing alpha
particles is considerably different from bﬁe change when

beta particles are released. These changes are illustrated

19
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in Fig. 2 and were formulated into so called'displacement
laws by Fajans, Rutherford, and Sodd as fo}lows -

Alpha particle Release - "When an element emits an alpha
particle, the product haé the properties of an element two
places to the left of the parent in the periodic table",

In other words emission of an alpha particle decreases the
mass number by four units and the nuclear charge, or atomic

number by two units,

Beta-Particle Release - "When an element emits a beta~

particle, the product has the properties of an element one
place to the right of the parent in the periodlc table. In
this change the mass remains the same and the atomic number

increases one unit.

Gamma Radiations - Gamma.radiation may accompany the
release of alpha or beta particles and is a result of energy

released by nuclear transformations. (Ref.(3) )

11, Half Lives

Radicactive decomposition is a true unimolecular
reaction, The rate 1s constant over a wide yariety of en~
vironmental conditions. Halfwlives of the radiocactive ele-
ments vary from a very small fraction of a second tq'about
16“2 years (2). The half-lives of a number of eleﬁants are

given in Table 2.

21



12, Atomic Transmutations and Artificial Radioactivity

The experimental conversion of one element into
another was accomplished by Rutherford in 1919. When alpha~
particles deriVed from Radium C were passed through nitro-
gen gas, protons were detected, The collisions between
alpha particles and nitrogen nuclei resulted in the forma~

tion of an isolope of oxygen and a proton as follows -
NM—F He»————> Ow H‘__. ce e ) )

By 1922, Ruﬁherford and chadwick had showun that
all elements in the par;odic table between boron and pota-
'ssium, except carbon and oxygen, underwent similar transmu-

“tations when submitted to bombardment by alpha particles.(5)

It was not until 1930 that radiation other than
protons was detected when elements were subjected to alpha-
'particle bgmbardmeﬁi. In that year, Bothe and Becker dis-
'cévefed a verf penetrating, neutral, secondary radiation
when‘berylliumvér‘lithium was subjected to alpha particles
 from pdlonium‘ ‘In 1932, Chadwick showed the particles to

be nautrons, and the changes were described as follows:
L1+H .._—+5t5+n...----‘-,--.-.--.---(2)

4f)e.+ Het — ¢ + n (3)

Here neutran is represented by P

The third important step in transmitation of eles
ments involved the discovery that a third particle was
found in certain cases., In 1934, I C(urie and Jabot noted
that, when either boron, magnesium, or aluminium was bom-

‘bardéd with alpha particles, the expected transmputation

22



with neutron release occurred and that positrons (positive
electrons) werevalso produced. In addition, they found
that positron emission continued after alpha bombardment
was discontinued. The emission of positrons was shown to
decrease in accordance with the decay law for radioactive
materials, Through careful anal&sis of materials produced;
they were able to show that alpha bombardment of these
elements had produced an atom with an unstable nucleus that
undervent radioactive positron decay; thus the production
of a:tificial radicactive materials by alpha bombardment
vas establishad. (6)

Bae Het o N )
LC‘3+ﬂ (t%—':'_g‘gmfn.)

A127+ bt a P + n . R G ) ]

13 5 L_—)'4SL30+ [:S-r

It soon became apparent that there is no real
distinction between a nuclear reaction leading to stable
produets'and one leading to unstable products. According
to tho Bohr concept, all bombardments result in an absor-
ption of the bombarding particle by the nucleus to produce
and unstable compound nmucleus.(3) The 1life of the compound
nucleus is extremely short (10~12 to 10~1%sec), and decom-
position occurs to a set of products. These products may

be stable or they may be unstable.

The discovery of neutrons and the fact that radio-
active elements could be produced artificially set the
stage for the tremendous developments in the area of nuclear

energy that have occurred in the past few years.

23



13. Units of Radioactivity

The unit of radicactivity is the "Curie". Formerly,
it was considered to be the number of disintegrations
occurring per second in one gram of pure radium, Since the
constants for radium are subject to revision from time to
time, the Inter-national Radium Standard Commission has
recommended the use of a fixed value, 3.7 x 1010 gisinte-

grations per second, as the "standard curie" (c).

The curie is used mainly to define quantities of
radicactive materials. A curie of an alpha emitter is that
quantity which releases 3,7 x 1030 alpha particles per
second. A curie of a beta-emitter 1is that quantity of mate-
rial which releases 3,7 x 1010 beta-particles per second,
and a curie of gamma emitter is that quantity of material
which releases 3.7 x 1010 photons per second. The curie
represents Such a large number éf disintegrations per second
that the millicurie (me) and mierocurie ( ¢), correspon-
ding to 10-3 curie and 10~® curie respectively, are more

commonly used.

The "roentgen®{r) is a unit of gamma or X-ray
radiation intensity., It 15 of value in the study of the
biologie effects of radiation that result from ionization
induced within cells by the radiations. The roentgen is
defined as the amount of gamma or X-radiation that will
produce in one cubic centimeter of dry air, at 0°C and 760

mm pressure, one electrostatic unit of electricity(esu),

24



This is equivalent to 1.61 x 102 ion pairs per gram of air

and corresponds to the absorption of 83.8 ergs of energy,

The roentgen is a unit of the total quantity of
ionization produced by gamma or X-rays, and dosage rates of
these radiations are expressed in terms of roentgens per
unit time, In the United States, the maximum allowable

continuous daily dose for humans 1s considered to be 0.06 .

With the advent of atomic energy involving expo~
sure to neutrons, protons, alpha and beta«particles which
also have effects on living tissue, it has become necessary
to have other means of expressing ionization produced in

cells. Three methods of expression have been used.

The "roentgen-equivalent-physical" (rep) is defi-
ned as that quantity of radiation (other than Xerays or
gamma-radiation) which produces in one gram of human tissue
ionization equivalent to the guantity produced in air by
one roentgen of gamma-radiation ér X~-rays (equivalent to
83.8 ergs of energy). The rep has been replaced largely
by the term "rad" which has wider application.

The "roentgen-absorption-dose™(rad) is a unit of
radiation cdrrespon@ing to an energy absorption of 100
ergs per gram of any medium. It can be applied to any type
and energy of radiation that leads to @he production of
ionization. Studies on the radiation of biological mate-
rials have shown that the roentgen is approximately equi-

valent to 100 ergs/g: of tissue, depending on the energy

o



of the X and gamma-radiation and type of tissue. The rad,
thorefore, is more closely related to the roentgen than is
the rep, in terms of radilation offects on living tissues,

and is the term preferred by biologists,

The rad represents such a tremendous radiation
dose, in terms of permissible amount for human beings,that
another unit has been developed specifically for man. The
.term "roentgon-equivalent-man"(rem) 1s used. It corresponds
to the amount of radiation that will produce an energy
dissipation in the human body that 1s blologically equival=-
ent tc one rosntgen of gamma~radiastion or X-rays or appro-

ximately 100 ergs.

(For units of radicactivity, refer 8 & 1.)

25
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RADIOACTIVE CONDITIONING IN RELATION TO
PUBLIC HEALTH

2+ 1s Introductory.

Considoration of radioactivo contamination of do~
mostic wators and tho hcalth hazards duc to thoso, aro of
rocont origin, Tho hoalth hazards involvod duc to thoso
sources aro somotimos latont and fatal. Wator is a uni-
vorsal solvont and in this caso also it carriocs tho radio-
activo substancos in solution or susponsion. Duc to great
advanccemont of scicnce and 1&rgo scalo uso of atomic onorgy
for pcacoful and othor purposcé in countrics liko U.S.A.,
U.SeS:R., UK. ote., tho probloms of studying tho subjoct
from tho Public Hoalth point of viovw was also initiated
in thoso countrios, It has now boon docidod boyond doubt
that tho drinking wators should only have a.limited con-
contration of a particular radioactivo isotopo or clse the
hoalth hazards involvoed aro probably so largo as may bo
difficult to control othorwiso (by troatmont). Also

“"Provention is bettor than cura®,

Thore arc countrios (U.S,A. for oxamplo) whoro tho
maximum pormissidble standards (MPC) of radiocactivo isotopos
in drinking wator havo beon ostablished (for somo of tho

isotopos ) and moasurcs takon to control tho contaminatioﬁ.

29



Thoro aro logislation for controlling this and honco safoty
is assurcd. In this chaptor offort has boon madc to prosont
tho naturc of tho 11l offocts duo to radiation oxposuro and
also to oxplain somo of tho clomontary torminology of common
occuranco liko "Critical Organ" otc. Tho MPCs of tho
radioactivo isotopos in drinking water have alsc beon inclu-
ded, Tho idoa is to stross tho importancoe of the hoalth
hazards duo to radioactivoly contaminatod wator to a wator™ -
works onginoor, tc oxplain to him tho various mochanisms

of contamination and to provido him with Maximum Pormiss-
iblo Standards of the radioisotopes in drinking wator so
that ho may bo ablec to control tho samo within limits. It
is important to boar in mind that Standards aro subjoct to
chango from timo to timo and ono should bo in touch with

the eurront rosoarch to know tho uptodate information,

2,2, Soureos of Radioactive Contamination of Wator
(a) Natural,

Radioactivity is a pollutant only in a rolativo
sonso, bocause it oxists ovorywhare in tho onvironmont.,
It 1s found naturally in soils. All natural wators
contain somo dissolvod radioactive matorials that arc
loachod from uranium or thorium-bearing arcas prosont in
varying amounts throughout tho qarth's crust, On tho
average a volumo of carth ono square milo in aroa and ono
foot doop contains about 18 tons of thorium and 6 tons

of uranium. Such a volumo of carth will contain approxi-
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mately 50 curies of radiocactivity. (1) Thorium and wranium
are radioactive and yield such daughter products as rédium
and radon, There are more than §0 naturally occurring
radioisotopes including such ones as x40 and cl4, Ground
and surface waters leach these radiocactive materials from
the earth, and they appear in water as "background radlo-
activity™. (1) Although little information is available

on natural backgrounds in past yearﬁ, it may be assumed h
that the background at any given site was essentially
constant prior to 1945, Today, background measurements

are subjoet to wide varlations, resulting principally

from nuclear weapons and other tests of the U.S., the U.K.,

the U.S.85.R. Governments etc.

(b ) Man“made »
(bl) Testing of Nuclear Heapons.

Since the development of atomic fission and the
testing of atom and hydrogen bombs increasing amounts of
radioactive dusts have been dispersed into the earths
atmosphere., Following the detonation of e nuclear device
a large mass of hot gas and pulvarised debris is carried
upvard sometimes to more than 80,000 feet. When the
dotonation takes place near the ground a large amount of
soll and vapourised building material may be included in
the rising mass. Vapourised radioactive material relea-
sed by the explosion condenses on small particulate mate=

rial present and ultimately falls back to earth as dust,
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Radloactive fallout has a physical appoaronco similar to
ordinary dust of tho samo particlo sizo. Whoro and whon
it falls doponds upon tho provailing air mass movomont and
procipitation. It 1s this radioactivity that, during tho
past fow ycars has raisod vory significantly tho lovols of
radloactivity in wators,

(b2) Othor Usos of Nucloar Enorgy.

With tho availability of a great varioty of
radioisotopes at low cost, many applications have boon
found for thoir usc in medicino, industry, and rosoarch,
Naturally, this incroasod domand for radicactive matorials
has rosulted in ineroascd dischargo of thoso matorials into
tho onvironmont. Ono of tho most obvious and convoniont
mothod of disposal is through dischargo into soworago
systom as indicated by tho survo} of tho disposal parti-
clos of 1027 of usors of radioisotopos. Forty ono porcont
of the usors disposod of thoir spont radiocactive matorials

by dilution and dischargo into tho sowor. (9)

Foliowing roloaso into tho sowarago systom, tho
radloactivo wastos may discharge diroctly into a stroam
or othor body of wator, or thoy méy pass tﬁrongh a sowago
troatmont plgnt beforo cntoriﬁg a stroam. Somc radio-
activo matorials will bc'taknn out by tho physical, cho-
mical and biological procosses om=ployed in tho trcatmont
of domostic sowago and industrial wastos. Many wator

coursos in addition to providing for disposal and dilution
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of sewage, serve as sources of public water supplies, gnd
the release of radloactive materlals into such streams
increase the radicactivity of such waters above maximum
permissible concenxratidn in water. In§est1gations were
carried out in Pennsylvania, U.S,A., and Figure 1l shows
the estimated ranges of radioactivity from various sources
found in Pennsylvania streams during 1958-60.(9) The
greatest amount of radiocactivity found in the streams
during the past few years was a result of fallout from

muclear tests,
2,3. Biological Effects of Radiation.

Man has always been exposed to radiation from
cosmic and other sources. Present developments in nuclear
energy are such that, with the passage of time, the radia-
tion background, will be ralsed significantly by radiation

sources of man's own making, if these are not controlled.

A nuclear fission 1s accompanied by high levels
- of immediate radiation and also by the production of a
great number of radloactive isotopes, each with its
characteristic radiation energy and radlioactive life. The
radiation emitted are of several kinds, d&iffering both in
character and energy.(3) The health concern arises from
the faect that energy in these forms may be delivered from
a distance, travelling a vacuum or penetrating materials

ordinarily considered opagque to toxic substances, The
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naturo of tho biologi&joffocts of thoso radiations and tho
mcans of controlling oxposuro becomo of primary concorn to

tho public hoalth onginocor for tho deocados that lio ahod.

How doos nucloar radiation oxort its offect on
living colls? Whilo thero aro sovoral difforont physical
forms of nucloar radiationg thoy all have similar biologio
offoctsy so that wo may spoak of warjous aspocts of hoalth
with rospocet to radiation without becoming involvod too
dooply in tho physlcal doscription of tho radiations
thomsolves. IV appoars that tho chiof mechanism of injury
to living colls is through the lonization of wator, of
which all living tissuos arc largoly composed. In a vory
roal sonso, man 1s an &quatic animal, Ho not only is
mostly composod of water, but ho lives and continues to
oxist in an aquoous &tmosbhoro, boing dopondent on food
stuffs which aro thomsolves mostly wator. Radiation
appears, thorefore to strike at lifo through thoe modium

of its most basic substanco « water (2).

From what 1s alroady known about tho biologic
offocts of radiation, an intonsification of tho radiation
background is likely to load to what aro known as "Somatic®
and "Gonotic" offocts in man. Thae first of thosc has to
do with tho offects on tho individual himsolf, Tho latter
aro manifost only in childron or grandchildron of the
individual oxposod. Tho gonotic effect rasults from tho

action of radiation on tho gorm colls of oithor malo or
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females These matters have been most thoroughly reviewed

by the comprehensive study on radiation injury conducted
by the National Academy of Sciences,

(a) Somatic Effects.

Somatically, certain type of disease tend to be
associated with excessive radlation exposure. Among these
~ are speclally to be noted, leukemia - which is a cancer of
the bone marrow or the blood forming tlssues -« and increa-
sed frequency of carcinoma or sarcoma, the latter specially
arising in the skeleton of those who have aquired excessive
amounts of radioactive materials with specilal affinity for
bone, A very important general manifestation with no specifi
pattern of disease is decreased life-span, vhich is found
to be quantitatively related to the total amount of radia-
tion exposure, The measure of thls effect is an increased
rate of general aging. The exposed population simply grows
older at a rate greater than that of the normal for that
population. Evidence is accumulating that this is probably
‘the most sensitive indication of population injury that 1is
available and it is probable that studies of vhole popula=-
tion will demonstrate changes which would be imperceptible
on the basis of individual observation., Much remains to
be learnt, but from animal studies, as well as careful
cbservation of human experience both in United States of
America and Japan, it appears that 100 roentgens of gamma

radiation to the whole body may shorten life-axpectancy
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by an amount between half an year and tvo years. Similar
proportionate shortening of life span appears to exist
for many experimental animals as well.

(b) Genetic Effects,

In considering the question of genetic effects
certain general scientific principles have been well esta=
blished, It 1s known that gamma radiation to the germ
cells is effective in producing those alterations in gene-
tic characteristics called mutations. (2) These are chara=
cteristics not previously present in that particular line
of inheritance, A sesond genseral important concilusion is
that for purposes of genetic analysis the effect depends
upon total doze and is not importantly determined by the
rate at which the radiation has been delivered, A third
generality is that within the range of actual experimens
tétian the frequency of mutations 1s approximately propor-
tional to the amount of radiation.(4)

The mutations produced may lead to serious
abnormality in some caées or to trivial departures from
the normel in others. In general these departures from
normal are seriously detrimental.(5) Most modern geneti=-
cists look with concern on any appreciable increase in
the frequency of mutations in man., Not enough is as yet
known of human mutation frequency or the susceptibility
to mutational change induced by radiation in human species.

Because of this area of ignorance there is genbral agreement
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among geneticists that radiation exposure should be kept to
the lowest pogsible amount, although there is appreciable
disagreement concerning the quantitative aspects of the
ultimate effect upon the population. (6)

With respact to all these blologic effects, both
somatic and genetic, 1t is a good working principle that as
the fraction of the total population exposed increases
there ;hould be a dimunition in the maximum amount of indi-
vidual exposure permitteds Freguencies of injury that might
cause little concern if they applied to small groups of
people may be deserving of the most serious attention when
largepopulations are involved. Thus the gtandards for
permissible exposure need to be more stringent when large
blocks of population are irradlated than when the exposure

is limited to a comparatively small number of persons.
2.4, Permissible Dose.

The problem of how to define a permissible dose
becomes more difficult than that of specifying vhat dose had
.been tolerated by a few people. After much delibrations
the International Commission on Radiation Protection defi-
ned permissible dose as "a dose of ionizing radiation that
in the light of present knowledge is not éxpected to cause
- appreciablo bodily injury to a person at any time during
his lifetime™., "Appreciable bodily injury® is defined as
"any bodily 1nduxy or effect that a person would regard
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as boing objoctionablo and/or compotont modical authoritios
would rogard as boing dgforious to tho hoalth and woll
boing of the individual®. (5) In attompting to givo a
numorical valuoe to tho pormissible dozo tho fact that man
is and always has boon bombardod by tho ionizing cosmic rays
and tho radiat;ons from tho natural radlioactivo olomonts
must bo takon into considoration. Thosc radiations provido
a lowor l1limit that 1s inoscapable, (about 10 mr por woo).
(8)

The uppor limit of pormissiblo oxposuro is basod
on tho oxporionco of radiation workors (mostly medical Jovor
tho past 60 yoars, and on such animel oxporimonts as sooms
to bo portinont. Thoro aro sovoral factors that mako tho
intorprotation of tho human oxporionco difficult. First,
wo havo no roal measurc of the lovol of oxposuros prior
to about 1942, Socond, tho long latont poriod botwoon
causo and offcet - somotimes 25 yoars, - makos it difficult
to eonnoet tho two, Third, tho biologic variability of
man is so groat that somo pooplc known to have boon ovor-
oxposod havo had no complication whilo othors not known

" to havo beon overexposod have diod of such conditions as
loukomia that probably woro duc to such oxposuros as thoy
suffored. |

2.5 Critical Organs.

Roviowing tho oxporioncoe of man and tho rosults

of animal oxporimontation rovoealod cloarly that somo
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organs of tho body aro eriticanl to tho problom of pormiss-
iblo oxposuro. Tho skin is tho most oxposod organ of tho
body. It was first known to bo injurcd and 1s ono most
frequontly involved.,

It was rocognisod oarly in the study of radia-
tion offoets that any poriphoral blood change was ono of
tho first objoctivo signs of tha.offoct of X~rays. Tho
homopolotic tissuo was thus ostablishod as a critical
organ, tho changos in which can bo followod by studios of
tho poriphoral blood. Tho othor c¢ritical organs which aro
important aro tho gastro - intestinal tract(G.I.tract),
lungs, kidnoys, Thyroid, Livor, Bono sploon and wounds, in
particular casos. (5)

Tho fact that why only ono out of tho sovoral
organs dosceribod above bocomes tho eritical organ doponds
upon tho typo of oxposuro, that is, whothor tho oxposurc
1s due to oxtornal radiation, injoction or through a
surfaco wound otc;,and also upon tho concontrations of tho
radiocactivo matorial in air or wator or food and tho kind
of radioactivo matorial, that is, whothor it is U9 op
1131 ote,

2.6, Rolative Biological Effcctivonoss,

Tho Rolativo Biological Effoctivonoss (RBE) of
radiations of various typos and onorglos 1s a nocessary

factor in detormining tho pormissible doso of radiation
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for othor than X-rays up to 250 RKV.(5), Tho biological
offactivonoss of a radiation is tho rolationship botweon a
givon biological roaction and tho doso of radiation roqu~
irod to produco it. Sinco for both man and animals tho
offocts ofVX~rays up to 250 KV. aro known with groator proe-
cision than for othor typos, tho blological offoctivoness
of such rays is arbitrarily ostablished as tho baso lino,
Tho rolativo biological offoctivonoss of a given radiaw
tion is tho factor that rolates its biological offoctivoe
noss to that of 250 KV, X-rays(5).

S8inco tho biological offoctivonoss is known to bo
rolated to tho donsity of ionization along tho paths of tho
ionizing particles, this charactoristic can bo usod to
dotormino tho RBE:s Tho linoar lon donsity por unit of path
is eallod tho .speeific ionization. Various combinations of
photon or particlo'radiatibns with difforing onorgios may
havo similar spocific ionizations. ihns, a ﬁdfy high onoregy
proton may have tho samo spocific ionization as a low
onorgy oloctron. (8). It is thus bottor to rolato RBE to
tho spoeific ionization rathor than to any particular typo
of radiation. The averago spocific ionization of 250 KV
X~rays is 100 ion pairs per micron of wator and by dofinl-
tion tho RBE is 1.

Tho problom of rolative biological offectivonoss
is complicatod by tho fact that, whon dotorminod by diff-

oront biological roactions, ovon in tho samo organism tho
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RBE is not always the samo. Whon mammals only arc usod tho
difforoncos arc not groat onough to soriously complicato

protcction problcms.(é);

In practico if ono wishos to dotormino tho pormi=-
ssiblo doso of a givon radiation, ho first finds its spd~
cific ionization, From tho dato colloctod by tho Intor-
national Commission on Radiological Protoction and ropro=-
‘dueed bolow Zho obtains!tho RBE for that radiation. Tho
basic pormissiblo doso én tissuo roontgens for 250 KV
.xnrays multipliod by this RBE factor givps tho pormissiblo
doso in roms. Tho rom is a unit dofinod as "tho absorbed
dosc of any ionizing radiation which has tho samo biologi-
cal offectivonoss as lrad of X-radlation with an avorago
spocifi¢ ionization of 100 ion pairs por micron of wator,
in torms.of its air cquivalont,qin tho same rogion™. In
practico, a doso in roms is ogual to tho doso in rads
multiplicd by tho appropriato RBE. Its groatest usofule
noss is in intograting oxposures involving various kinds
of radiations.(5) |

2.7 Stopdardo for linnimum Poynmipoiblo Conconltravion
of Radionctive Rlomonts im Drinking Uator.

Tablo lo., 8 choeus ¢he mozinum pormiooible
conconterntions of rodicactive lsotopos with othor dotallo
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like half-life etc., For detailed information regarding the
standards one is advised to consult the Handbook-52 of the
National Bureau of Standards, "Maximum Permissible Amounts
of Radiolsotopes in the Human Body and Maximum Permissible
concentrations in Air and Water". For sale by Superin-
tendent of Documents, Washington 25, D.C, (1953) and ICRP/
64/4, Recommondations of the International Commission on
Radiological Protection W.Binks, Secretary, London S.W.7,
England (1964). Hovever, work has also been done in USSR
on these lines and Tables 4 and 5 show some of the |

Standards,

Some insight into the rationale of current
standards pertaining to maximum permissible concentration
of radioactive isotopes in drinking water may be obtained
by consideration of mathematical model shown in Appendix A.
The model simulates some of the characteristic features
of isotope intake and decay in vital organs of human
beings and animals,

While the use of the formulation set fourth in
Appendix A leads to quantitative results for limitiﬁg
concentrations, it must be realized that a number of
rather arbitrary assumptions are entailed. These are
chiefly resident in the concepts of, and the numerical |

values assigned to the permissible weekly dosage, W, the
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biological half-lifo, Ty, and tho distribution factor, fy.
Tho MPC valuos will doubtlossly bo subjocted to considora=
blo rovision in ého future as noro oxtonéivo oxporimontal
ovidonco bocomos availeblo. Tho rato at which this rofino-
mont prococds will in part bo dopondont upon tho froguoncy
of accidonts involving ovoer oxposurc, At prosont tho eri-
tical valuos such as those listed in tho last column of
Tablo IIT must bo rogardod as tho bost obtainablo under tho
™

cireumstancos, and many of thom way prove to incorporato

littlo, if any, safoty factor.

The formulation applios to stoady stato contami-
nation of drinking wvator with radicactive isotope. Various
unstoady stato formulations havo boon usod that arc of a
form moro immodiatoly applicablo to ovaluation of tho hazard
from radioactivo failout. An an operational guido in con-
tinontal woapons tosts, tho AEC has usoed the following
eritorion: to dotermino whothor tho concontration of
radicactivity in wator is bolow the dangorous lovel for
drinking, tho obsorvod activity lovol is oxtrapolatod to
tho valuo it would havo at throo days aftor fission by
"1.2 docay law"; if tho oxtrapolatod valuo is loss than
0.005 micro curios por millilitro tho wator may bo safoly
usod for any longth of time providod tho wator has not
boon contaminatod by antooodent datonationa and.1s .iso=

latod fron subsqquont rallou$¢
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2,8. Discussion on Maximum Pormissiblo Standards.

It is woll rocognisod that tho validity of maximum
pormissiblo standerds for intornal oxposurc to radioisotopos
is not comparablo with tho validity of standards for oxtor=-
nal radiations, Tho Intornational Commigsion on Radiolo-
gical Protoction (ICRP), in 1950, did not "considor that
thoro 1s sufficiont information to mako firm rocommonda-
tions concorning maximum pormissiblo oxposuros to intornal

radiation from radiocactivo isotopos":

In 19563, tho sub~committoo 6n Pormissiblo Intornal
Dosc of tho National Committco on Radiation Protoction(USA)
publishod maximum pormissiblo oxposuro limits for 70 intor-
nal omittors. Rocognising that, "in somo casos thoro 1is
considorablo uncortainty about tho maximum pormissible
valuos givomn esecsesscass™y tho Sub-Committoo folt that it
was "dosirablo to agroo upon wvhat aro considorod as safo
working lovols for thoso radioisotopos now rathoer thah wait

until moro comploto information 1s availablo.
Plutonium-239,

Tho prosontly accoptod MPC for PuZ3® 1n wator is
1.5 x 106 fkc/mlz. This is basod, among othor paramotors,
on an assumod absorption from tho gastro«intostinal tract
of 0.1 por coent of tho ingosted doso, a figuro dorived
from a moasurod adsorption of 0.01 por cont, with a

safoty factor of ton includod bocauso moasuromonts woro
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mado at rolativoly high plutonium concontrations.:

Ruthonium « 105, .

Curront maximum pormissiblo atandaids for intor-

nal oxposuro to Rut08

arc basod on limitod obsorvation on
fow rats, Tho absorption of ruthonium from tho gastroin-
tostinal tract 1is roportod as 0.05 porcont, and on this
basis tho MPC for Ru=108 in wator 1s rocommondod as 0.1

/*o/mlz?

Kidnoy 1is prosontly considorod to be tho criti-
cal organ for ruthonium intornal oxposuro, and tho bio-
logic half-lifo for ruthonium in kidnoy is listed as 20-
days. Long-torm studios on ruthonium rotontion suggost
strongly that bono rathor than kidnoy may bo critical
organ. Whilo kidnoy accumulates tho highost intornal
concontrations, tho half-11fc for ruthonium rotontion in
bono is of tho ordor of 100-150 days. Data from chronic
fooding studios is not yot avallablo, but calculations
basod on oxisting data indicato that oquilibrium concon=-
tration of ruthonium in bono and kidnoy should bo appro=-
ximatoly oqual. On this basis, bono, in viow of its
greator radiosonsitivity should bo comsidorod tho cri-
tical organ, Assuming bono to bo tho critical orgén‘tho
MPC‘valud for Rut% bocomos 1 x 10“3/40/m1. This 15 a
factor of 100 Xowor than tho prosontly rocommondod MPC.
It is rocommondod that this valuo bo tontativoly accoptod.
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Todino-131,

This isotopo is not important for tho public
hoalth cnginoor so far as damagos duo to this through wator
contamination is concorned. It usually causcs troublo in
the thortoid gland (tho critical organ for this) and tho
intako of.tho matorial is by oating vogotablos and othor
food products from pi3t contaminatod lands. Tho milk of
cows fod on such pasturos as havo beon contaminatod by tho

1131 gnall also bo & sourco of this isotopo for man.
Phosphorus~ 32,

Tho prosontly roeummond&d MPC for P92 in water is
2 x‘lo“éf*c/mlga Whilo this is a roaaonablo, porhaps ovon
consorvative, limit for drinking wator, it 1s inapplicablo
to biologically populatod wators. Horo tho romarkablo con-
contration is small aquatic organisms and their usc in
food chains by fish and man noecossatos lowor limits. At
2 x 10’4/*c/ml, plankton rocoivo doso ratos up to 70 rads/
hour, and somo fish may rocoive up to 50 rads/hour. Hunéns
ocating ono 1b of thoso fish por day would rocoive about
200 rads por wook, at somo soasons of tho yoar. Tho MPC
for P°2 in such wators should not bo highor than 3 x 1076
r«c/ml, or bottor, 3 x 10‘7¢Lc/m1 to includo tho convone
tional factor of safoty of 107,

Sodium~ 24,

Tho drinking wator MPC for NaZ2 is listod as
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8 x 10"3 M e/m12.' For the protection of large fish, the
MPC should not exceed 2 x 10"6 M c/ml_?.

S2.



Tho

2.9, APDODAIX As

Mathomatical Modol of Uptakc and Rad%ation in

Human Tissuo (Rof., (1)

following notation is uscd -

=

tho stoady state rato of flow of blood or lymph
through tho critical organ or tissuo, grams/day,

mass of tho critical organ or tissuc, grams.

tho natural concontration of tho (stablo) olomont

in tho eritical organ or tissuo, grams of olomont/

eritical tissue in grams.

the eonccntration'of radiocactive olomont undor
considoration in the blood delivorod to the organs
atoms/gram of blood;

concontration of radioactivo oclomont loaving tho

organ, atoms/gm of blood.

tho concontration of tho stablo olomont of tho
samc chomical spoclos dolivoroed to and romovod
from tho organ in the blood, atoms/gm of blood.
It is prosumod that Yo —> > Xo.

tho radiation oxposuro to tho critical organ.

. 0.3 roplwock for gamma and bota radiation."“
0.015 rop/wook for alpha radiation,
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= (bE) =  tho offoetivo onorgy of radiation por distogration,
in millions of ocloetron volts, mov.

(MPY, =  tho maximum pormissiblc concontration of tho 180~
tope in drinking wator, microcurios por milli-
litor.

A = (6.03) (logal/ (gram moloc. ¥Wt. of oclomont).
"L = tho numbor of grams of wator injostod por day

- por porson.

%@ =  tho fraction of olomont injosted that is dolivo-
rod to tho eritical organ.

A m  tho docay constant of tho radioisotope, por day.
= 0.693/Tr, whoro T, is tho radiocactivo half-1lifo
in days.

T, =  tho biological half-11fo of tho stablo olomonts,
days. .

2 (0.,693) Aen/Q¥ o6

T = b Tr/(Tb + Ty ) = tho offcetivo half-lifo of
tho radioisotopo.

Assumo é stoady stato with comploto mixing and
froo oxchango of both lsotopos of tho olomont within
tho organ so that tho distribution is uniform throughout
and in dynamic oguilibrium with tho concontration in
thoe fluid leaving tho organ, An activity balanco is
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givon in tho following oquation =

Q=(Xo=X) = XAcm (X/Yo) - oo (1)
(Xo=%) = A X(Tp /0698 = X(To/T-) - oo - - (@),
O =X/ Ke =z T/ (TotT) - - - =)

Tho radlation damago in tho organ doponds upon tho
disintogration ratc within tho organ, and the onorgy
rolcaso por disintogration.

e ko QU R)SCHE) - @)

Whero Ky is a scaloe factor doponding upon tho
units of moasurcmont usod. Tho amount of active olomont
dolivercd to the organ in stoady stato is

kel (MPOu fou = AQ X, oo o o o)

Whoro Kg 1s a scalo factor doeponding on tho units
omplayod;. Eliminating Q, X, and X, from oquation (4)

using oquation (3) and (5),
| K, Ky L (MPQw A T Ty = (bE)
0:692m (Th+T")

W = -6

Finally, solving for tho maximum pormissible con=-
econtration of tho isotopo with appropriato walucs of tho
scalo factors, and sotting W = 0,3 rop/wook, and L at an
avorago valuo of 2,2 kilograms por day, tho following
rolationship is obtainods

-7
Mpe)., = Z24Xlo m oL (o
(t4pe) = (bE) T fw

In this stoady-stato form tho formula is oquivalont
to oquation G-6 of Handbook 52 of tho National Burcau of
Standards and has boon usod to ostablish tho maximum

pormissiblo concontration in drinking wator of most of tho
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radioactive fission products (Table III., last column).

147

For example, for promethium the following

‘parameters apply

b
.§K E)= 0,067 mev., m = 7,000 grams (bone);

Tp = 1,46 x 10° days; Tp = 100 to 150 days;
T = 140 days; F.= 1.7 x 1074

Substituting these values in equation (7) a

value of 1 microcurie is obtained,
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(1)

(2)

(3)

(4)

(5)
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DETECTION AND MEASUREMENT (F WATERBRNE
- RADIOACTIVITY

3.1. Introduction.

The rate of decay dN of any radioactive substance
is equal to the number of ragzoaetive atoms present multi-
plied by the decay constant, so that for any particular
isotope, the measurement of the rate of emission is a
measure of the amount of radiocactive material present(l).
Nearly all the methods for the detection and measurement
of muclear radistion involve one or the other of the
following effects -

(1) The ionization of gases
{(2) The scintillﬁtions, or flashes of light produced in
certain “"phosphors”.

(3) The blackening of photographic plates.

The methods of using these phenomena can he
broadly divided into two groups = integrating methods, in
which the mean flux is measured, and methods of detection
of individual particles, For example, the mean ionization
current produced by a radioactive source can be measured,
| or a single particle can be detected by the electric pulse
obtained on collecting the ions it produces.
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3+2. JIonization of Gases.

Tonization 1s the process by which large numbers
of positive and negative ilons, or charged particles, are
formed in a gas due to the passage of radiation (2).
Usually an electron is stripped from an atom, producing
a nsgative electron and a positive ion.

3:3: Integrating Methods based on Ionization.

One method of measuring activity is by means of
an ionization chamber, which, in its simplest form, con-
siasts of & pair of parallel metal plates in air, with ﬁ
potential of approximately 100 volts between them, and
some means of measuring the ionization current produced.
This ionization current produced is mostly weak (of the
order of 1010 to,lO“lé‘amperes or less). The technigue
of measuring radiations usually rBSOlVes.intO measuremeﬁt
of small currents arising from the ion collection in the

detector system.
(a) Electroscopes.

Modern rarms.of elecﬁroscope employ a golde
coated quartz fibre, the most well-known type being the
Louritsen alectroscope. Diagrams of the typical electro=-
scopes are shown in Fige. 1 Refer (2) (pages 46 and 47).
The eleetroscope{conaists of an air-filled chamber con=

talning a highly insulated electrode connected to a gold
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coated quartz fibre, the image of which thrown by a small
1ight on to a graduated scale, is viewed through the eyee-
plece of a microscope attachment., Electroscopes specially

designed for alpha, betn, or gamma radiation are available,
(b) Ionisation Chambers.

Ionization chambers are used in conjunction with
current measuring devices, such ns electrometer valves,
direct-coupled amplifiers, or vibrating reed electrometers.
They may be used for the measurement of alpha, beta, and
gomma radiation, neutrons and other types of radiation or

charged particles.(Fig.2).

An ionization chamber consists of a pair of
electrodes with alr or other gas in the intervening space.
A potentinl of the order of 100 volts is maintained
between the olectrodes. This prevents the recombination
of the ions produced by radiation, A potential gradient
of about 10 volts per em. is normally sufficient for
collection of all the ions. The current then obtained is
mown as the "saturation curremt"., Figures 3, 4 and 5

indicate the various ionization chamber arrangements.
(¢) ZElectrometers.

The ionization current 1s measured by allowing
it to flow through a high resistance (R in Figs. 5,6 & 7),
the current I produeing a voltage IR across R, This
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voltage can be measured with reasonable accuracy if it is

of the order of 1 volt, so that for lonization currents, R
must be 107 to 1014 chms., Stable rosistors of this order

are expensive té manufacture, costing a few pounds each

and 1013 ohms is about the highest so far manufactured,

| To read the voltage across R, a suitable volt~
meter of extremely high impedance, which does not reduce
the effective value of R, is used., Speclal electrometer
valves designed for this purpose are avallable. These )
have a very high input impedance, and a very low grid
current, The circuit of a typical portable battery-

operated instrument using such a valve is shown in Fig.6,

Thore are also circults employing tetrodes and
pentodos, The above type of circult, though simple, has a
number of disadvantages, so that it 1s only used in small

portable radiation meters.
3.4, COuniing Instruments.

For the measurement of alpha, beta or gomma
radiations at tracer lévels, toechniques involving the dew-
tection and counting of individual particles or photons
are almost universally employed. Among the gas ionisation
devices are the pulse ionisation chamber, proportional
counter and Gelger-Muller counter. Scientillation methods

are avallable for counting alpha and beta particles, and
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arc ospecinlly popular for gamma ray counting. Photographic
techniques involving the use of nuclear emulsions may also
be used for the dotection.-and identification of individunl
particles. | |

(a) Pulse Ionisation chamber.

These have a disadvaﬁtage of high stability, and
are frequently used for the most accurate work. They
require the use of highly stable, éensitive electronic
equipment.

(b) Tho Proportional Counter.

The proportional counter takes its name from thev
proportionality betwoen the output pulse and the initial
ionization, The dosign of the counter and the voltnge
applied are such that o very high voltage gradient exists
in the vieinity of tho positive electrode. Under this Vole
tage gradient, the liberated electrons undergo a high acce-
lei;ation, and are themselves capable of causing further
jonization. Under suitable conditiong gas multiplications
of.l,ooo or more are possible, the total lonization (and
hence the pulse size) being strictly proportional to the
initial ionization. TFig. 8 shows the effect of increasing
voltage on the current produced, and the different regions
which are commonly used for counting'purposes.> Fig. 9

shows the electronic equipment required for the satisfactory
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operation of a propartional counter.
(c) Geiger - Muller Counter.

The Geiger - Muller counter consists of a cylindri-
cal cathode, normally one or two centimeters in diameter,
along the centre of which 1s a wire anode. The intervening
space is filled with a gas, or mixture of gases, which
readily lonise, together with a small proportion of a
quenchiﬂg vapour. The detailed design of Geiger - Muller
counters depends almost entirely on the purpose for which
they are required. For the counting of solid sources, the
8nd window type is most popular, The window may be alumi-
nium alloy (V‘mg/cm?) mica (1.5 to 2.S‘mg/cm2) or may be
a thin glass bubble (0.5 to 1.0 mg/cn?). For medium and
high energy beta particles (above 0:5 MeV) and for gamma
counting, thin glass valled counters may be used; These are
normally about 1 cm, diameter, with a glaés wvall of 20 to
40 mg/cm® thickness, the actual thickness depending S50me~
vhat on the length of the counter. The tube 1s.coate¢
on the inside with graphite to form the cathode

o For the counting of radioactige liquids, the
counter takes the form shown in (¢) of Fig. 10. This has
~ a egpacity of 10 millilitres in the annular space, 'In
such a cougzer; 10 ml_of a 3% solution of a uranium salt
| will give approximately 10;000 counts per minute. This
tjpe is also available with a ground « glass stopper.
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Anothoer very usoful liquid counter is the dip type shown
nt (d) and thore arc other typos containing a thin-walled
tube or spiral, through which radioactive liquids ﬁay bo

daravne
{(d) Sciontillation Counters,

Scientillation mothods have, in tho last fow
years, gaincd rapid popularity, speclally in the counting
of gamma emitters. Visual methods of observing the sc=~
ientillations are slow and insufficiently sensitive for
tho dotoction of single betn particles and gamma photons,
Tho dovelopment of photomultiplier tubes, consisting of
photographic cells coupled dircetly to electron multi-
plicrs, have led to sonsitive detection devices, which
today are challenging tho supremacy of gas 1onization do-
toctors, such as Geiger - Muller counters, in the detec-
tion and measurement of radiocactive radiation. The intro-
duction by Hofstadter of thallium activatod sodium lodide
brought about an important advance in the application of
scientillation tochniques for gamma counting and energy
dotermination. Many other fluorescent mntarials or
"phosphors" are kmown today and tho more important of
thosa ares
1. Zine Sulphide netivated with silver (For alpha coune
ting )« Commercially available as Luminescont Powder,
Type G 86, supplied by Levy-West Laboratories Ltd., of
Wombloy. (2) Anthracene (Most officient phosphor for beta
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counting in the form of a single erystal ),

3. Cloar Plasties, such as polystyromo or polyvinyl tolu-
yonb ote. constitude officiont organic scientillators. For
up«to=dato information on organic phosphors the litorature
suppliod by manufacturers is useful; for oxample Mossrs
Mash and Thompson Ltd.

4, Sodium iodide activatod with thallium. (This is the

best organic scicntillator for gamma counting ).

A Task Group report on the nmuclear instrumentation
has been published in the Jour of American Wabter Works
Association (4). This roport is of value in appreciating
the techniques and instruments at present omployed in the
United States of America. Useful data as regards the
efficioncies of voricus instruments and thoir costs in

“dollars mankes tho Report especlally interesting, Befor
Table No,3.

3.5. Tho Cholce of Counting Equipment.

Lot some of the factors influencing the cholcoe
of counting equipment bo considored. One important fac-
tor will almost undoubtly be that of cost, and if wo
hopo at some time to be able to carry out different kinds
of counting work, thon versatility in equipment will de
of importance, If, on the other side, it is inteded to

carry out one type of investigation only, then for
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cconomy and simplicity, we roquire oquipment which will do
that work alone.

Assuming that wo know what type of work wo wish to
carry out, and have sclectod likely isotcpos, or we ray bo
intorested in a particular cloment, and have saclocted the
most suitable radioisotope of that olement, wo will be in
a position to docide whother wo wish to do alpha, beta or
gamma’countiﬁg, or roéuire to count one isotope in the

presence of others,

The form of our matorial will help in deciding
wvhother we wish to do solid, liduid, or gas counting - or
w¢ may require all threo. Radiography or authoradiography
may bo preferrod to counting methods. The énorgies invol-
ved will have a profound influonce « we cannot count low
onergy bota particlos, such as thoso from tritium in a
normal liquid countor. The maxinum lovels of activity
which can ho safoly omployed may 1nfluonco tho shiolding
roquiroed arcund tho doetector, If large numbers of samples
are to bc counted we may well be advised to think in terms
of automatic counting oquipment, or at least in torms of
equipment wvhich will count a sample for a predetermined
time, Whore accuracy is not. of major importance, a coun-
| ting ratemoter may be more convenient to use than a sealing
unit, particularly if a continuous racording is to be
made of activity lovels.
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(a) Alpha Counting,

For alpha counting, the sc¢iontillation countor is
rocommended as the first choico, beeause of the wido rango
of counting which it will accopt, and the fact that a high
gain amplifier is not rogquired. The low background coun-
ting rates (below 10 counts per hour ) permit very low
counting rates to be measuroed, and the high resolution
(loss than 1 soc) allows of counting rates of sovoral
thousand por socohd. Alpha activity can be moasuroed in
the presenco of 10° timos as much bdeta activiiy without
significant interferemce duo to beta build-up.

Tho alternative choice for alpha counting is tho
flow typo alpha proportional countef, the most popular
modol boing the Typo 1077B. Using argon gas, tho normal
operating voltage is about 800 volts. Geigor - Mullor
countors with very think windows may also bo usod for

approximate work.
(b) Bota Counting.

For the counting of solids, the Goigor counter is
probably the most suitablo type of countor to use. Tha
vory popular 1 in. diamoter ond-#indow version is availa-
blo with a&génic quenching and vith 7 mg/em® motal window,
or 2 mg/cm® miéa‘windaws from tho G.E.C. or 20th Canxﬁary
Electronies, or with brominslquenching and a 2 mg/cm®

mica windoy from Mullards,
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For countiné liquids, spocial Goigor countors,
oithor halogon or organic vapour quonchod, arc available,

- Thoso normally hold about 10 ml of solution. Thoy aro
only suitablo for the highor onorgy beta radlations, boca-
usc of absorbtion by the walls, and by the ligquid itsclf.

Whoro practicable 1iquid counters arc vory convoniont to

usQe

Bromine-quonchod types aro proforrod so long as
thoy arc not roquired for coincidonco vork, as thoro is
normally a dolay of a fow microsoconds botwoon tho inci-
dence of tho ionizing particlo and tho output pulso., The
bromine-quonched typos are morc robust eloetrically, will
wvithstand a tomporarily rovised voltage, or too high a
voltage, require a lower oporating voltage than the corr-
esponding organic-vapour~guonchod typo, have a widor tome
poraturc range, and a thooritically infinite lifo. The
bota counting officicncy is about 95§ of that of the corpe
osponding arganic quonchod typo, which is vory noarly 100%.
Othor considorations of shapo and sizo dopond on tho work
in hand.

For counting low-lovol bota particles, below
about 0.1 MeV, thoro is a choico of throo mothods -
(1) Gas counting as a proportional or Goigor counterss
(2) Liquid sciontillation counting using intornal phosphor;
(3) As a solid in flow type proportiocnal counter.
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(c) Gauma Counting.

Seiontillation counting, using a sodium iodido
crystal as a phosphor - is to Yo rocommondod, bocauso of
1ts high officioncy, which may bo 50% or moro, while tho
gamma counting officioncy of a Goigor counter is usually
much below 1%, Highor counting rates aro possible with
the seintillation counter than with tho Goigor countor as
tho resolving time ¢an bo made much loss than 1 sae,
If the activity is sufficiontly high for adaquatq counting
rates to bo obtained using a Goigor countor, thon this

method may prove thoe more convoniont,
6. Romarks,

For dotailed study and practical work it is noco-
ssary to know the sourcos of orrors, tholr statistics,
thoir moasuromont and mothods adopted to ninimizo or com-
plotoly oradicate thom. Tho cholce and proparation of
radioactive sources also roquiros a considorablo attention,
Tho abova'dcscriptions of tho instrumonts arc vory olo-
montary and aroc Just cnough for a basis for dotailod roa-
ding. Inclusion of thosc topics and dotailed troatment
of instrumonts shall mako thls chaptor a vory volumenous

o) 4 Ta J%
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REMOVAL OF RADIONUCLIDES FROM WATER
BY WATER TREATMENT PROCESSES.

4,1. Introduction.

Before a method of treatment for the removal of
radiocactive materials from water can be selected or pro-
vided, the sanitary engineer, consulting engineer or water
works official must know several things. These include:

(1) The concentration of radlosctive material in the
wvater to be treated;

(2) The composition of radioactive materials in tho
wvaters

(3)  The maximum permissible concentration (MPC) of
the individual components comprising the radio=-
actlve materials; and

(2) The efficiency of the particular process or come
bination of processeé that might be considered

for the romoval of the various radioelements,

To obtain information on item (1) (the concen~
tration) the engineer or official must know what radlo-
isotopes are used on the watershed and in what amounts,
and the concentration in which they are discharged: In
case of atomic fallout the intensity per square foot
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should be known. This will aid in the interpretation of
counting data from a reasonable number of samples. If
only a single isotope is fouhd Item (2) (the ccmppsition)
presents no problem. Uhere several radloisotopes are de-
tected, however, radiochemical analysis must be made, and
these become difficult as. the number of radioisotopes in
the mixture increases. Information on item (3) (mpC
Values) will be found in "National Bureau of Standards
Handbooks No.52 (1) Item (4), (efficlency of treatment
proéess) wililbe considered later. If radioisotopes for
whiéh no information relative to the efficiency of remo-
val afforded by‘variaus treatment processes has been pub-
lished are encountered, it may be possible for water works
operator to carry out studies to determine the behaviour
of these radioactive materials in their passage through
the plant. ‘

The percentage of removal that must be provided
by a particular water treatment process 1s‘a function of
‘the initial concentration of the radloactive element and
of the MPC value for that radiolsotope, as given in the
Handbook (1), Let it be assumed for example that the
initial concentration of strontium (Sr89) in the raw
water amounts to 1.0 microcurie per millilitre (~o/ml),or
3 x 108 ppm. The removal required to reduce the acti-
vity to the MPC value of 7 x'lo‘sfkc/ml (2 x 10'9 ppm) is
99,993 percent, a very high efficiency of removal. Or 1if
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the efficiency of a particular process and the MPC value
are knoun, the mazié;m concentration of that component in
the wvater to bo treated can be defined. Again, using the
example cited above, if the treatment processes have an
overall removal efficiency of 90 per cent, the maximum
concentration of (Sr89) in the untreated water cannot be
more than 7 x 10™% M o/ml (2 x 10*8 ppm).

4.2, Radioactive Materials.,

Before speaking specifically of water decontami-
nation and citing experimental results, several charac-

teristics of radioactive materials should be mentioned,

(1) The rate of disintegration or decay of radio-
1sotopes cannot be modified by any physical, chemical, or
biological processes, In the treatment processes emplayed,
the radionctive materials are transferred from the liquid
to the solid phase (chemical precipitates, suspended solids
and sludges). The radioactive materials aésociatedeith

these so0lids must still be disposed of in a safe manner.

(2) Chemically, the radiocactive isotopes reacet simi=-
larly to their stable counterparts. Thus if a process
removes the stable element, as with the precipitation of
caleium in softening, radiocaleium will be carried dawn

in the same manner. This statement may be expanded.iwnther

to include substances such as strontium and barium which are
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chemically related to caleium - that 1s a process designed
for the removal of calcium will also remove some of the

strontium and barium.

(3) The amounts of radioelements that must be consi-
dered are exceodingly small. To illustrate this, Table 1
presents a comparison of the permissible levels of specific
elements in the US Public Health Service "Drinking Water
Standards®™ (2) with the concontrations indicated for radio-
isotopes of these elements. It will be seen that the per-
missible levels from the standpoint of radiocactivity are
far lower than the c¢oncentrations permitted on the basis of

the "Drinking Water Standards".

(4) Because the radioactive elements are present in
such low concentrations, the usual qualitative and quanti-
tative procedures cannot be used in the identification of
these elements. Because these materials are radioactive,
‘however, this characteristic may be utilized to detect,

measure - and identify them,
4.,3. Conventional Processes,

Conventional tfater treatment processes include
coagulation, settling, filteration, and disinfection. In
addition, auxiliary treatment such as aeration, softening,
or iron and manganese removal may be included. In the
course of the experimental studies carried out at Dak
Ridge National Laboratory, Oak Ridge, Tenn., by the Public

s



@.@mv m Z.Ch

B i L om - R ‘ 9.8 ]
- Aw +\F N M 5.2 1
IVAUIN 43 IDYiNI A dd | IQ_
NULLYA 34 7id A8 $1L90A0¥d
NO:isSid dIXIN 40 TVADNTY zoxg 135¥ 3YONI 40 123343 R e
: _ r e ; N | o
| wm.mo : L Tm‘m ‘ ‘ g0 , £9.00] : |
| L %6 o6 | S, 1 E PbbRo .oz
‘06 -S4 mm 0.Y lsl.o-gl10.0 : m.mw_
B mn mi Lv.m..{wﬁf o,vf;w vmnm“wm\.sw%mm 2i.0 omm bmn pLT - m,t
-1«5 - ge o +mw J,.!*n - + _m.m,. _'.v 6. mw .M.--h mmu B 0|
BEARTA N‘\Wmﬂ .,,.m.__,__mW.,.-,m.-m..,\_..ﬂj..».....w.m,ﬂ.@-.m4_, 6.85  L.S5¢ - 50
Essu&.wzwu wzl\WPwm. wdd _ Ea& W L ! . _:..;A,_,_“» wdd wdd wdd
m«ﬁww“ww_gésw«oo_ ALigigyny .Ez:ﬁ.&. H' 10 s ey HO®N | ey ey
DA S S i S O S
.mc,q._pd‘bwwv/%mwa w $D1LStd31L0yaAvHD TTyNId , 3195y sOq

P N P W LNYT ITUA [ T S0 T AMLAN DM (e WA I it T

89




soron W TR e IO
. yv57 PRRER o } o6
106 S 85 65
o, 89 o ' 15 67 78 O 6
OO 1 Crs - 6 671007 ' (- 51
Cos O : ' 40 60
‘ garel R * o9y
PSR 400 I 75 & bz& a4
S %6 ‘ 100 1 6.8 66 - 98
\J/qu o ' aney £'8-"1"1 fgﬁ 93 |
100 1.6 01002 3409
707 Nk O 14 70 98
‘0o 95 g9 |
pa2 100 "o 16 6’8 &8 ?@7f 99
Cr o o0 1.6 7688 74 98
w '8° " 100 16 75..8'4 5. 91
7' 10D N 6°9-.9°00 O 10
(et O C1-10h 77 78 Ri- 94
Tale vh 20k Va7 e BS -96
BN  ace I B -1 I R
SRS 3 R 10 9 7
0 oy BT Y I F A
FLERNM A O ) 1o . AL ?(}'CJL 6 4

IADRLE A

COAGLUL AT N K
( AR TEST A

9D

SE ot
TUDE S,

NG KRE St

TS5



Phosphorus (P32) has been removed from contamina-
ted waters (4, 5), but considerable care had to be given
to the coagulation steps (6)« Removals in excess of 98
percent have been reported. Iodine (1131), which has
found most extensive use in medical therapy and research,
cannot be removed by coagulation with alum or iron because
the element 1s in the form of an anion, The addition of
small amounts of activated carbon (4), copper sulphate(4),
or silver nitrate (4; 6), however, has increased removals
~of this anion from water to about 96 percent. Some of
- these results are indicated in the Table 3,

Coagulation will be helpful also in the removal
of radloactive material attached to or adsorbed on the
natural turbidity found in many surface waters. Since
coagulation will remove much of turbldity, the activity
attached to it will also be removed. The effect of added
turbidity on the removgl of certain radioisotopes is
11lustrated by the data in Table 4.

As might be expected, pH exerts an appreciable
effect on removal. Table 5 shows this effect on the

removal of mixed fission products by filteration, and

in the second experiment, the error was calculated from

the variation between duplicated samples.
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Health Service, the Engineéi Research and Development Labo=-
ratory (Fort Belvoir), the Tennessee Valley Authority, and
fhe Oak Ridge Paboratory, the conventional processes that
showved promise for remuval of radloactive contaminants

were evaluated. Noncoﬁventional processes including clay
adsorption on metal powders, electrodialysis with permse-
lective ionw-exchange membranes, and evaporation were also

investigated.
4.4, Coagulation.

Coagulation involves the formation of chemical
floes that adsorb, entrap or otherwise bring together
suspended matter, particularly suspended matter that is
"~ ecolloidals The addition of coagulating chemicals will
result also in the preeipitation of some of the soluble
cdnstituanzs in the waste as metal hydroxides, generally
as hydroxides of aluminium or iron, because alum and iron

salts are the most common ¢coagulants.

Coagulation followed by settling has been studied
rather extensively at the Oak Ridge National Laboratory,
vhere standardized jar test procedures were used and alue
minium sulphate, ferous sulphate, and ferrie chloride
were evaluated. To conserve time and effort, statistiecal
procedures were employed in planning and carrying out the
experiments, A reexamination and recalculation of an

earlier 32 factorial experiment, in which the simultaneous
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effects of turﬁidity, coagulant doze, pH, and activity in
counts per minutes (cpm) were determined, indicated that

a one third replication of the 34 experiment would provide
equally reliable inﬁerpretation of the factor interactions.
(3) * Through the usa of this technique, it was possible
to reduce the number of jar tests from 243 to 54 for sach
series, or to two-ninths of the original effort, The

rosult of these studies are summarised in Table 2,

Note: ¢ A 3% factorial experiment means that four inde-
pendent variables were investigated at three saﬁarate'
levels. In the original factorial experiment the simulta-
noous effects of turbidity, coagulant dosage, pﬂ, and
initial radioactivity dosage were evaluated at three
levels, In the second factorial exporiment,evaluation
were made of different coagulants (aluminium sulphate,
foerric chloride, .and ferrous sulphate), initial radloac-
tivity dosage (at-thrqe lovels), tap water (variation
over a 3-day test period), and coagulant dosages of 1,2,
‘and 6 grains per gallon (gpg) (17, 34 and 103 ppm, res=-
pectively ) The one third replication means that a
third of the‘tbtal experiment was carried out on each
succeeding day of the test until the experiment was comw-
pleted - that is, for three days. In the ariginal expe=
riment, the individual error was calculated from the
variation found in running triplicated samples, whiley
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Table 6 indicates the effect of pH on the removal of ruth=
enium by coagulation, Increased chemical dosages do not
necessarily result in greatly increased removals of acti-
vity. In coagulation of a fisslon products mixture with
ferrice chloride, for example, a twenty-fold increase in
the coagulant doze (from 10 to 200 ppm) resulted in less
than 14 percent increase in removal of radiation materials

(from 79.9 to 88.6 percent removal),

The results of the research undertaken by Conard
P, Stranb, Roy J. Morton and Oliver R« Placak for the
Atomice Energy Commission (Under Contract No. W-7405-Eng-
26) at the Oak Ridge National Laboratory (4) require a
special mention: In this research the effectiveness of
coagulation was studied for removal of a serises of indi-
vidual radioisotopes. Specific concentrations of coagu-
lating chemicals, turbidity, and radiolsotopes were added
' to a given quantity of water and the mixtures were subje-
cted to a 3-minute rapid mix and 27-minute slow mix.
After mixing, the floc was allowed to settle for 30
minutes: Samples of the supernatant liquor and sludge
were extracted, dried under infrared heating lamps aﬁd
counted in a Geiger - Mueller end-window counter, A
total of 53 series, each of 5. Jar tests, were madej 7
series of tests in the study of Ggiéé; 8 of‘ﬁgl, 10 of
Srag, 13 of 1131, 10 of P32 and 5 of iodine dissolver

solution (mixed fission products waste).
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The results obtained in routine coagulation stu-
dles for the removal of radiocactive Celéé,'zgl, sr89, 1131
and P92 are reported under several headings -
(1) Alum and Na OH,
(2) Alum and Nag CO3,
(3) Aluﬁ and Na OH in the presence of turbidity,
(4) Alum and Nap CO3 in the presence of turbidity,
(5) Fe Clg and Na OH in the presence of turbidity, and
(6) Fo Cl3 and Nap CO3 in the presence of turbidity,

As the condition of tests varied somewhat from
run to run all information obtained has been summarised
in Tables 7-13. The procedure used in the coagulation stu=
dies consisted of the addition of radiolsotopes coagulant
and turbidity to tap water. This addition was followed by
3-minute rapid mixing, 27-minute slow mixing, 30 minute
gsettling and centrifuging of the settled samples where
indicated. An examination of the data in these Tables
will show that:
1e The uso of alum or iron with Na OH or Nag CO3 in
‘the presence of turbidity always gave greater
removals than did the use of the coagulating che=-
micals alone.
2o The use of Nag C03 as compared with Na OH as a
coagulant, with or without added turbidity,
resulted in greater removal efficiencies and was

9l

particularly advantageous for s 4s removals
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with Wa OH were less than 57 per cent and, with
Nag CO3, were more than 83 per cent.

3e Chemical coagulation under the conditions reported
was unsatisfactory for the removal of sr89 and
1131‘

44 Removals reported with Fe Cl3z were slightly gre-

ater than those with alum,; due probably to the
broder pH range for effective eoagulation with
the iron salt. In the studlies with iodine
dissolver solution (Table 13) higest removals
were obtained following coagulation with lime,
alum and sodium silicate,

Removals by Turbidity.:

Most surface waters contain variable amounts of
turbidity; usually in the form of £ine clay or silt par-
ticles, Some radioisotopes, either through adsorption,
ion exchange or a combinmation of both, will be removed
by this tﬁrbidity.' If the process is primarily one of
adoorption, it may be assumed that the process will
follow the Freundlich-type reaction, which is expressed
emperioai&y by .the exponential relaﬁicnghipz

=K ¢t
in whicht
%’ is the adsorption per unit weight of adsorbent,

x equals Co = C, which is the amount of material adsor=-
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bed, or the initial concentrations of adsorbable material
mimis final concentration of adsorbable material,
C i1s the concentration remaining (non-adosrbed fraection),
K and n are constants, depending upon the materials in-
vestigated,

 This expression is modified here by denoting x,
Co and C as the concentration of activity (or radioisotope)
in te:ms of the counts per minute per millilitre (cpm.per
ml.) and by expressing M as the milligram per litre (ppm)
of adsorbent (turbidity) added. In the use of this
modified expression, the values x, Coy and C represent
only the radiocactive fraction, as no consideration is
given to stable isotopes present that may be adsorbed.
The reported x ratios may be considerably lower, therefors,
than 1f an evgluation.were made of the total adsorbable
concentration, radioactive and stable,
Freundlich -~ type isotherms for 03144, 5r89 and Y9! are
shown in Fig, 1, and proportional removals for various
turbidity dosages are shown in PFig. 2 for 63144,‘291,
sr8? ang lodine dissolver solution. In these studies,
a clayey soil of local origion was prepared as a slurry
and added to fap water to produce the desired turbidities.
The results illustrated in Fig. 1 and 2. are based on
removals following 3-minute rapid mixing, 27-minute slov

mixing and 30-minute settling.

29



Fi

The removals of Ce™, Y aud Sr* from
solution by clay turbidity arc plotted.
Ca is the imitial concentration of adsorb-
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More recent studies have shown that the rate of mix
(rapid or slow) affects removal rates greatly. The addi-
tion of 100 ppm. of clay to a solution containing 03144
followed by S«minute rapid and 25-minute slow mix showed
| a,removal qf 25.2 per cent by the clayj with 30-minute
répid and no slow mix, a removal of 92,8 percent., The
addition of 100 ppm. of clay to 2 solution containing
Vo produced similar results. With slow mix, only 38.8
percent of the YO yas removeds with rapid mix, removal
was increased to 93.4 percent. The effect of rapiq or
slow mix may have been more pronounced in the local clay
slurry because it was of a size that settled out during
slow mixing{‘thereby reducing the number of surfaces in
contact with the radioactive sclution, Rapid mixing over-

come this and,resulﬁed in much better removals.

The data plotted in Fig. 1 aﬁd 2. show that wide
~differences in removal may be encountered dependent upon
the particular isotope involved., Subsequentl - studies have
further shown that the particular absorbent used also has

a major offect on removal. Extreme caution should there-
fore be exercised in interpreting statements that have
been made on overall removal of radioactive contaminants

by suspended and colloidal matter.
4.5, Sand Filteration.

~ Except for removal by simple straining or sorption
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by biological 1ife contained in a "schmutz-decke", of slimy
layer covering fllters, sand filters have not been effec-
tive for the removal of radiocactive materials (3)., Their
major function is to remove radicactivity previously
incorporated in floc particles during coagulation., Some
typical results from single-pass, down flow filteration
through sand columns are shown in Table 14,

4,6, Softening.

Softening with lime and soda ash has been studied
-and, under proper conditions, effective removals of stro-
ntium, barium, cadimium, yttrium, scandium, and zirconni-
um~nioblium have been obtained (3, 7)., Removal efficien~
cles of 95-99 percent or higher are possible. For ﬁost
satisfactory removal of strontium, Hoyt (3) found that
excosses of both lime and soda ash were required. BHis
results are summarised in Table 15. The strontium present
vas reported to be removed by coprecipitation with the
c¢alecium carbonate by the mechanism of mixed erystal forma-
tion. Data on the removal of stable strontium by municiw
pal vater treatment processes, including softening have

been reported (8) and are given in Table 16.

As has been indicated above, lime soda softening
is failrly effective in removing specific radioelements if
relatively high dosages are employed. From the standpoint

of emergency water treatment, this process is not generally

o4
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applicable because water works serving almost nowhere in
India are equipped with a softening plant. Also, excee-
dingly high dosages would be required to effect substan~
tial reduction of mixed fission productss Other water

treatment processes with the exception of ion-exchange,

are relatively ineffective in removing strontium, whereas
lime=soda softening, under optimum condition, can effect

removal in excess of 99 per cent.
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Mixed Bed Ion Exchange

The main theme of this article has several facets.
These may be summarised, however, as the removal of radio-

activity by mixed bed ion exchange,

During experiments devoted prineipally to a study
of the removal of mixed fission products from water by
utilization of ion exchange,'many problems arose including
- the size of lon exchange unitsj the flow rate; the effect
of radioactivity on the capacity of units; the use of
cation resin alone or the need for a mixed bed; the decon-
tamination factors possible with such unitsj and the dis-
carding of the resins at exhaustion‘rather than their

A

regeneration,

Because of theseIQuastions'éﬁd the present upsurge
in the building af reactors by industrias, it has seemed
fitting to cover the removal of radioactivity by mixed bad
ion exchange 1n a general way and to try to answer the |

questions.
5.1 Historical Resumae.

The first article to apﬁear in the literature on
the removal of radicactivity by mixed bed ion exchange was
by Ayres (1) who used laboratory wastes to which xhe added

o



1.5 x 10% mixed fission product activity and poured these
through a mixed resin., The waste was 0,015 N in acidiﬁy |
and contained 3,000 ppm total solids. A decontamination
factor of 10%® was obtained for a throughout equivalentlﬁq
659 gal per cubic ft. of mixed resin. Breakthrough was
taken as the first appearance of activity in the effluent.

Launderdale and Emmons (2) investigated the remo=-
val of mixed fission products from tap waters using mixed
bed ion exchange in conjunction with another bed filled
vith steel wool, clay, and activated carbon. They were
able to pass the equivalent of l19'gal of water per cubic
foot of mixed resin before the breakthrough point of 10
counts per minute per millilitre (cpm per millilitre) was
roachcd. The Oak Ridge Tap Water contained 200 ppm total
solids, and the pf of feed was adjusted to 7.5 with sodium
hydroxide.

Balcar and asscciates (3) studied removal of 1.5
x 103 cpm per millilitre mixed fission products added to
Jergey City tap water, using as theirlk dreakthrough point
20 cpm per millilitre activity in the effluent. The
throughput volumes varied between 230-295 gal per cuble
foot of resin depending on the resins used. Jercy City
tap wvater contained 90 ppm total solids. The same authors
also studied the removal of 69137, Srgo, Coﬁo, Niea, Ru;oa,
09144, 835 and 014 from varieus salt solutions containing
1,000 and 5,000 ppm total solids.



B.2. Tap Water Radloactivity Removal

Intensive investigations have been made by the
waste processing group at the Argonne National Laboratory
on the use of mixed bed ion exchange for the removal of

mixed fission products from tap water.

The three main objJects of these investigations
wvere (1) to see what the optimum conditions were for the
removal of radioéctivity; (2) to discoger the capacity of
the resins under these conditions; and (3) to find the

most economical use of regenerant solutions.

The foed used was tap water to which 1 to 2 year
old mixed fission products were added. This tap water
contained 300 ppm total solids, 85 ppm total hardness as
Ca Co3 and had a pH of 9.0 - 9.5,

‘Laboratory experiments using a 14 in column con=
taining 45 cu.in, of mixed resin (30 cu. in. of anion
resin and 15 cu., in. of cation resin) indicated that an
overall decontamination factor of 10% vas obtained with
neutral tap water which contained 10° ¢pm per milliliter
of gross beta-gamma activity; The volume processed was
equivalent to 440 gal, per cubic foot of the mixed resin.
‘Wwhen a 3:1 ratio of the anion to cation resin was used,
the capacity of bed was increased to 630 gal per cubic
foot (3).
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_ The breakthrough point was the point at which the
effluent had a resistivity of 200,000 ohms.

A problem usually arises as to whether 1t would beA
practical to use a mixed bed column in the same manmer as a
roughing filter - that 1s to remove gross contamination -
fallowed with either a second mixed bed or a cation«exchange
column alone for polishing the effluent, The results of
such experiments are given in Table 1, A 1} in dia. column
wvhich contained 46 cu. in. of mixed resin was used as the
primary column. The effluent from this column was then
split threc weysy one third passing through a small mixed
bed column containing a 2:1 ratio of anion to cation resinj

one third through a mixed bed having a 1:2 ratio of anion
’to.cation; and the third portion passing through the cation
resin only,

Until breakthrough of the total solids the primary
column gave an overall decanzéminatian factct of 1.4 x ;04
in the first cycle, whereas the two secondary mixed bed
column gave an overall decontamination factor 1.2 and 1.9 x
105, respectively. The cation column shoved an overall
decontamination factor, including the primary mixed bed,
of 2.3 x 10%,

5.3« Capacity for Radloactivity Removal

In order to determine the effect of continued

reuse of a mixed bed resin for removal of radioactivity,

14
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a column of larger diameter was required to regenerate the
resins effectively. Two 4 in dlameter, 652 inches high
lucite columns (Fig. 1) were constructed, in to which were
meastired 1,550 ml cation resin and 3,200 ml of anion resin
equivalent to 0,168 cu.fﬁ. of mixed rgsin. In one column
the feed was tap water-adjusted to pH 7.0 and, in the other
it was adjusted to pH 2,5+ Typical results are shown in

- Table 2, It is interesting to note that twice as much
capacity vas obtained at pH7, as was obtained at pH 2,5,
The decontamination factors, however, are not as great as
at pH 2.5, undoubtedly because most of the radiocactive
nuclides would be in the anionic form at the lower pH,
vhereas some, such as ziroconium would be colloidal at pH
7.0. As the anion resin broke through first, probably
because of the nitrate ion from nitric acid used to reduce
the pH to 2.5, it is recommended (3) that a 3t1 ratio of
anion to cation resin be used in order to increase the

capaclty of the mixed bed.
5.4. Method of Regeneration.

On the basis of the above capacity for water con-
taining 300 ppm of total solids it can be seen that it
would be uneconomical to process only 400-800 gal per cubic
foot of mixed resins if regeneration were not practiced -
unless, of course, the resins required remote handling
because of curie level activity. Regenerating solutions

would be radioactive and would require further processing,
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so it 1s essential that these solutions be kept to a minimum
volume. Tvwo processes seemed feasible; a two step process,
or the simultaneous method of pegoeneration, In both proce-
sses the resings were separated by hack washing, but instead
of using clean rinse water for this purpose, the water on
top of the resin was recirculated so as to use only a small
additional amount of water. In the two-step process a 4
percent caustic solution was passed through the entire
resin column, thus changing the entire resin column to the
hydroxyl form and the cation resin to the sodium form, The
1iquid in the column was drained to the cation-anion inter-
face and 6 N nitric.aci&-waa_run on to the cation resin by
means of a tube, Several distilled ~ vater ;;;:as followed,
1neaeh‘¢ase using a minimum volume. Instead of rinsing
until a pA of 6-7 was obtained, rinsing was discontinued
vhen the effluent had a pH of 3-4. :The results of labora-
tory experiments are shown in Table 3, and a schematic

drawing of apparatus is shown in Figure 2,

Iﬁ the simultaneous method of regeneration,after
the resins are classified by the method just mentioned,
the caustic 1s passed.down the anion coiumn, 6N nitric acid
- is passed upflow through the cation column, and both are
removed at the interface. (Fig.3)s As the volume of 4 per
cent caustic was 9 litres for the oalﬁaicu.ft. of mixing
resins, and as only 1 litre of 6N nitric acid was required,
8 litre'of caustic were passed through the column before

e



any gﬁﬁric acld wvas added., The equipment manufacturer re-
commended that water be passed up flow through the cation
bed until it vas time to add the nitric acid, dut experi-
mental work indicated that that was unnecessary. Again

the object was to keep the regenerant solutions to a mini-
mum. In all of these preliminary tests employing the simul-
taneous method of regeneration, the capacity of the resins
was not impaired by these procedures when the experiments

were run with inactive solutions.

When using tap water to which radioactivity has
been added, it iras found that continuous cycles at pH 7
showed some erratic results. Further investigation indi-
cated that in order to obtain good removal of radiocactivity
when the feed was at pH7, 1t was advisible to add so called
a decontaminating step. This was accomplished by passing
6N nitric acid, before regenération, down flow through
the column at the rate of 0.4 gpm per cubic foot. The
amount used was equal to that required to cover the resin
bed. When the feed is at p 2.5 this decontaminating step
is required only after every fourth or fifth eycle. The
extra step also adds to regenerant volume, and it 1is
therefore recommended that the mixed bed regeneration in
the usual manner until a marked decrease of capacity for
activity removal appears and, at this time, to employ the
‘decontaminating step. It might also be possible to use
less concentrated nitric acid for this particular step

120
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although 6N nitric acidlwas found to be optimum for rene=-
rating the cation resin (3).

5.5. Efficiency of Regeneration

In a'series of 10 laboratory experiments using
the two-step regenerating process and neutral tap water
containing 10° cpm per milliliter mixed fission product
activity as feed, the average regeneration efficiency was
70 percent (3)s The formula for caleulating percentage

regeneration efficiency is:

Regeneration efficiency= Cgpagi%x after regeneratio 100
. etermined initial capacit?x

In a serles of 10 experiments using the small 4

in diameter pilot plant columns, considerably better

" results were obtained by the simultaneous method of rege-
neration, The new resin bed processed 650 gal of tap
water per éubic foot of mixed resins prior to total solids
breakthreugh.‘ Six cycles using the two-step process
showed capacities of 321, 262, 298, 220, 494 and 619 gal
per cubic foot, or an average of 57 percent efficlency.
Subsequently cycleé using the simultaneous method showed
capacities of 821, 792, 750, and 780 gal per cubic foot,

or an efficiency of 121 per cent.

5.6. Effect of Flow Rate

"v

The manufacturerts recommendation for rate of

flow through a mixed bed lon exchange unit is 2 gpm per

122



_cubic'foot. The same recommendation is given for a cation
exchanger, but some work (4) has shown that flov rates as
high as 10 gpm per cuble foot do not impalr the capacity
of a oationiexchanger for radioactivity remoVal; YUith a
mixed bed exchanger (3), howéver, the capacity was greater
gt the 2-gpm per cubic foot rate (340 compared to 280 gél
por cubic foot), and the integrated decontamination factors
vére approximately 2 to 5 times greater at the 2«gpm than
at the 5 gpm per cubic foot rate, In these experiments
tap water adiusted to pi 2,5 was used, and 105'epm per
milliliter mixed fission products were added, It is
therefore concluded that, for the best removal of radio-
activity by mixed bed ion exchange, the flow rate should
not exaee& the 2-gpm per cuble foot rate, and a lower rate

might be even more desirable,
5.7 pﬁ,'ﬁesistance and Activity

- Lébamatewy wastes from ion - exchange axperiﬁents
which contained Na, Ca, Fe' * *, and Al nitrates equivalent
to about 300 ppm caleium carbonate and activity ranging
from 0,1 to 2,200 cpm per milliliter, mainly cesium-137,
with some mixed fission product activity was passed
through a mixed bed column, The column was 2 in, in dia-
meter and contained 0.014 cu.fts cation resin and 0,028
cu.ft, anion resin, During this run, pH, resistivity,

and activity, of the effluent were noted by analysing a

composite effluent after a day's operation. A correlation

&
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- was noted among these variables at the point of exhaustion
of the resiﬁ column for activity. Breakihrough point was
taken as 5 cpm per milliliter in the effluent; at this
point the resistance was at the low point and the pH dro-
pped from 6,8 to 3.5, It 1s noted that 1mmediatély follow~
ing this, the activity level rose'vertically. The results

are shoun in Fig. 4.
5,8, Mixed and Dual Bed

As it is easier to regenérate a dual bed than a
ﬁixed bed, a study was made of the capacity and deconta=-
mination obtained using the two, For the dual bed, 3 cu. -
in cation resin wasuseé_iﬁ.serieswith_e cu.in. anion
resin. The same amounts of resin were used in the mixed
bed, The feed was neutral tap water to which was added
2.5 x 105 cpm per milliliter mixed £ission products.

Until breakthrough of total solids, the decontamination
factor for the two-bed system was 1.4 x 10° and for the
mixed bed, 1.7 x 10% with capacities of 406 and 356 gal

per cubie foot, respectively.

- If decontamination factors of only 50 are required
however, an additional 550 gal per cuble foot of resin can
be passed through the two-bed system before regeneration
~ is required. With the mixed bedy a decontamination fac-
tor'of'léolcan be obtained with the passage of 610 gal
per cubic foot beyond total solid breakthrough before

28



regeneration is required., These data indicate that there is
not much difference in total capacity of resins whether a
tvo~bed or mixed bed system is used, but decontamination
factors are approximately 3-10 times greater with the

mixed bed system. These data are shown in Table 4.
5.9. Cation & Mixed Bed.

The amount of radloactivity removed by a cation
bed is as different from that removed by a mixed bed as
is softened water from demineralised water, From a purely
chemical point of view, it would appear that, as most
radioactive ions are cations, it would be logical to ex-
pect a cation exchangef to give almost as good decontami-
nation as a dual or mixed bed system. A cation bed,
however, does not give a decontamination factor better
than\l@—ls unless the only ions present are radicactive
ones - still several orders of magnitude under mixed bed

resultis,

It should be noted from Table 1 that the decon-
tanination obtained by the use of a cation resin only on
the effluent from a mixed bed resin was considerably less
than when the same effluent was passed through a second

mixed bed column,

In order to compare the specificity of various
ion~exchange materials, a group of four laboratory colu-

mns was set up to use the same feed, The columns
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breakthrough point which correspond to about 4 litres of
effluent, For this column which coﬁtained half as much
cation resin as the columns contalning cation resin alone,
hardness broke through at 12 litres, Aftef total solids
broke through, the activity in the effluent increased

markedly., These data are shown in Table 5.
5.10. Activity Distribution in Effluents,

The distribution is shown in Figure &, The eff-
luent aétivity discharged from exhausted cation resin
columns of all three types was mainly ruthenium and‘cesium.
Cesium was retained fairly well on the column until hard-
ness breakthrough, at which time cesium broke through and
from this point waes being eluted. Ruthenium was only
partly retained on the columns throughout these experiments,
A nore thorough discussion of the work with cation resin
columns was reported by Swape and Anderson (4). The
behaviour of the mixed bed column was similar, except that
very little activity broke through pricr to total solids
breakthrough, but after this point was reached, ruthenium
was the first element to elute followed by a small amount

of eesium,
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REMOVAL OF RADIONUCLIDES FROM WATER BY
WATER TREATMENT PROCESSES
(Part 3)

Non Conventional Processes.

Several non conventional o¥ler methods have been
studied for the remcval of radiocactive constituents from
water. These are of particular interest as possible meth=-
ods for emergency treatment or other non-conventional app=-
lications. The most promising of these, phosphate coagu~

latlion has effected removals of up to 99.9 per cent.

6'1. Phosphate Coagulation.

According to Launderdale, (1), following impor-
tant conclusions are obtained as a result of experimenting
with ecalecium phosphate ~ |

1. Essentially all the cerium, yttrium, and zine were
rema#ed from solution by'bhosphate precipitation,

The data can probably be extended to include

other elements of aimilar chemical properties.

24 Approximately 104 of the tungesten, 67% of the
antimoney, and 95% of the strontiums were removed

by the phosphate treatment.
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3. Efficiencies of removal greater than 99%, or deco-
ntamination factors greater than 100, have been
obtained with a mixture of fission products bi
using clay in conjunction with the phosphate, fo-
llowed by sand filteration., The efficiency of the
process when used with a mixture of radioactive
isotopes wlll depend on the composition of the

hixture¢

4.  The greatest concentrations of activity in the
floc were obtained under conditions of high pH and
with an excess of phosphate., Flgures 1 and 2
illustrate the relationship betwesn pH and the

phosphate concentration.

Fig. 1 wvas obtained when the ratio of phosphate
to calcium was kept constant and pH variable. Six such
tests were made ﬁsing ratios of 0.43, 0.86, 2.16, 4.32,
12,90 and 25.8 mg of sodium phosphate to 1,0 mg of cal-
"cium hydroxide. In each case the pH was adjusted with
nitric acid or sodium hydroxide. The pH has a marked
influence on the percent of strontium removed until a pH
of approximately 11.3 is reached., At pH values of 11.3
little effact due to pH was observed.

In Figure 2 are shown data obtained by mainta-
ining the pH of each sample above 1l.3 and verying the
- ratio of sodium phosphate to calcium hydroxide between the
values of 0.43 to 1 and 25.8 to 1. The per cent of stron-

13¢
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tium removed increased rapidly as the ratio of phosphaﬁe to
calcium was increased. A sharp break occurred at a ratio
of 2.2 to 1, vhich corresponds to a 46% excess of phosphate,
Above the ratio of 2,2 to 1 only a slight increase in the

removal of strontium was noted.
6.2 Electrodialytic Cell.

Studies utilizing an electrodialytic ¢ell with
permselective ion-exchange membrances (2) indicated the
necessity of removing all colloidal radicelements prior to
concentration of soluble radiolsctopes in the cell. Passage
of various rad;oéolléids through a molecular filter mem-
brance has shown that the larger colloids such as Zirco-
nium9- Niobium®8 were removed completely, whereas others,
such as Rutheniunl®® and cesiunl®%, vere removed only in
part, Therefore 1f the dlalytic cell is to be effective
for the removal of the solublelraq1oact1ve materials, the

radiocollolds should be removed beforehand.
6.3 Metal Powders etc.

Other methods suggested for the removal of radio-
active materials include the use of metal powders and added
clay materials. Laboratory jar test studies, using various
metal dusts to remove specific radioactive contaminants,
were carried out by Lacy (2), and data are shown in Table
1. 1In general the best results were obtained with the iron

dust with removals exéeeding 90 per cent, except with fiss-

Y



ion products mixture lodine, and cesium. From these results
Lacy concluded that adsorption was the primary mechanism
involved in the removal of the radiocontaminants. Other
mechanisms such as metallic displacement may, however, be

responsible for some of the removal reported.

Considerable work has been reported (3, 4, 5) on
the use of clay materials for the removal of specific rade
ioisotopes from water. Some results are indicated in Table
2. Although, this method 1s feasible, it involves working
with large volumes of clay, both initially and also as
contaminated mass of material., TFuarthermore if combined
with chemical coagulation, still larger volumes of radio-
activély contaminated sludge must be handled for disposal.
The adsorption of radioisotopes on clays has its greatest
potential value where the geologic and hydrologic condi-
tions are such that the ground itself will retain radiocac-
tive materials and reduce the danger that underground water

supplies will be contaminated.
6.4 Evaporation,

Evaporation, although is not a muniecipal water
treatment method is included in this discussion because it
is the most effective process presently available for con-
centrating the radioactive materials. Under proper condi-
tlons, a condensate very low in actlivity can be produced.

High decontamination factors are possibls, but the cost is
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relatively great. ﬁnder emergency condition, however,
evaporation should prove very satisfactory as a domes-

tic method.
6.5 Removal of Mixed Fission Products.

The previous discussion has centered on the remo-
¥al of specific radioisotopes from aqueous solutions,
With a fission products mixture, or any mixture of rad-
ioisotopes, however, the efficiency of removal is a
function of the individual radloisotopes comprising the
mixture. Removals in laboratory experiments to date have
been in the crder of 70-80 percent with alum or iron coe
agulation (3). A series of studies on actual radioactive
process waste waters, at the Oak Rldge National Labora-
tory disclosed that removals up to 90 per cent could be
obtalned with excess lime~soda ash softening and phos-
phate coagulation, when clay was added for removal of
thé cesium in the waste (4). Results of laboratory
tests with this waste material are summarised in Table 3.
Other experimental data with fission products mixtures

are given in Table 4.
6.6, Summary and conclusions.

Unless related to the initlal concentration of
the radiocactive materials present, the percentage remo=
val values cited during these discussions have little
significance, It is only when the efficlency of removal
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is considered in terms of the initlal concentration and
the maximum permissible concentration values that safety
of the treated water for human consumption can be defie
nitely determined. Generally speaking, water treatment
processes will not effectively reduce the activity in
vater to acceptable safe limits except where the initial
levels of activity are very low, certainly several |
orders of magnitude below the 1.0 n¢/ml level,

In order to minimise the contamination of water
supplies, radiocactive materials should be retained as
close to their source of production as possible. The
practice at present is predominantly tank storage. As
has been pointed out, the transfer of activity from the
liguid to the solid phase by water tréatment processes
does not eliminate the problem, since sultable storage
or disposal fecilities must be provided for radloactive
sludges, filter wash water and other éontaminated by -

products.

To protéét large population centres dependent on
surface waters which may become contaminated by radio-
active materials plans should be made for auxiliary
water sources from possible non-contaminated supplies.
For this purpose, existing ground water‘supplies may be
used, other interconnected supply may be piped in, or
special provisions may be made for bringing water from

the outside. BRhese precautionary measures will be
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effoctive only in those areas where the contamination
from radiocactive materials in low enough so that there

will be no hazard from external radiation.
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GHAPTER 7,

Problen's Future Scope in India.

It has been pointed out in Chapter 2 that radio-
-active fallout may take place anywhere irrespective of the
distance of the site of nuclear explosion. A number of
factors influence fallout ~ prevalling winds, rainfall,
temperature currents and other climatic, topographic and
geographlc factors - are a few from the big list, It would
bo interesting to note that fallout due to nuclear bomb
explosions carried out by the Government of the United
States of America occured in the United States itself and
was recorded. The extensive tests carried out at the
Harvard University testify the above statement. It, theres
fore, is very likely that radioactive fallout-might have
taken place in India as well. This might have raised the
levels of radioactivity 1n many surface sources of supply.
In order to know the effects of nuclear tests on the levels
of radioactivity in sources of water supplies a country
wvide radioassay programme must be organised under the ause
plces of the Atomic Energy Commission or the Central Public'
Health Research Institute or any other suitable organisa-
tion. The data collected in this manner shall be of great
value for all times to come so far as the radiological

quality of water is concerned.
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Bosides fallout, contamination is belng caused by
the reactors set up by the Government of Indla at Trombay
in the form of reactor wastes. This is limited to Bombay
and the surrounding country only, but a glance at the Third
Five Year Plan shall show that we are going to establish a
nuclear power station either in Delhi, Uttar Pradesh,
Punjab or Rajasthan depending upon the recommendations of
the high power committee set up for the selection of site
for this power station. Not only this but many research
establishments dealing with radioactive materials in the
fields of medicine, soilstudies, botany and engineering are
expected to come up in the recent future. The highlights
of the programme are the comstruction of a plutonium plant,
the production of radioisotopes 50 as to‘supply the needs
of the entire country, the production of large quantities
of cobalt 680 for medical therapy and research., During the
Third Plan the Atomic Energy Establishment will replace the
present temporary laboratories by new ones, These will
include in particular, a Modular Laboratory for housing the
Divisions which will handle only small quantities of radio-
active material and a large Radiological Laboratory for
high activity work with hot ¢ells, in which hundred thousand
curie amounts can be handled. A plant for the treatment of
used fuel elements and the extraction of plutonium is under
construction at Tpombay and will be eemplgted in the first
half of 1963. A plant for treating low active waste will

be constructed next to the Canada ~ India Reactor. These
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and many more proposals speak of the rapid progress India is
making in the Peaceful Uses of Atomic Energy and consequently
bring out the importance in the near future of radioactive
éonditioning of water supplles as an after effect of the

contamination caused by the above establishments.

It 1s also wvorth pointing out that the industries
and private concerns have not yet started making use of
Atomic Energy but from the trend of development it is expec-
ted that they shall alse 4o so in the recent future., This
shall add to the contamination and furtbur stress the
importance of Radloactive conditioning of water supplies,
and accessing the levels of radioactivitylin.various gsources
of supply, Because we have a future which has a large
expansion in this fleld, the measurements made at this time
shall have a speclal importance in appreciating the conta«
mination caused in future. The research data included
regarding the treatment processes shall alsc be useful,

The data is very exhaustive and gives detaiis regarding a
large‘variety of radiloisotopes and their response to
various treatment processes and it is hoped that it shall
be of use for a good number of years to come. These
recommendations should, however, not be contradicted with

the economy of the country at'any stage.
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