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FOREWORD

The Food and Agriculture Organization of the United Nations (FFAO}, and
the International Atomic Energy Agency (IAEA), in cooperation with the
United States Department of Agriculture and the Department of Entomology
of the University of Florida, Gainesville, Fla., USA, have joinily sponsored
two international training cours<s on the use of isotopes and radiation in
entomology. Scientific authorities from severzl couniries have contributed
lectures and, together with the IAEA Secretariat, devised laboratory
exercises embracing many and varied entomological techniques.

The present manual consists of two parts; a basic part containing ge—
neral information and laboratory exercises on the properties of radiation
and the principles of use of radioactive tracers, and an applied part con-
sisting of detailed laboratory exercises in the use of isctopes and radiation
in entomelogy. A special team of scientists prepared the basic part as an
introduction to all training manuals published hy IAEA and FAO on the use
of isotopes and radiation in agricultural sciences.

The present manual follows a similar manual {Technical Reports Series
No. 29) on isctopes and radiation in soil-plant relations research, and intheir
programme of disseminating information on the use of isotopes and radiation
in food and agriculture, FAO and IAEA intend to publish joinily additional
mamals in this series, on agricultural biochemistry, animal research and
plant pathology.

The present mamal should be useful not only to the personnel of FAO
and IAEA in coftducting future training programmes on the use of radiation
and isotopes in entomology, but alse {o governments and institutes wishing
to hold similar courses, and to research and development scientists using
new information in agricultural sciéence.

FAQO and JAEA would like to thank the scientists who contributed to the
success of the tralning courses in entomology, in particular to Dr.W.G, Eden
of the University of Florida and Dr. A. Lindquist, formerly of the United
States Department of Agriculture, for preparing most of the applied part
of this manual, Thanks are also due to all scientists contributing o the basic
part.






CONTENTS
Some basic symbols and units frequently used in this Manual ...... XII
BASIC PART -

LECTURE MATTER tovuevrrvrrctastonssaotasrssntasaannonanss

3

1, Properties of radioisotopes and radiations ,....ceaveuas 3
1,1. Atomic model: Definitions ...ccvuvivesrovsanrioransss 3
1.2. Radioactive decay and specific activity ...cvvaivenanaes 5
1.3, Energy of radiation .....eveseraerracaasaronsacrroaas 6
1,4, Interaction of radiation with matter ... ..ceveaiionansas 1
2, Radiation detection vicvevisvsonrrsnanasssrasnansasras 11
2,1, Autoradiography ....cecsscsaannsatssarsorsassasaanas 13
2,2, Detection by lonization .....ceeovrarcvcactnasnnnoanes 14
2,3, Detection by excitation ....coveuvciasansenanaaananes 17
2.4, Yield and statisticS .cvevceasoersisscarsanecnsannonss 18
2.5. Specialized detection techniques .......covvvsviannenss 24
3, Health PhySiC8 suvevnrenciaannarssasrsnrsssaansnronrs 26
3.1. Units: basic considerations ....eviseesasccassacsasenas 26
3.2, Radiation hazard ....ceeceeceerevasmrsavraasasranssns 28
3,8. Safety procedures and precautions ....veevessrasanrves 30
3.4, Decontamination .....eeceeecassaasrarssrsaacarassons 34
3.5, Special features of isotope labhoratories .........vv0ees 34
4, Some utilizations in basic principle ....vievsrvsaianaas 36
4.1. Translocation and identification ......cecevevrensanens 36
4.2, Isotope dilution ... evsesusravrssasaaninransoasarves 38
4,3, Tracer kinetiCs ....csucccevccansansevsvassarsnsnras 43
4,4, Activation analysis ,.i.eeeverscacavasassansnriorannsies 50
4. 5, Neutron moderation and gamma attenuation ..isuuensvves 52
LABORATORY EXERCISES .cuuvessnaaranvssascnssvrsanavesnrsas 55
1, Experiments with a G-M counfer .....seescaeareonanss 35
1,1, The plateau of a G-Mfube ... seeuvecssvararosnensares 55
1,2, The dead time of a G-M counter .....ueeasansrrssacres 56
1.3. Natural and technical uncertainty (statistics) ... .vevans. 58
1.4, External sbsorption of S-particles .....ccvvivnasnreres 58
1.5. Self-absorption and self-scattering of §-particles ...... 60
2. Experiments with a scintillation counter ....¢.cuvueeaen 66
2,1, Crystal scintillation counting .....csevessscsscsrsiass 66
2,2. Rapid radioactive deCAY ...cosveevsrsscsssncincanasns 67
2.3, Inverse-square law: Attenuation of y-rays ............ 70
2,4, Liguid scintillation counfing ....sciesencnssnsanarsanas 71
3, Contamination and decontamination ,....csvsecasacrrss 73



Exerciges on basic utilization principles .......cusva.s

. Combustion of carbon compounds ...vessvsnssnnsasssns
. Isotope dilution chemistry ...c..vsvuvrvrnacnccnisaaes

Kinetics of exchange between jong in solution and
those in 80lid form ... veiuvisvrssvancansasscirenauns

4,4, Determination of copper in biological material by

activation analySisS seevasernsseasscssessssnssnrarsnne

4.5, Determination of phosphorus in biological material

by activation analysis ....cvieusssaaraarseressrasaane

MENTAL EXERCISES . s nuseerrererennccsocessosiosiosrosrenss
APPENDI}CES P T T I I R I o S I T A BN N B N I A

APPLIED PART

EXPERIMENTS

1- 3,

=]
.

10,

il.

12.

13.
14,
15,
16.
17,
18.
18,

Metaholism of C -malathion in the house fly ....vnenuars

1. Absorption of malathion in the house fly ........c.uts.
2. Detoxication of malathion in vivo ......ihuninieanana,
3. Detoxication of malathion in vitro ....c.c.vvvasasasss

Metabolism of DDT L. viierrveeseersanasssssasencscsas
Metabolism of aldrin ....eevveecsnusvrvssnasasrasasaanas
Scintillation detection of insecticide peneiration through

and into insect cuticle ... vvuuirsrarsoarsnccannarancne

6. Penetration through the cuticle ,....icieiinnsvscsnss

7. Penetration into the cuticle . iiiieiurearansasaravenss

Effect of temperature on the absorption of C¥-DDT ..,...

Excised leaves for study of translocation of a systemic
ingecticide ...vvirrvrvrsusnnncansocnscancarsanrasrsons
Excised leaves for study of metabolism of a systemic
ingecticide ,...vuisrunnnanivnenssansoansrnrrrsssrtanas
Comparative absorption and iranslocation of systemic
insecticides by plants following soil application ........0.
Degradstion of systemic insecticidés by insects feeding on
treated planis ....iuievvreasrerrrrrarisasnssscasasanasn
Determination of neciar preference of mosquitoes ,.......
Determination of movement of subterranean insects ......
Tagging insects with radicisotopes .. .c.vvvseriaasrennens
Demeonstration of food exchange among social insects ., ..,
Demonstration of transfer of glandular secretion of ants ..
Cuticular excretion of P32 .. iiiiiiersranacsaaravanss
Measurement of biclogical half life of radiotracers

INinSects .iiuieesaasnsaanssersannarnenrruniiresananas

T4
74
76

77

80

82

85
87

167

107
108
108
109
111

113

113
114

114

116

117

118

119
121
122
123
124
128
127

128



20~-26.

217,

28,
29,

Insect sterilization by use of Co® and chemosterilants ....

20, Radiation dosage.required to produce gterility in the
house fly siuiiocausnssnrrnsssncssanansonansenenvns
21, Effect of radiation on sexual competitiveness of male
house flies ....uvsevvavansnacsasrrassnrsvassaarans
22, The effect of a chemosterilant on the reproductive
potential of the house fly ... svieivisaniarreranrseaas
23, Effect of chemeosterilant on sexual competitiveness
of male house flies ... esrseenacierevonncasssnanasns
24, Effect of chemosterilant on sexual competitiveness
of male MOSQUITOES L.iuersrearerreauressscarsoscans
25. Effect of sterilizing treatments on reproductive
functions of the house fly ...uvsuvrrrescsrasensorenes
26, Effect of sterilizing treaiments on chromosomes of -
the house fIy .....eeerenrsncscrcennntorsssnsnanaas

Tagging adult house flies for estinrating population density
by the isotope dilution method ...eciicnovversonscasanas
Effect of anoxia on radiation sterilization of insects ,.....

ANOTadioBTaphy 4v.vecevrreacnnocasorvesssssarsensnans

130

130G

132

- 133

135

136

137

138

139
141
143



SOME BASIC SYMBOLS AND UNITS
FREQUENTLY USED IN THIS MANUAL

Time (in general)

Counting time (duration of}

Sum count (accumulated during T)
Count rate of sample plus background

Count rate of background (blank sample)

Activity = amount of radioactive test
substance expressed, e.g., as
net count rate

Amount, or "pool", of test substance

Specific activity (of substance "A™)

Activity concentration
Test substance concentration

Specific activity (of substance "A'")
Number of disintegrations per minute
Counting yield (overall)

Number of radicactive atoms

Decay constant in reciprocal minutes
Distance

Thickness

""Approximately equal to"

Unit of count rate, counts per minute,
Unit of absolute activityt, curie,

Unit of specific activity, e.g.,

Unit of activity concentration
Unit of concentration

Unit of thickness, linear
mass—thickness

t
T
5
R=S/T
r
A%, B¥, C*
A, B, C
A* R-r

X = o= -
8% =3+ ©- & A in sample
a*’ b*' [
a, b, ¢
¥ =£
D* (dis. /min,)

- R—-r

D#*in sample
N
A (Dok = M)
d
b
cpm

c=2.22X 1012 dis. /min,
cpm per unit weight of test
substance.

cpm per ml

cpm per. mg gross material
epm per cnf

M {mole/1)

mm, cm: or dm

mg/cm? or gfcm?

1 Absolte activity may also be expressed as [P, N*% or number of moles of radioactive substance.
"Absolute specific activity” {e. g, pcAnmole zest substance) and "absclure activity concentration” (e. g.

pc/Ami) are alse used.
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LECTURE MATTER

1. PROPERTIES OF RADIOISOTOPES AND RADIATIONS
1.1. Atomic model: Definitions

An atom is composed of a positively charged nucleus which is sur-
rounded by shells of negatively charged {orbital) electrons. The nucleus
containg protons and neutrons as its major components of mass; the former
have a positive charge, and the latter have no charge. The nucleus has a
diameter of approximately 10712 cm and contains almost the entire mass of
the atom. The atom including the orbital electrons has a diameter of
approximately 10~% cm or 1 Angstrom unit {A),

The number of protons in the nucleus (Z) is characieristic for a chemi-
cal element. The atoms of a particular element may, however, not all have
the same number of neutrons (N} in the nucleus. Atom types that have the
same Z— but different N—values are called isotopes of the same element.
As the neutrons and protons represent the major part of the mass of the atom
and each has an atomic weight close to unity, the mass number, which is
the sum of protons and neutrons, ie close to the atomic weight M.

Mass number =Z+N =M

The nuclei of some isotopes are not always stable; they digintegrate
spontaneously at a characteristic decay rate. In nature a number of unstable
isotopes are known, and nowadays many unstable isotopes are produced arti-
ficially in atomic reactors and by particle accelerators. Asthe disintegration
of unstable isotopes is accompanied by the emission of various kinds of radi—
ation, these unstable isotopes are called radioisotopes.

The nuclei of radicisotopes may emit o—, f¥-, B—and yvrays. o-particles
are fast-moving He nuclei, each containing two protons and two neutrons.
B*- and B~ particles are, respectively, positively and negatively charged,
high-speed electrons, while y-rays are electromagnetic wave packeis
{photons} of very short wave—length compared with visible light, but travel-
ing at the speed of lighi.

Natural isotopes of low Z {except ordinary hydrogen) have approximately
the same number of neutrons as protons (N = Z) in their nueclei, and they are
usually stable. As the atomic number of the elements increases, the number
of neutrons increasingly exceeds the number of protons, which finally re-
sults in unstable nuclei. Thus, the majority of unstable isotopes in nature
ig found for elements of high Z-number with a neutron:proton ratic on the
order of 15:1. The emission of a—particles is characteristic of these ele—
mentg. The combination of two protons and two neutrons is one of the very
stable nuclear forms; and this combined form, the e~particle, is ejected
as a pingle particle from the nucleus of the radioactive atom.

There appears to be 2 more or less well-defined optimum N/Z ratio
for the stability of each element. When the number of neutrons inthe nucleus
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of a radioisctope is excessive, the number of protons in the nucleus tends
to increase by the ejection of a negative B-particle from the nucleus. This
beta particle accompanies the transformation of neutron into proton:

n—+ pt+ 87 (+ neutrino).

An excess of protons in a nucleus may be counteracted by the ejection of
a pogitron, a positively charged electron {regarding MeV, see section 1.3
below):

p*+1.02 MeV- n+8* (+anti-neutrino).

Excess of protons in the nucleus may alternatively be reduced by the capiure
of an orbital (valence} electron (K-capture):

pFte -n.

This process is accompanied by the emission of a characteristic X-ray,
representing the energy difference between L~ and K~shell electron in the
element formed, since the '"hole" in the K-ghell is filled by an L-electron,

After the ejection of an alpha or beta particle, or K—ecapture, the energy
level of the daughter nucleus may noi be at its ground state. The ¢xcess
energy of this excited nucleus is emitted in the form of one or more gamma
photons,

A gamma photon may interact with an orbital electron in the decaying
atom, whereby the electron is ejected from the atom at a given velocity and
the photon ceases to exist. This process results in the combined emission
of a fast electron and a characteristic X-ray and is known as "Internal
Conversion''.

When a large nucleus such ag U235 captures a neutron, the hucleus will
divide into two parts of approximately similar masses. This process is
called "fission'. AIll the primary fission products are unstable {excessive
N), and each forms a series of radioactive daughter isotopes terminating
with'a naturally occurring stable isotope.

Summarizing, we may say that radioisotopes will emit particles and/or
photons of the following nature:

a-particle — doubly positively charged particle, containing two
neutrons and two protons and originating at high speed
from the nucleus;

P=particle — high-speed electron from the nucleus, negatively:
charged; ’

B+—partic1e - high-speed positron from the nucleus, positively
charged;

y-ray photon — electromagnetic energy packet coming from the
nucleus at the speed of light;

X-ray photon - electromagnetic energy packet coming from an electron

shell at the speed of light, following K—-capture or
Internal Conversion;



I.C. electron - ({Internal Conversion electron} electron emiited as
a result of the interaction between a y-ray and
a valence electron;

Neutron - particle with no charge and a mass close o that of

: a proton.

1.2. Radioaciive decay and "specific activity"
¥ P ¥

The number of disintegrations per unit increment of time is a constant
fraction of the number of radioactive atoms present at that time. Mathe~
matically this can be expressed as

%
D*=—% = NEN%, (1)

where D¥ is the disintegration rate {expressed per minute) at time t,
N#* ig the number of radivactive atoms present at time t, and
A* is the decay constant expressed in reciprocal minutes.
The minus sign indicates that the number of radicactive atoms decreases
with time t. Integrating the differential equation (1) and calling the number
of radioactive atoms present at beginning time N,, one obtains

N# = N4 Nt op D* =D=ge"‘$‘ (2)

It follows from equation (2) that the time required for one-half of the original
activity to decay is independent of the beginning number of atoms. Designat—
ing the time required for half decrease of original activity as t;, one oblains

%Dg=D3=e‘**‘i ; ice. X%ty = In2=-0.693,

where {4 is the "half-life'" of the isotope expressed in minutes. It is seen
that the product of decay constant and half-life of any isotope is 0.693, which
. is useful for conversion of t; to A*. The decay constant, having the
dimension of reciprocal time and being generally a small number, is in-
convenient for many purposes. Instead, half-life (¢; in,e.g., daysoryears)
ig often used as the decay characteristic of a radioisctope.

The practical unit of absolute (radio}activity is the curie, equal to
3.70X101% disintegrations per second {approximately equal to the disinte—
gration rate of 1 g of radium}. One curie (¢} is thug equal to 2. 22X1012
dis. /min., one millicurie (mc), one microcurie (uc) and one picocurie {pc),
2.22X10%, 2,22 X106 and 2. 22 dis. /min., respectively.

If one has g* grams of a radioisotope with a decay constant A* and an
atomic weight of M, the radioactivity expressed in curies will be as follows
{N? ig Avogadro's number):

g& X NV = Total number of radiocactive atoms {N¥)

%

e
i

X

5
[+
1]

Total disintegrations per minute (D%)



. .
A% x% XW = Total activity in curies.

The decay constant or the half-life of an isctope can be graphically de—
termined if the half-life is within a measurable range. It appears from
equation {2) that, if the measured activity, A¥ =YD¥* {(where Y is the constant
counting yield), is plotted against time on seémi-log paper, a straight line
will be observed. The half-life or decay constant can easily be found direct-
1y {see Fig.1) or from the slope s, which is equal to -a*#{2.3, For isotopes
of very long half-life, one has to apply the method of absolute measurement
for half-life determination.

When two radioisotopes, "A' and "B", are present simultaneously, the
observed activity is

SRR -
Aﬁe At 4 B¥e M

If this activity is plotted on semi-log paper, one obtains a composite curve,
such as appears in Fig,2. With the assumption that the half-lives are guf-
ficiently different (e.g. a factor of 10), the curve can be resclved graphically
by subtraction of the extrapolated straight line resulting from the long-lived
component {B) from the sum curve observed. The two straight lines then
yield the two half-lives. v

In practice, a radioisotope will be accompanied by a variable quantity
of stable isotopes of the same element. The stable form is called "carrier'.
To specify the concentration of radicisotope in one element or compound,
the term gpecific activity is introduced. This is generally expressed as
radioactivity per unit amount of specified test substance. {See the list of
symbols and units at the beginning of this manual.)

By some procedures radioisofopes can be prepared virtually free from
carrier, in which case they are called '"carrier—free'.

1.3. Energy of radiation

The energy unit commonly used with regard to radiation is the electron
volt {eV). This is equivalent to the kinetic energy acquired by an electron
on being zccelerated through a potential difference of one wvolt. 1KeV and
1 MeV are 103 eV and 106 eV, respectively; 1 MeV is equal to 1.6X10¢ erg.

The kinetic and total energies, respectively, of the particles and photons
emitted by radioisotopes have characteristical values, which are usually
indicated for each isotope on nuclear charts. Any énergy spectrum of the
alpha particles, gamma photons or characteristic X-ray photons emitted
by a radioisotope is discrete, showing one or a few monoenergetic {"'mono-
chromatic' lines. On the other hand, the energy of beta particles ejected
by a given isotope varies from zero up to a certain maximum energy {Emax )
that is at the disposal of the beta particle. This is because a variable part ’
of Emax is taken away by a neutrino or an anti—neutrino, neither of which is
observable in ordinary counting (they have no charge and practically no
mags). As a consequence, the beta particles show a continuous spectrum of
energies from zero up to the characteristic Emay - The beta energies given
in a table or chart of isotopes are Epay —values; the average beta—particle
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A" ON log ARIS

log A% =log AT +3t

b 0N LINEAR AXIS

Fig,1

Decay curve of a single radioisotope

log OF ACTIVITY

Fig. 2

Decay curve of two radioisotopes, A and B, simultaneously present in 2 sample

energy is ugually about one third Ey,y. The continuous beta specirum may
sometimes be overlapped by one or two monoenergetic lines from1.C.electrons.
The characteristic radiations and energies for a given radicisotope are
often shown in the form of decay schemes (for example, see Fig.3).
A knowledge of decay characteristics is important in considerations on
protection againgt, and measurement of, radicisotopes.

1.4, Interaction of radiation with matter

1.4.1. Absgorption of alpha particles

The alpha particles ejected from any particular radioisotope are mono—
energetic. In passing through matter and interacting with the atoms thereoi,
the kinetic energy of the alpha particle will be spent in (1) exciting outer-
shell electrons to higher—energy orbits, and (2} ejecting electrons out of
their orbits. Since alpha particles are doubly charged and the mass is rela-
tively large (atomic weight 4), a dense track of ion pairs (i.e. ejected elec—
trons and positively charged atom residues) is formed along the path of an
alpha particle. As the alpha particle dissipates iis energy along its path,
the velocity of the particle decreases and finally the particle acquires two
electrons from its surroundings and becomes a helium atom. The range,

7



117 MeV
{104 1C)

Ba™’ 1.33 MgV

Na?? (26y)
11,02 Ma¥

102 Me¥ E
1
88% 1 10.06 %

0.94 MeY

1.28 Me¥ 1.83 MeV¥ 0.56 MaV¥

Fig.3
Disintegration schemes showing characreristic radiations and energies of five different radiolsotopes
Key
B -particle
g% -particte
electron caprure (K~capture)
y-photon
hour (s}
day(s)
year(s)

~ n.:r(-“"\\/
-8

al¥ ™ excited Ba'¥ | called *metastable” because the
emission of the y-ray is not instantanecus

IT Isomeric Trapsition. Different types of the tame
isotope are called isomers.

1.G. Internal Conwersion

i.e. the distance that an alpha particle can penetrate into any matter {ab—
sorber), depends on the initial energy of the particle and the density of the
absorber. The range of the alpha particle is generally small and amounts
to several centimeters in air and several microns (10-3 mm) in aluminium
for energies on the order of 1 -10 MeV. As the energy of an alpha particle
is lost in a relatively thin layer of absorber, it is evident that the number’
of ion pairs per centimeter of track, the speeific ionization, is very high.
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1.4.2. Absorption and scattering of beta particles

Beta particles cause excitations and ionizations in matter just as do
alpha particles, but the mass of the beta particle is only 1/7000 of the mass
of the alpha particle and beta particles have half the charge per particle.
They will therefore scatter more, peneirate relatively deeper into matter
and have a lower specific ionization., As does the alpha particle, the beta
particle has a "range" {i,e. a maximumn penetration depth into an absorber)
which is characteristic of the initial energy of the particle and the density
of the absorber, but thig range is not so well defined because of the zig-zag
path {zcattering) of the eleciron as compared with the straight path of the
helium nucleus.

Because of the fact that beta particles have a continuous spectrum of
energies up io an Ey,y , their absorption in matter iz at besi only approxi—
mately exponential and obeys the following equation only crudely:

A% =A% e

where A¥ is the activity (intensity) of the incident radiation,
A% ig the activity {intensity) of the transmiited radiation,
u is the PB-absorption coefficient of the absorber, and
x is the thickness of the abgorber.
Therefore, when the radiation transmitted by the absorber is plotted
as a function of the absorber thickness on semi-log paper, a fairly straight
line is obtained over a portion of the curve (Fig.4).

TRANSMITTED f - RADIATION
(leg AXIS)

Fig.4

GCurve demonsizating the wansmitted B-radiation as a function of absorber thickness

The curve becomes practically horizontal at "R", the "range" for beta
particles with Eqay - Although all the beta rays are stopped at this absorber
thicknegs, one still finds some transmission of radiation, because, par-
ticularly at low velocities, the beta particles inieract with the atoms of the
absorber, giving rise to (non—characteristic) X-rays, the so-called "brems-
strahlung' (B*). By subtraction of B* from the composite curve, the pure
beta trangmiggion curve (A*} ig obtained.

Pogitron energy absorption takes place in the same manner as for nega-
tive beta radiation. However, when the kinetics energy of the positron be—
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comes very low, the positron is annihilated together with an electron, giving
rise to two characteristic photons of 0.51 MeV each: e*+e™—+ 2 photons.

Absorption and scattering of beta particles is important in the measure-
ment of beta—active samples. Absorption and scattering will oceur in a
gample cover or a detector window as well as in intervening air. Side-
scattering (into the detector) from a counter shield and/or back—scattering
from a sample support will alse ocecur. These effects will all influence the
counting rate one way or the other. Finally, unless the sample is "infinite-
Iy" thin, self-scattering (into and away from the detector) and self-absorption
will all take place in the material of the sample itself, and this will cause
an overall self-weakening effect, which is largest for thick samples and
small {even slightly negative} for very thin samples. The counting rate from
samplesa of increasing thickness at first increases because of greater total
activity and then becomes constant (at ''infinite' thickness) because the
contribution of beta activity from the lower layers of the sample is entirely
absorbed in the upper ones.

1.4.3. Atienuation of gamma and X-rays

In passing through matter, the energy of gamma and X-ray photons is
attenuated by three important interactions: (1) photoelectric effect, {2) Comp-
ton scattering and (3) pair—-production.

(1) When the photon energy is below about 0.5 MeV, the photoelectrie
effect is predominant. The total energy (i.e. the entire photon) is used up
in the ejection of an electron at high speed from an atom shell. Subsequently,
this fast eleciron causes many excitations and ionizationg just a8 does a
beta particle. The photoelectric effect is particularly important when the
atomeg of the absorber have a high Z-number.

(2) Compton scattering arises predominantly when gamma photons in
the energy range 0.5-5 MeV collide with free or loosely bound electrons
in the absorber. Part of the pholon energy is transferred to the electron
as kinetic energy in such a collision, and the reduced photon is deflected
{slightly or up to 180°) from its original direction. This effect is important
for abgorber atoms of high Z-number.

{3) When a photon has an energy of at least 1.02 MeV or higher, it may
become extinct in the proximity of an atomic nucleus of the absorber, giving
rise to an electron—positron pair. Any photon energy above the required
1.02 MeV is imparted to the e” and the et as kinetic energy.

Theoretically, gamma or X-radiation is never completely stopped by
matter although the transmitted radiation may be reduced to an insignificant
value. For a collimated beam of monoenergetic photons, attenuation by
absorption and scattering can be described mathematically as follows:

= " K
I Iue

where I is the initial intensity of collimated monoenergetic photons,
I is the intensity after passing x em of the absorber, and
u is the attenuation coefficient for the photon energy and the material
concerned.
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Thig is the well-known Lambert-Beer law for visible light photons. The
derivation of the eguation from the basic assumption that

a
ax M

ig analogous to the derivation of the radioactive decay law N* =N e e
{see gection 1.2). The thickness at which Iy is reduced to half its intensity
is called the "half-thickness" {analogous to half-life). If the half-thicknesa
is expressed as mass—thickness (g/cm?), its value is a function of the ener-
gy of the gamma photons but, for 0.5-5 MeV photons, largely independent
of the type of material.

An understanding of photon interaction with matter is useful in consider—
ations on shielding, body dose and measurement.

1.4.4. Scattering and absorption of neutrons

Neutrons, being without charge, lose energy only by direct contact with
nuclei of matter. The processes may be of the following four types:

(1) ©Of an elastic nature, like billiard-ball collisions. lon pairs are
produced by these collisions, the hit nucleus looeing one or more of its orbi-
tal electrons. Neutrons of high initial energy {fast neutrons) gradually lose
their energy by this interaction until they have been moderated to "slow"
or "thermal" neutrons. Light elements, especially H, have the best neutron
moderating qualities.

{2) Of a type in which the neutron is absorbed by nuclei with resultant
nuclear reaction. This oceurs predominantly with slow neuirons, e.g.

B! +n- (B} Li% +aty.

{(3) When the nuclei of certain elements of high atomic number are hit
by neutrons of appropriate energy, fisslon resulte (the nuclear pile).

{4) Finally, free neuirons decay spontaneously, with a half-life of
12 min., to protons and beta particles, which thereupon excite and iomize
atoms of matter.

2. RADIATION DETECTION

The radiations which come from radioigotopes interact with all matter
{gaseous, liguid or solid), causing chemical changes, ionizations and ex—
citations. These effects are utilized in the var:.ous methods of detection
and measurement.

In radiography, for example, ionizing radiations are detected by their
effect on photographic, X-ray or nuclear emulsion.

In the ionization chamber, the gas—flow detector, the Geiger—-Miiller
tube and the neutron detector, ions produced directly or indirectly by the
radiation are collected on charged elecirodes.

In solid and liquid scintillation counting, emission photons {in the blue-
ultraviolet region) form the basis of detection.
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Besides the detector, a monitoring or measuring set—up includes one
or more of the following electrical unitg:

A power unit. The primary source of power is either a battery or the
mains supply. The detector potential requiremenis range from afew hundred
{0 a few thousand. volis, and good stabilization is generally necessary.

An amplifier. The primary signal ie often an electronic pulse or elec—
tric current that is foo small for registering unless amplification ig applied.
Furthermore, in proportional counting the amplification must be linear; i.e.
the magnification factor must be independent of pulse gize.

A timing vnit. This ranges from a stop watch to an aziomatic unii which
stops the detector at the end of a predetermined time interval or registers
the time necessary for accumulation of a pre-get sum count.

Pulse input sensilivity. An electronic discriminator biased to reject
all pulses below and/or above a certain size. This improves the signal-to~
noise ratio.

An anti-coincidence unit. This electronic unit rejects pulses that arrive
'in coincidence', i.e. both arrive within a very short time interval {e.g.
lusec.}. An amti-coincidence unit is used for so-called electronic shielding
againgl cosmic radiation (see Fig. 5} and for pulse-height analysis.

ELECTRONIC
SHELD |
|
sl el i
] l ANTI- !
j\ I COINCIDENCE || REGISTER
ELECTRONIC ——— I :
SHIELD T [aweLrie] J
g a2 ,
a
g 53
1
-
Fig.5

Block diagram illuswating an anti-coincidence unit
used as an electronic shielding against cosmic radiation

Pulse-height analyser. This consists essentially of iwo variable dis-
criminators (a lower and an upper) together with an anti-coincidence unit.
With thig auxiliary equipment, only pulses within a set pulse-height interval
are registered (see Fig. 6).

A coincidence unit. This unit rejects all single pulses but passes one
pulse when two pulses arrive in coincidence (e.g. within 1 usec.). A coinci-
dence unit is generally used in conjunction with two scintillation detectors in
order practically to eliminate photomultiplier noise pulses (see Fig. 7).

Registering unit. This may be a scaler, i.e. a set of decades displaying
the sum count or a certain fraction thereof, a count-rate meter (visible or
audible), a voltmeter reading out accumulated radiation dose, a sengitive
electrie—current meter displaying dose rate or even a recording potentiometer.
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Block diagram illustrating a pulse-height analyser
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Block diagram illusirating a ecincidence unit

Higtorically, it might be noied that Hevesy used a simple metal-leaf
electrometer for his pioneer work, and since then a great deal of useful work
in agricultural researc¢h has been done, and is gtill being done, with a
Geiger-Miiller counter, a stop-waich and a pocket dosimeter or film badge.

A number of detectors and some associated electronic equipment will
now be described in more detall.

2.1. Autoradiography

Jonizing radiations affect the silver halide in photographic emulsions.
When radioactive material is placed on a photographic plate or film, a
blackening will be produced on development of the emulsion. The blackened
areas congtitute a "self-portrait” of the activity in the material. The in-
tensity of the blackening at a given place will be a function of the exposure
time -and the amount of activity in the sample at that place. It further
depends on the specific ionization {see section 2, 2 below) of the radiations.
y-rays with their very low specific ionization will produce hardly any
blackening. On the other hand, o-rays and soft B-rays, which have a high
specific ionization, are very effective (H3, C14, 535, Ca#5). Hard f-radiation
produces more diffuse radiograms on accounti of the relatively long tracks
that these particles travel in the emulsion. The properties of the photo~
graphic emulsion should be a'compromise between fine grain to increase
the resolution and high sensitivity to reduce the exposure time, Ulsually,
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exposure times are long. For example, a thin histological section containing
about 100 dis. /min. per cem? will require several weeks exposure to show
sufficient darkening or blackening. For more detailed information, refer to
the introduction to the experiment on autoradiography (Applied Part B,
section 4.1).

The method of autoradiography is particularly suitable whenthe distri-
bution of a radioactive compound in biological material is to be studied.
However, precautions should be taken that there is no chemical or pressure
effect of the material on the emulsion as this may also produce an image.

Various techniques have been worked out, each with specific advantages
and disadvantages. Apart from the chemical effect on emulsions, compli—
cations with regard to the drying or pretreatment of samples, the {ransport
of radioactive compounds under moist conditions and the self-absorption of
low—energy particles in the biological material may occur. The interpre=
tation of autoradiograms of biclogical material is therefore not always
straightforward.

Autoradiography is frequently applied to the determination of the compo=
nents of a paper chromatogram (see Applied Part B, section 2.1).

Micro—autoradiography is useful when the distribution of radicactive
compounds in a section ig to be studied. Either the sections on the slides
may be coated with melted emulsion, or a stripping film may be used to
cover the sections on- the slides.

2.2. Detection by ionization

A number of detectors are based on the principle that, in an electric
field, negative particles will move to a positive electrode and positive par-
ticles to a negative electrode. Charged particles which arrive at an elec—
trode will give rise to an electronic pulse, which can be amplified and re-
gistered. Alternatively, the pulsea may be merged to form an electric
current, which again can be amplified and meagured.

a- andB-particles and I.C, electrons (e) have a high specific ionization,
i.e. produce a great number of ion pairs per unit length of track. r-and
X-rays have a much lower primary specific ionization; but at least one fast

eleciron will be released by each photoelectric effect or Compton scattering
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Electroscope
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{or palr production if the energy is very high), and these fast electrons will
ionize just as do B-particles. Neutrons may also produce ions, directly
(collision) or indirectly {following nuclear absorption}, as described in
section 1.4.4 above. Detection by ionization of these kinds of radiation ie
based on the fact that atome of a gas (in the detector) will become ionized
when they are hit by the radiation particles or photons. The number of ioni-
zations in the gas is a direct measure of the guantity of ionizing particles
or photons {a, 8, e, ¥, X or n} that reach the detector. When an eleciric
field ie created in the detector, the negative ions (electrons) will start mov—
ing and by hitting the positive electrode {anode) discharge. Likewise the
positive ions will move toward the cathode.

Four different types of ionization instrument will now be described.

2.2,1. Electroscope

In the electroscope or simple electrometer {see Fig.8) the positive
electrode is a rod with a wing or a metal string, and the negative electrode
is the wall of the detector.

When the electroscope is fully charged, the deflection of the wing or
string will be maximal (A), the amount of deflection being a function of the
charge accumulated. When a radioactive source is brought near the detec~
tor, the air in the detector will become ionized and electrons will move in
the direction from wall to rod. As a consequence, the deflection will de—
crease {B)}.

This type of detector is commonly uged ag a '"pocket dosimeter' and
gives a measure of the accumulated dose of external radiation (-, X-
and hard B-radiation) to which a worker has been exposed during a certain
period.

2.2,.2. Ilonization chamber

Not all the ions will discharge on the electrodes of an electrascope. A
certain number will recombine before they have reached the electrodes. If
the voltage applied to the electrodes is steadily increased, the losses result-
ing from recombination will decrease, and evenfually all the ions will dig-
charge on the electrodes of the detecior. If the voltage difference between
the electrodes is further increased up to a cerfain limit, the number of ion
paire that discharge will remain constant. Each ionizing particle or photon
will thus give rise to an eleciric pulse on the electrodes. A radiation in—
tengity (i.e. a constant stream of particles or photons) gives rise to a con—
tihuous series of pulses; and if these are allowed to merge, they form a
weak electric current, which may be amplified and registered by an elec—
tronic circuit. The final scale reading will then be a measure of the energy
disgipated in the ionization chamber per unit of time by the ionizing par-
ticles or photons. This kind of detection insgtrument is thus a dose-rate
meter (e.g. the so-called "cutie pie'™).

A small, -elecirically charged ionization chamber, held in place for
instance by a finger ring, may be used to measure accumulated exposure
dose. An elecironic vacuum=tube volimeter is often necegsary to meagure
the charge reduction, which is proportional to dose.
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2.2.3. PFProportional counter

If the voltage difference between the anode and the wall of the counter
is increased above a certain limit, another phenomenon, known as "second-
ary ionization', will become important. The electrons that have arisen
from primary ionization will produce secondary ion pairs of the gas atoms
in the counter itube, as they are accelerated towards the anode. This
process of secondary ionization beecomes increasingly important as the
voltage difference between-the electrodes is further increased. The final
pulse size will be proportional to the energy of the initial ionizing particle
{as long as all this energy is dissipated in the detector), provided the ap~-
plied voltage remains constant during the measurement. Usually the radio-
active sample will be placed inside the detector, which will he transfused by
a gas at atmospheric pressure (gas—flow counters). In this way particles of
low energy, such as the §~ from C14, may be counted effectively {"window—
lese" counting), provided suitable amplification precedes the register.

2.2.4. Geiger—Miller {(G-M} counter

When the voltage difference between the electrodes of the detector is
gtill further increased, secondary ionization becomes predominant and each
primary ionizing event results in a discharge of a great number of electrons
{avalanche). At this stage the large output pulse is independent of the energy
of the initial particle or photon, and a further increase of the high voltage
does not appreciably aller pulse size or count rate. Geiger—Miller counter
detectors (G-M tubes) operate at this high voltage ''plateau''. The discharges
of secondary electrons initiated by one ionizing particle or photon would con-—
tinue if the detector were of an open design, as in the gas—flow counter
{atmoepheric pressurel. G-M tubes operate at a reduced gas pressure (about
one—tenth atmosphere), contzining a certain amount of "quenching" gas.
Usnally the clogure of a G-M tube is a very thin mica window (1-3 mg/cm?]),
and the filling gas is often a noble gas like argon with, for example, alcohol
or halogen as the quenching gag. A certain number of molecules is dis—
gociated during the quenching of each discharge with alcohol. Therefore, the
quantity of guenching gas in the G-M tube decreases steadily, and conse-
quently the life of the tube is limited by this effect. This disadvantage does
not exist when a halogen gas, e.g. chlorine, is used for quenching, becauge
the atoms of the digsociated chlorine molecule recombine; and the life of
the tube is therefore determined by other effects, such as corrosion and
leakage.

Energetic f— or e—particles and - or X-photons emitied by radicactive
liquids may be counted with a thin glags wall "dip—counter' G-M tube which

is immersed in the liguid or with a specially designed liguid detector that
congists of a cylindrical glass container arcund the G-M tube. The radio-

active liquid thus surrounds the G-M tube in both cases. Particles of low
energy can obviously not be counted in this way because of absorption in the
wall of the G~M tube.

The fact that some time is required for each discharge of electrons
(100-300 psec.) implies that during this time no other particie or photon can
be detected by the G~M tube. This time is called the dead time of the G-M
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counter; and, particularly for higher count rates, a correction for this dead
time must be made.

Let R be the observed count rate and 7 the dead time of the counter
in min,

During one minute the counter will have been ineffective for K7 min.
Therefore, R counts have been registered in 1-R7 min. The corrected count
rate Rt in epm will therefore be

Rt=R/(1-RT).

When the dead time of the counter tube is known, the correciion for high
count rates can then be made with the aid of the above expression for Rt.
However, this expression is approzimate and should not be used to give cor—
rections above 10%, when it is better to dilute or count at a distance from
the detector.

Sometimes the dead time of a G—M tube will be fixed electronically at
300 or 400 usec. so that a correciion table can be used. Correction is
normally not necessary unless the count raie exceeds about 2000 cpm.

Numerical example: T = 300 psec.
= b5 umin, corr. = 24%
R =5000 cpm

G—M counters are used most widely for the detection and measurement
of B-particles. For v-rays they are not very effective {1 — 3% efficiency);
because most of the photons will peneirate the gas without any interaction.
For the detection of B-particles on glassware, benches or trays, monitors
are used. A monitor consists of a G-M tube connected to a power unit and
a count—rate meter. Often & small loud-speaker is connected to the rate
meter, so that a noise will warn the operator when the {ube is in the vicinity
of a contaminated spot.

Normally, for the assaying of activity in samples, the G-M tube will
be connected to a voltage source, an amplifier, a register and a timing unit.

2.3. Detection by excitation
2.3.1. Salid scintillator counting

Solid scintillators are particularly suited for the detection of y-rays
and X~rays because of the high stopping power of the solid. Their operation
is based on the following principle:

When a y-photon interacts with a crystal, e.g. of thallium-activated
Nal, at least one fast electron is liberated (see section 1.4.3), and a constant
fraction of the electron's kinetic energy is spent on excitation of orbital elec—
trons in atoms of the crystal. On de-excitation these give rise to the emis—
sion of a light flash consisting of a number of photons. The number of light
photons will be proportional to the energy dissipated in the crystal by the
¥ ~photon.

The light photons. reach the photocathode of a photomultiplier, where
photoelectrons are released. The number of photoelectrons, being a con—
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stant fraction of the number of light photons, is therefore proportional to the
energy originally dissipated by the y-photon. The photocathode is connected
with a seriee of dynodes, i.e. positive electrodes of increasing potential.
When a photoelectron hits a dynode, secondary elecirons are produced which
will, in turn, hit the next dynode., In this way, the photomultiplier will, all
in all, produce a large number of electrons (a pulse), proportional to the
energy originally dissipated by the y~photon in the erystal. This final pulse
will be amplified linearly and registered.

As opposed to a G-M tube, the scintillation tube thus provides an output
pulse that is proportional to the input energy. The scintillation tube is there-
fore a suitable detector for ¥-ray spectrometrv (see section 2.5.2). A
further advantage of the scintillation counteér is its small dead time, of only 2
tfew psec. This enables high count rateg to be determined (up to at least
100 000 cpm) without the necessity for application of a correction for
dead time.

For the measurement of B-particles, special plastic scintillatora (as
well as anthracene and naphthalene) which have a much higher efficiency than
Nal crysials have been devised. An effective seintillator for alpha particles
is a thin layer of silver-activated ZnS.

2.3.2. Liquid scintillation counting

For the counting of very low-energy and low—energy beta particles such
as H3 {0.018 MeV) and C14 {0,155 MeV), a method of detection called "liguid
scintillation counting" is often employed. In this technigue, the sample to
be counted is placed in solution with the scintillator so that each radioactive
atom or molecule ig surrounded by molecules of the scintillator. By this
method absorption is reduced, and hence counting yield increases.

The scintillator system contains a solvent which is usually an organic
compound, such as toluene or dioxane, and a solute which is the actual scin-
tiltator. The golvent absorbsthe energy and transfers it to the solute, which
then emits the light flash, Often a secondary solute which acts as a wave-
length shifter is added; i.e. it increases the wave length of the light flash
emitied to one for which the photomultiplier tube is more sensitive, thus
inereasing the counting yield.

In practice, itwo photomultiplier tubes are often used facmg each other
across the counting chamber. A coincidence circuit is employed, and only
those events witnessed by both tubes are counted. This increases the signal-
to-noise ratio, as previously described above at the beginning of section 2
under "Pulge input sensitivity''.

Variable discriminators can be applied to this system; and since the
pulse height is proportional to the input energy, pulse—height analysis is
possible.

2.4. Yield and statistics

Practically every tracer experiment involves a number of samples con~
taining radicactivity, and the agsay of the activity of these samples is an
integral part of the complete experiment.
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‘When one radiocactive atom disintegrates, often more than one particle
or photon is emitted. For example, a2 Co% nucleus emits either one
B-particle and two —photons or, occasionally, one of each (see decay
scheme, section 1.3). However, metastable stales excepted, a disinte-
gration including the emission of particle(s) and / or photon(s) takes about
10710 sec. or less, whereas even fast counters have & dead time of about
1076 gec., i.e. at least a thousand times longer dead time than the total
duration of a disintegration. PFrom this it is apparent that no counter will
regigster more than one count per disintegration (assuming no spurious elec—
tronic pulses), even if more than one particle or photon is emitted.

In special cases it is possible to count as much as one count per dis-
integration. This would be the case if a "carrier—free" B-active source
were suspended on an "infinitely thin' support in the middle of the active
volume of a detector, which had a B~detection efficiency of 100% (see Fig. 9).
In this cage absolute activity, D* dis. /min., would be measured.
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 Fig.9
G-M-assembly of approximately 100% efficiency (47 geometry)

Normally, only a fraction of the disintegrations will be counted, and
thig fraction is termed the {overall) counting yield Y. This yield is, of
course, dependent on the specific counting conditions concerned. It is pos-—
sible {0 determine the value of ¥ under a given set of conditions by pur-
chasing a calibrated standardt of the isotope in question. We then have

R—r cpm
D% dis. /min.’

where R ~r ig the measured net count rate of the source, and D¥ is the known
digintegration rate taking place in the source. However, very often an ex~
perimenter only wishes o know the activities of his samples relative to one
another {comparative measurement), and then a determination of Y is not
necessary.

1 This will be accurate to within 1- 5%, depending on the 1sotope and the price.
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In comparative measurement of a set of samples the (dead—-time cor-
rected} net count rate of the radiocactive test substance in each sample is
taken as the activity of that sample. The validity of this practice stands
and falls with the constancy of the (unkrown) yield Y for all samples. As a
check of the constancy of the counter itself, one of the samples (e.g. aknown
fraction of the dose administered) may be used as a reference standard, by
counting of it at regular intervals during the measurement of the other
samples. The net count rate (i.e. activity} of each sample can then be cor—
rected in accordance with any significant variations in the net count rate of
the reference standard sample - when the reference standard, for example,
is 1% of dose, this also automatically takes care of any measurable radic-
active decay between the counting of different samples.

Finally, one finds that identical samples counted under identical con-
ditions still show variationg in count rate. These variations are statistical
in nature (binomial distribution), and they result from the unpredictability
of just when any one particular radicactive nucleus will disintegrate, in just
which direction the particle or photon will be emitted and just which particles
or photons will be registered (when the iniringic counter efficiency is not
100%}. : )

2.4.1. Counting yield

In practice the count rate of a sample is usually determined by the coun-
ting of the sample plus the unavoidable background radiation for a certain
period of time T. During this counting time a sum count 8 is accumulated,
and then the count rate of sample plug background is R =8/T. The radio-
active sample ig then replaced by a blank sample, and the background count
rate, r=s/t, is determined in the same way as is R. The activity of the
gample, taken as the net count rate (corrected if necessary for dead time
and reference variation), is then

A% = (BT 1) .

During the assay of a sample only a fraction of the disintegrations are

counted; this fraction is the counting yield, i.e.

R-r=YD=*,

The fraction Y can be broken down into a number of factors such as
geomeiry, absorption of radiation before it enters the detector, scattering
and the intrinsic counter efficiency for those particles or photons that reach
or penctrate the active volume of the detecior.

The geomelry factor is the solid angle that is subtended by the active
volume of the detector at the sample, divided by 4r ('all directions"). For
a small source close to a detector window the solid angle iz about 27 and
the geometry factor about 50%.

Because of absorption in the counter window, a fraction of the radiation
will not enter the detector. If the particles have a gmall range, as is the .
case for o—particles and very soft B-particles, the air between scurce and
window will already greatly reduce or even gtop the radiation.
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- and f-particles, and to a much lesser extent Y-rays, are partly ab-
sorbed by the material in which the isotopes are containedand a significant
fraction of o and B-activity will be logt. The lower the energy of the par—
ticle and the higher the mass-~thickness {mg/cm2} of the material, the
greater gelf-absorption will be. In conseguence, the radiation transmitted
by a given radioactive material will not inerease in proportion to the thick~

‘ness of the gample. Analysig will show that with increasing thickness it
reaches a constant value; the gsample is thén said to have “infinite thicknessg"
(see the end of section 1.4, 2 above and Fig. 10).

THICHNESS OF A GIVEN MATERIAL
Fig.10
Recorded S-activity as a function of sample thickness

Any further additions of that particular radicaective material t{o the
counting tray will not alter the count rate, except as geometry with relation
to the detector window is altered. At infinite thickness the count rate of a
sample (A%} is proportional to activity concentration (i.e. specific activity,
cpm per unit weight of sample material) rather than to total activity of
the sample.

Energetic particles or photong may reach the detector after collision
with the walls of the lead shield or with the sample holders {side—scattering).
The amount of side-scattering will be dependent on the energy of the par—
ticles and the nature of the material surrounding the source. Radiation may
also be scattered back from the sample support. The degree to which radi-
ation is back-scattered depends on the electron density of the backing ma-
terial. The higher the electron density, the greater the scattering. Back-
gcattering becomes constant at a certain thickness of the backing (saturation
back-gcattering). In thick samples self-scattering will take place.

2.4.2. Counting statistics

When a particular sample iz counted several times under identical con—
ditions, deviations of the count rate from the mean value will be noticed.
These deviations result from random variations in emission and detection
inherent to the nature of radioactivity. This we shall call natural uncertainty,

As a consequence of the Poiasson probability distribution, the natural
standard deviation of a number of registered counts is equal to the square
root of this number (as long as this number, i.e. the sum count, is much
legs than Ng‘, i.e. N* at T=0), Tablel gives the standard deviation for the
natural uncertainty of some swm counts. Notice that these deviations may
be caleulated without actual counting.
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" TABLE 1

STANDARD DEVIATION FOR NATURAL UNCERTAINTY OF
SUM COUNTS

Nanwral standard deviation Percentage N.5.D,
" st oo
The sum count § Onat=5 %onat=—g 100%
100 10 10 %
TU00  31.6 3. %
10000 100 1, %%
100000 aie G
1000 000 1000 0.1%

In consequence, with increasing sum counts the natural standard de-
viation (N.S.D.) increages but the percentage natural standard deviation
decreages. It also follows that samples of varying radioactivity may be
counted with the same accuracy with regard to natural uncertainty, pro-
vided sufficient time is allowed for the same sum count to be registered for
each sample

The background of a particular counting set depends on the number of
cosmic rays which penetrate the counter, the amount of natural radivisotopes
in the environment and the "electrenic noise' of the equipment., The back-
. ground will be determined by registration of the number of counts with a
blank sample in place.

If 2 sample (plus background) is counted for T min. and the sum count
is S, the natural standard deviation of this sum count is Opg, s =584, and the
count rate of sample plus background is

R=8/T,
so the natural standard deviation of the count rate must be
=8t/T

Opar, R

(since the counting time has no "'natural’ uncertainty)

‘or Oga,r =(RTH/T=(R/TH.
We see that, for a given counting rate R, oOpa,z is inversely proportional
to the square root of the counting time.
1f the background is counted for t min. and gives a sum count s, then the
activity of the sample, expressed as net count rate, is

A*=8/T-sf/t=R-r.
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The natural standard deviation (N.5.D.) of the sample activity will then be

= (o2

v nat,R-r matR ¥ nat t

wrat °C ¥ =(R/T+r/t),
since (see above) 6fa,r ~R/T and, analogously, o2, -r/ft.

A ugeful rule in counting states that the percentage N,5.D. of count rate
i=s equal to the percentage N.S.D. of sum count. The derivation of this rule

is as follows:

g4 gl
% O nat, R —"ﬁ‘*"“wowﬁmo%—mo% % Oats -

Thus, if one accumulates a sum count of 10000, the N.S5.D, of the count rate
is 1%.

The percentage N.5.D. of the sample activity is in general

_Gonst,R-r R, r i, 100%

% Onat,ax = Ry 100% [T t] XR-r - 1}
The use of this formula is only immportant when the eample count rate ia of
the same order of magnitude as, or less than, the background count rate.
If gample plus background and background alone are each counted for the
same length of time T, equation (1) reduces to

4
ﬂ%@fﬂ 100%. (2

% Opar, 4% =

Regarding the derivation of the following approximative equation:

100
O nar,a* £y (o) (3

see Appendix IV (equation {3}).
If a set of n duplicate samples ig prepared and counied, one ig likely
to find that the total S.D. calculated according to the usual formula

Os =[E6; ~513n-1)}

is significantly greater than g g =JS. If no real errors have been made,
this increase resu}ts from technical uncertainty, such as random variation

in sample materials, sample preparation, sample placement, intrinsic
counter efficiency, electronic noise etc. Natural and technical uncertainty

add up geometrically; i.e.

2 B H]
Tror = Tna; +°'tz.ch

or
o¥ =5l -7, . (see Fig.11.}
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Tt
Fig.11

Vector diagram showing the relationship between natural and technical uncerzainties
2.5. Specialized detection fechniques

2.5.1. Low-activity measurement

The measurement of samples of low activity, i.e. containing picocurie
quantities of radicactive material, constitutes a special problem {1 pc =
2 dis. /min.).

Even in the absence of radicactivity, a counting tube will still give a
count rate, resulting from the background, i.e. cosmic rays, natural radio-
isotopes in the instrument itself and electronic noise. Usually the counting
tubes are shielded by lead (a 'lead castle') for reduction of the background
from secondary ionization showers initiated by cosmic rays.

Evén so, some hard cosmic rays and natural radioactive material in the
shield will be responsible for a background count. When the activity of the
sample to be assayed is of the same magnitude as, or less than, the back—
ground, an accurate determination is very time-consuming.

For reduction of the count rate from background, anantj-coincidence
circuit may be used (see introduction to section 2 above). The G-M counter
tube is surrounded by a great number of G-M tubes or by one specially de~
signed, spherical G-M tube. Any pulse from the surrounding tube(s) which
coincides with a pulse from the inside tube is not registered. In this way
the background count of the inner tube may be reduced to an extremely low
level (= 0.1 cpm) and will enable the determination of low count rates.
(It is assumedthat the sample's radiation does not penetrate the inner tube
and reach the outer tube{s).)

Regarding the natural uncertainty in low activity counting, see section
2.4.2 above and, in particular, equations (1} to (3).

2.5.2. GCamma-ray spectromeiry

Before going into y-spectrometry, let us say that these rather expensive
techniques are not needed in general for radioactive tracer work in biological
research. However, foractivationanalysis v—ray spectrometryisnecessary-

The size of the outcoming pulse from a scintillation detector is pro-
portional to the energy absorbed in the detector from the incident particle
or photon. If, therefore, the subsequent reinforcement of the pulse is per~
formed by a linear amplifier, then the pulse height (P.H.) of the final pulse,
which is ready for registering, is also proportional to the energy absorbed
in the detector from the incident particle or photon.

In P.H. analysis, each final pulse has to pass an electronic selecting
system preceding the register; if rejected, the pulse is not registered.
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The selecting system in a differential, single—channel, P.H. analyser
consists of two discriminators and an anti-coincidence circuit. The hias
setting of the lower discriminator constitutes the 'threshold'' voltage, and
the difference between the voltage setting of the upper discriminator and the
threshold constitutes the voltage channel or "window'. To a certain limit
the channel width determines the resolution of the inatrument.

If the P.H. of a pulse is below the threshold voltage, the pulse is re-
jected directly. If the P.H. of a pulse is above the threshold-plus—channel
voltage, the pulse passes both discriminators and is rejected in the anti—
coincidence circuit. Thus, only pulses with a P.H. within the channel are’
registered.

A P.H. spectrum, i.e. the number of pulses as a function of P.H., is
obtained by the increasing of the threshold in small increments from zero
to a voltage above that of the largest pulse, a count being taken at eachthres-
hold value. :

The energy absorbed by a scintillation crystal from an incident y-photon
will be somewhere between zerc and the iotal energy of the photon.

A P.H. gpectrum of the pulses from a large number of incident photons
of equal energy, for instance 1 MeV,. is reslly a frequency spectrum of the
various interactions of the photons with the crystal. For example, a spectral
line, known as the photopeak, will appear at 1 MeV; and this represents the
number of photons that are completely absorbed in the crystal, either by a
photoelectric interaction alone or, for instance, by a Compton interaction
followed by a photoelectric interaction. For photons of another energy, e.g.
0.5 MeV, the photopeak will, of course, be ai this other energy, 0.5 MeV.

A photon which undergoes Compton scattering and then escapes from
the crystal will give a pulge with a P.H. somewhere in the interval between
zero and a certain maximum value (lower than the photopeak value), depending
on the magnitude of the photon deflection caused by the Compton seattering in
the crystal (see Fig.12, Compton region).

I - SPECTRUM

cpm

COMPTON REGION

¥

P.H. (PROPORTIONAL TO ENERGY)

Fig.12

A pulse-height spectrem of 2 gamma emitter
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Calibration of the threshold values (i.e. P.H.) in terms of MeV isdone
with the help of radioisotopes emitting moncenergetic y-photons of known
energy, for instance Cr3l, Csl37, Mn® or Zn85, with photon energies of
0.32, 0.66, 0.84 and 1.12 MeV, respectively.

In the multichannel system, the pulses are sorted elecironically ac—
cording to energy into the channel with the appropriate energy upper and
lower limits, so in this system every pulse received is sorted whereas in
the single-moving-channel system only those pulses which fall in the range
defined by the channel at the particular threshold position which it hasg
reached are recorded. Pulses of higher or lower energy will be recorded
only when the window threshold moves to the appropriate P..H, position. The
advantages of the single—channel system are relative simplicity and cheap-
ness; that of the multichannel system is speed, since all pulses are ana-—
lysed simultaneously. Multichannel analysers are available commercially
in 100, 200 and up to several thousand channel models.

2.5.3. Neutron detection

Neuiron detectors are similar in design to proportional or G-M tubes
but contain BFy as a gas or as a boron coating inside the tube. When a slow
neutron hits the nucleus of a boron atom, an a—particle is ejected.

n+B~ Li'+e

The e-particle then causes ionization and is coumnted in the normal way, Fast
neutrons have to be slowed down before they can be counied. The moderation
can be done by a layer of paraffin wax around the counter tube.

When hydrogen is used as the gas in a neutron counter tube, fast neutrons
will collide elastically with the hydrogen atom, whereby protons are re—
leased. The ionization caused by the protons ecan again be counted in the
usual way.

Detection of slow neutrons is used in the determination of moisture con—
tent In materials (e.g. soils). A source containing a mixture of Ra and Be
(or Po and Be) provides fast neutrons, which are slowed down and zcattered,
predominantly by hydrogen atoms of water.

An end-window G—M tube with a piece of silver foil across the window
may be used (if nothing better is at hand} to monitor neutron irradiation.
The neutrons rapidly activate, in particular, Aglt% atomg, and subsequently
Agllt atoms (with a half-life of about 20 gec.) eject B-particles, of which
many enter the G-M tube.

3. HEALTH PHYSICS
3.1. Units: Basic congiderations
A health hazard is involved when human tissues are subjected to ionizing

radiation. The nature and the degree of the damage that is caused depend on
the degree to which the particular radiation is able to penetrate the tissues,
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its specific ionization, i.e. whether a small or a great number of ion pairs
are produced per unit length of track, and the type of tissue being irradiated.

Usually radiation tissue damage will increase with the degree of cell
reproduction and decrease with the degree of differentiation.

A commonly used unit of electromagnetic radiation is the rénigen (r],
which is essentially defined as that dose of v~ or X-radiation which preduces
ion pairs carrying 1 Electrostatic Unit (esu} of Charge (of each sign) per cm?
of standard air surrounded by air. As the numerical charge of an electron
iz 4.8X10-10 esu, 1/(4.8X10-10 )= 2,1X 109 ion pairs per cm?® are formed
during the penetration of air by 1 r.

For the formation of one ion pair in air, about 33 eV is required on the
average. Onme riéntgen will therefore be equivalent to 2.1X 109X 33 eV =
8.9X 104 MeV =0.11 erg of radiation energy absorbed per em3 of air.

As 1 cm? air has a weight of 0.0013 g, one rinigen will dissipate
0.11/0.0013 =85 erg/g air.

' A unit of absorbed dose is the RAD, one RADbeing equalto an absorbed
dose of 100 erg/g of irradiated material. The RAD-dosage absorbed during
the exposure of a material to a given dose (Ie. g. 1 r) of radiation is different
for different materials, depending primarily on the scattering power {(elec~
tron density) of the constituent atoms.

The RAD unit as such is independent of the nature of the radiation.

It is obvious, however, that radiation dissipating 1 RAD with a high
specific jonization will have a greater biological effect than will radiatien
dissipating 1 RAD with a low specific ionization. For combination of the
biological effect of various kinds of radiation, a standard of comparison,
X-rays of 200 KeV, has been adopted. Based on comparison with the stan—
dard, a concept has been defined: the R.B.E. (Relative Biologiczal Effect).

dose in RAD from 200 KeV X-rays causing a specific effect
dose in RAD from radiation causing the same effect

R.B.E. =

R.B.E. values, as they stand today, are given in Table II.

For a combination of the effect of doses of different kinds of radiation,
the RAD and the R.B.E. have been combined. The product of R.B.E, and
the dose in RAD uniis is called the dose in REM units {Rdntgen Equivalent
Mammal or Man).

Dose in REM ={Dose in RAD)X R.B.E.

1 REM of f ~radiation will per définition have the same biological effect as
1 REM of 4— or neutron radiation. Therefore, doses expressed in REM units
may be added in evaluation of the sum effect of a mixture of different kinds
of radiation,

. It is of importance that, before beginning any work with appreciable
amounts of radioisotopes, the operator should know how great the electro—
magnetic radiation intensity from the source will be. Before the use of a
dose-rate meter, which gives the number of rntgen per unit of time, the
dose rate at a particular distance from the source in question should be
estimated from the K.r -value when the nature of the radioisotope is known
{see Table III}. i

a7



TABLE I

RELATIVE BIOLOGICAL EFFECT VALUES

R.B.E, Kind of radiation
1 Xy, 8

10 fact neutrons

3-4 slow meutrons

1o o

20 nuclear fragments

A "point” source of C¥ curies of an isotope, which emits on the average
a y-ray energy of E MeV per disintegration, will generate an energy flux of

(3.7% 1010 XC*XE)/4Td2 MeV/sec. per cm?

at d em from the source. If u.ig the absorpiion coefficient per cm of air,
{3.7X 1010 X CxX EX p)/47d2 MeV/sec. will be absorbed per cm$ or air
{at d cmn from the source). As 1 rontgen is equivalent to 6.9X 104 MeV ab—
sorbed per cm3 of air (see fourth paragraph in this section), the dose rate
atd em will be (3.7 X 1010X C*X'E"Xu)](fiw'dﬂx 6.9X 104} r/sec. or about
1.5X 108 X ({C*XEXu)/d? r/h.

The above equation can be simplified when C¥* is taken as lc, das
100 em (1 m), and the fraction, u, of y—photong absorbed per cm3of air as
about 33X 10-6 for all photon energies in the range 0.1 -3 MeV. Then the
specific dose rate, for y-energies in the range 0.1 ~3 MeV, isg I{; :3E r/h
at 1 m from 1 ¢ "point'" source. E may be evaluated for a particular radio-
isotope by a study of the energies of the photons and the branching ratios
in the decay scheme of that isotope. Table 1II lists K, -values, together with
the predominant y—photon energies.

3.2. Radiation hazard

Two kinds of hazard may be digtinguished:

(1) External irradiation from a source outside the body, and

(2) Internal irradiation from isotopes which have entered the body.

With regard to total body irradiation (exiernal plus internal), the
International Commigsion on Radiclogical Protection (ICRP) has fixed the
accumulated dose that may be received by occupaticnal workers.

The maximum permisgible accumulated total body dose up to age N is
D =5{N-18), in which D =accumulated doses of radiation expressed in REM,
and N is the age of the person in years. {(Persons under 18ytherefore should
not be occupationally exposed to ionizing radiations.}

Based on the above criteria, it is advisable that the average yearly dose
to be received by a worker should not exceed 5 REM, and the average week-
1y dose should remain below 0.1 REM. The accumulated dose over any con-—
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TABLE OI

Ky VALUES AT VARIOUS +PHOTON ENERGIES

Approx. Ky ~ value l_’x;&itt):imm
{t/h at 1 m from 1 c} 7 Me:)nergy
Na22 1.2 1.3 and 0,57
Na2* 2 2.8and 1.4
Mgt 1.8 1.8 and 1.4
{+ equil, A1 )
K 0,15 1.5
crst 0.02 0.3
Mn* 0.5 ' 0.8
Co® 0.8 0.8 and 0.5¥
Fe®® 0.6 1.8and 1.1
Co¥ 1.3 1.3and 1.2
Cu® 0.1 0.5t
Zn® 0.8 1.1
Br¥ 1.5 1,5-0.6
Rb% _ 0.05 1.1
Zy% ' 0.4 6.8 and 0.7
i 0.2 0.4
Cs ¥ ' 0.3 0.7
(+ equil, Bal¥m)
Tal® 0,7 1.2 and 0,2
Al 0.3 0.4
Ra ¢ .
+ equil, decay chain) 0. 825 many different
with 0. 5-mmPtcover

t Annihilation photons following 8*.

gecutive 13 weeks ghall be less than 3 REM. These criteria pertain to ex—
posure of the eye lenses, gonads or blood-forming organs as well as to total
body radiation.

When only hands are subjected to radiation, the maximum permissible
levels are higher and amount to 20 REM per 13 weeks or 75 REM per year.

‘Thig meang that for work with £ - and y-emitters which have an R.B_E.
value of I ilte maximum permissible average dose for the entire hody, the
lenses of the eyes, the blood—forming organs or the gonads should not exceed
0.1 RAD per week. When only hands are subjected to radiation, 1.5 RAD
per week is the maximum permissible average dose.
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1 r of penetrating y-radiation {(above 0.2 MeV) will dissipate about 1 RAD
in body tigsue, - or y—photons of energy below 0.1 MeV will dissipate
2- 5 RAD per rintgen in bone tissue. a- and f-emitters become hazardous
on entry into the body. The calculation of the number of RAD in such a case
can be a difficult and complex task. The maximum permisgsible bedy burden
of isotopes is given in Appendix I. :

The hazard involved when radioisoiopes are ingested or inhaled will
depend on a number of factors, such as

{1} Half-life and energy of the isotope;

(2) Biological half-life, i.e. the time required for the elimination of

half of the ingested material from the human body;

{3) The zccumulstion of isotopes in critical organs; and

{4) Formation of toxic by-products as a result of (a} splitting of mole~ -

cules by radiation or {b) reactions of free radicals.

A number of isotopes and a.classification of their danger when ingested
by the human hody are listed in the Table I'V. The highly toxic elements such
as Sr%, Ca® and Sr3Y accurnulate in bones and produce damage to the blood-
producing cells. @33l accumulates in the thyreid gland. The moderately
toxic elements do not accumulate to such high degrees in critical organs
and have a relatively short biological half-life. Tritium and C14 are usually
only slightly toxic because of their rapid biological turnover. However, H3
and Cl% can be very toxic under conditions of slow turnover, (e.g. innucleic
acids), or, for example, as BaCl#03 dust lodged in the lungs.

TABLE IV

DANGER OF ISOTOPES INGESTED BY THE HUMAN BODY

Tsotope
Very highly toxic s™
Highly toxie cats, s, paM? | P
Moderately toxic Na?, Na®, P2, 5%, P, K%, Mo®, Me®, Mo®, R,

c?, o, oM, o, B2, ¥, MO™, C#V, BaY

Slightly toxic K, c*

A complete list of maximum permissible concentrations of radioactive
isotopes in air and drinking water, together with the critical organs of ac—
cumulation, may be found in Appendix I.

3.3. Safety procedures and precautions

Protection against external radiation is obtained by three different
meanss

{a} distance,

(b} short exposure time,

{c} shielding. -
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If a small source (point source} is considered, the intensity I; at a
distance of d cm from the source will be I3 =17 /d2, in which I; is {mathe-
matically) the intensity of the '"point" source at 1 cm distance.

Even relatively weak sources should therefore be handled with tweezers,
as the inverse—gquare law shows the intensity of radiation will increase con—
siderably between for example 1 ¢m and 1 mm.

If a source gave a dose of 1 millirSntgen per hour {mr/h) at 10 em
distance, any manipulations with the source hy means of long tweezers would
be harmless. If this were done without tweezers, for instance with rubber
gloves as the only protection, the radiation dose at 1 mm distance would
then be 10 000mr/h =10 r/h to the finger tips.

For all kinds of manipulations with radicactive sources remote handling
equipment has been designed. Usually a quick check with a dose-rate meter
will tell the operator at what distance the manipulations can be done safely.
Important in this respect is the time required for the work. If, once a week
for a few months, a concentrated radioactive stock solution giving 1 r/h at
30 cm has to be tapped, this could be done without undue harm from a di-
stance of 30 cm if the operation lasted only about one minute. Approximately
15~ 20 mr per week would then be received by parts of the body (e.g. the
lenses of the eyes), which is below the maximum permissible dose of
100 mr/week. On the other hand, if such exposure over longer periods were
involved, shielding would be strongly advisable, because in connection with
maximum permissible doses it is recommended by ICRP "that all doses be
kept ag low as practicable, and that any unnecessary exposure be avoided".

With o—emitters, shielding against external radiation would not be re~
quired, because the wall of the vessel or a few cm of air will absorb all
particles. Also soft f-emifters, such as 885, Cass or Cl4, will not require
shielding as the walls of the containers are adequate for this purpose. With
strong sources of hard B-emitters, such as P32, ghielding may be necessary.
In this case a plastic sheet of 0.5 -1 cm thickness may be used; a lead sheet
is not advisable because bremssirahlung increases when the Z-value ig high,

Lead bricks may be used when vy-rays are dealt with, The thickness of
lead that is required to halve the dose rate from a given y-emitter will vary
50 -100% according to the geometry of the situation {broad divei'gent beam
or collimated beam). However, see Table V. To obtain the approximate
half-thickness of water, the corresponding half-thickness of lead may be
multiplied by 10. {The density of lead is about ten times that of water.) To
obtain the approximate half-thickness of any other material, the necessary
half-thickness of water is divided by the density of that other material, '

The attenuation factor F and the number of half~thicknesses n are re—
lated as follows:

F=20, or
n=log,,F/0.3.
Asg soon ag the shield has been erected, the calculated dose rate should be

checked by a dose-rate meter, and preferably rechecked by a second dose-
rate meter - "triple safeguard philosophy'.
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TABLE ¥V

APPROXIMATE MEAN MAGNITUDE FOR THE HALF-THICKNESS
OF LEAD AS A FUNCTION OF +PHOTON ENERGY

_ Approximate haif-thickness .
?enpil:‘t'm of practical

(Meg") lead shielding

(e}

0.5 3

L 1

1.5 1}

2-4 2

Any person dealing with radioactive isotopes (except, e.g., H3} should
wear a film badge onthe wrist and/or onthe laboratory coat, The blackening
produced on development of the film is a measure of the external dose of
radiation that has been received during the exposure time. Control films
have io be calibrated by means of a standard radiation source and developed
together with the filmi badge. WVarious types of film badge which permitse-
parate evaluation of the accumulated dose received from B- or y-rays or
neutrons have been designed.

Begides a film badge, and especially in the absence of a film—badge
service, a pocket dosimeter should be used.

Frequently it appears that strong B-rays have an effect on the eyelenses
even if the levels of radiation are far below the maximum permissible dose.
1t is therefore desirable to wear plastic {or normal) glasses which will pro-
tect the vperator against any damage of the eyes from S-radiation.

With regard to the field of tracer applications, the levels of external
radiation are usually low. However, when stocks are received from the
supplier and dilutions have to be made, or when relatively large levels are
necessary, ghielding may be required. In some cases, samples which have
accumulated radioactive material to a high extent should be kept behind =
shield.

Contamination of laboratory, benches, glassware and operator by radio-
active material should be avoided for two reasons:

(a) Experimental resulig may become doubiful;

{b} A health hazard, in particular an internal health hazard, may be

involved. ’

A number of rules should therefore be strictly adhered {o:

{1) Each person in a radioizotope laboratory should wear a laboratory
coat, closed to the neck. This laboratory coat should be worn only in the
laboratory space where the experiments with isotopes are done but prefer-
ably not in the counting rooms. Furthermore, a plastic apron should be put

onwhen stock is dealt with; this apron should remain in the stock room.
(2} When there is a risk that the hands become contaminated, thin
surgical gloves of rubber or plastic should be worn. These gloves have to
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be put on in such a way that the ingide never touches the outzide for pre—
vention of direct contamination of the skin. A detziled description of the pro-
cedure for putting on or removing gloves is given in Appendix II.

Ag soon as the risk for contamination of the skin is no longer present,
the gloves should be removed, because they constitute a source of contamin-—
ation of glagsware and eguipment,

A thin layer of "barrier cream'' spread on the skin of the hands is used
by a number of workers in situations calling for something in between rubber
gloves and bare hands.

(3} To prevent contamination of gloves, hands or equipment, paper
tigsueg are always used as an intermediate. After use, these tissues have
to be digposed of in {foot~operated) waste bins or large drums.

{4) For avoidance of the spreading of radioactivity by means of shoes,
linen or plastic shoe covers or special shoes may be used in the radioisotope
laboratory.

{5) Any equipment or glassware which requires operation by mouth may
not be used in a radioisotope laboratory. Specially designed equipment and
glassware have to be used. Suction is usually applied by means of a vacuum,
a pumpet or a plunger pipette.

(8) Itie obvious that eating, drinking and smoking are strictly prohibited.

(7} For checking of gloves, hands, laboratory coats and equipment,
frequent moenitoring is most essential. Any contamination that is observed
should be removed in the appropriate way (see section 3.4, Decontaminationl.
Be careful not to allow wet glagssware etc. to drip on the detector.

(8) For prevention of contamination of benches and floors, all mani-
pulations with strong radioisotope solutions should be carried out in trays.
The bottoms of the trays should be covered with absorbent paper.

(9) Avoid cross-contamination by using glassware, c¢an openers,
iweezers ete. for one particular isotope only.

{10} When work at a uc level is being done, sources of me level should
not be admitted to that laboratory. When this is unavoidable, the use of
highly active sources should be restricted to a limited space only {fume
cupboard). -

{11} Radioactive waste should be controlled and disposed of according
to the recommendations of the International Commission on Radiological
Protection (see Appendix II1}). Generally, liguid waste is stored in polythene
containers and not disposed of through laboratory sinks. Solid waste should
be put in foot—operated bins. Under no circumstances may isotopes of great—
Iy different half-lives be mixed.

(12} Radioactive waste should be stored and disposed of by ordinary
means only when the activity has decayed or when the waste iz diluted to
permissible conceniration. Long-lived isotopes cannot be disposed of and
ghould be gtored. In some countries a ceniral organiration is in charge of
collection, storage and/or burial of radioactive materials.

{13) Each container, beaker, vessel or bottle that contains a radioactive
solution should be marked "radicactive’, and the activity concentration in the
golution ag well ag the nature of the isotope and the date should be mentioned.
Each container of activity should be placed inside a larger, non-breakable
container and gshould be surrounded by tissue paper; contamination will then
be reduced to a minimum in case of an accident.
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{14) Any operation in which radioactive dust may arise should be carried
out in a glove-box in which a slight under—pressure can be maintained. In
the exhaust system a dust filter must be present to collect radioactive par-—
ticles. These precautions are particularly important inthe case of a—activity.

{15} Before leaving the laboratory, check hands, clothes and shoe goles
with a suitable momnitor.

3.4. Decontaminaiion

Decontamination of the skin is done by washing with soft soap, possgibly
with a soft brush. Care should be taken to aveid damaging the skin by ex-—
cessive washing, If contamination with a substance of high specific activity
or carrier-free material has occurred, washing with an excess of earrier
solution may reduce the contamination by exchange of radicactive isotope
with the stable element. It is obvious that such a procedure is only suc—
cegsful if the carrier solution has no damaging effect on the skin.

Generally, the decontamination of glassware, metal surfaces or painted
suriaces with radioisotopes of high specific activity is greatly reduced by
repeated washings with carrier solution. Stocks of carrier solution should
therefore be present where contamination ie likely to occur. A spreading
agent may be very effective.

Glass may be effectively decontaminated with either 10%
nitric acid or 2% ammeonium bifluoride or chromic
acid or carrier in 10% hydrochloric acid.

Aluminiume 10% nitric acid, sodium metasilicate or sodium
- metaphosphate.

Steel Phosphoric acid plus a spreading agent.

Lead Treatment with 4 N hydrochlorie acid until the re-

action starts. Wash well with a dilute alkaline so-
lution, and finish with water.

Linoleum Remove wax surface with xylol or trichlorethylene.

Painted surfaces Wash with spreading agent and ammoniuwm citrate
or ammonium bifluoride.

Wood and concrete are difficult to decontaminate. Partial or complete

: removal of the contaminated material will usually

be the only effective method. .

In general, it will be necessary to maintain a regular' check on labo-
ratories in which work with radioisotopes ig done. Benches and floors must
be monitored frequently. A vacuum cleaner will be useful for removal of
radioactive dust that may ledge on floors and benches, and air samples may
be tested for radicactive dust by means of an oiled filter paper placed across
the inlet of a vacuum cleaner.

3.5. Special features of isotope laboratories

A laboratory in which work with radicisotopes is done should have fa-
cilities that
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{(a) prevent or reduce contamination to the greatest extent, and

{b) make possible rapid decontamination.

These facilities are further determined by the nature of the work which
is going to be carried out. Three types of laboratory may accordingly be
distinguished (see Table VI, taken from IAEA Safety Series No.1l, Vienna,
1962}. Usually, an "A" laboratory will be found near reactor sites or waste
processing plants. For biological research, "B" or "C™ laboratories will
generally be adequate.

TABLE VI

FACILITIES FOR RADIOISOTOPE WORK

Minirum Type of lzboratory or working place required
oF Iatopes . Good chernical Radiol Righ-level
wanity laboratory laboratory laboratory
Very high 0.1pc 10pc or less 10 yc- 10 me 10 me or more
High 1.0pc 100 pc or less 100 pe - 100 me 160 me or more
Moderate 10 pc 1 mc or less lme-1c¢ 1 c of more
Slight 100 pc 10 mc or less lome-20¢ 10 ¢ or more

A "C" laboratory may be any ordinary laboratery that has a good ven—
tilating system and a fume cupboard. Floors and benches should have a
surface which can be cleaned easily. It will, however, be essential to pro-
vide a class ''B" Jaboratory when larger quamities of isotopes are to be dealt
with. FPor instance, the dilution of stocks or the preparation of compounds
of high specific activity will require the facilities of a "B'' laboratory.

The characteristics of 2 '"B" laboratory may be described as follows:

{a) Fach isotope is confined to a particular place for prevention of
cross—contamination.

(b) Counting rooms are separated from the laboratory room.

{¢) Ventilation of the laboratory room should proceed at a rate of at
least 12 times the laboratory volume per hour; the air should flow {rom the
least active to the highly active areas. Recirculation of air should be.
prevented.

{d) Fume cupboards should have a filter for the collection of radicactive
dust in the outlet. If more than one fume cupboard is present, it should not
be possible to gtart the suction on one without simultaneously starting it on
the other{s).

(e} All operations involving the production of radicactive dust {grinding
of samples) should be carried out in a glove box or fume cupboard (e.g.
grinding plant sarmples in mill).

{f} For facilitation of decontamination, floors and benches should be
covered with plastic or linoleum, preferably without seams. Under no eir—
cumstances should uncovered wooden or concrete floors and hench tops be
allowed.
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{g} Taps should be of a foot— or elbow-operated design for prevention of
contamination from gloves or hands.

(h) Outlets should be present in the floor for the drainage of water.

{i) Ridges and corners in which dust may accumulate and which are
difficult to clean should be absent.

{j} The furniture should be made of a non~porous material, preferably
acid-resistant, for facilitation of decontamination.

(k} In the counting rooms, fluorescent tubes which ionize the air should
be ahsent; otherwise, a higher background will be measured if organically
quenched G-M iubes or liguid scintillation counters are employed. Any
equipment such as rintgen apparatus, particle accelerator or large quanti—
ties of emitting sources should not be present in the vicinity of the counting
room or in adjacent rooms.

4. SOME UTILIZATIONS IN BASIC PRINCIPLE

By virtue of the sensitivity with which their radiation "signals" (ionizations
and excitations) can be detected, radicisotopes are widely used as indicators
in tracer work, whenever stable indicators are unobtainable or impractical.
Furthermore, neutron rays are used for activation analysis and for moisture
determination, gamma rays for measuring bulk density and beta (or alpha)
rays for surveying thin {or very thin) layers. Finally, large doses of ioniz-
ing radiationg may be used to sterilize insects, to prevent sprouting of vege-
tables or to speed up the natural frequency of mutations {with a view to se—
lective hreeding) and very large radiation doses to destroy unwanted or-—
ganisms or growthe. A very special use of a radioisotope is as a clock,
e.g. in radiocarben or tritium dating.

Many of the basic principles underlying the above—mentioned applications
have already been treated in.the foregoing sections. However, the basgic
lecture matter includes another five sections, which deal with some supple—
inentary principles involved in localization, isotope dilution, fracer kinetics,
activation analysis, neuiron scattering and gamma attenuation. Seven prin—
cipal limitations involved in the use of radioactive tracers are given in the
introduction to the "Applied Parta'" of this manual, and a great number of
practical principles are brought out in the various “Applied Parts".

4.1. Translocation and identification

A radicisotope may be used to trace the place, time or améunt of trans-
location (movement, deposition, uptake or excretion} of a test object. A
radiotracer may algo be used to identify enzymes, antibodies, residues,
precursors, metabolites or degradation products.

When an object such as an intact organism or a portion of sand is to be
traced, the radicisciope used may belong to any chemicsl element. The
choice of radicactive "label' will then be governed (1) by the ease of attach-
ment t¢ or incorporation into the test object, {2} by the penetrating power of
the radiation {since the test object is likely to be some distance away or
covered by a certain thickness of matter), and (3) by half-life, in order to
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assure a fairly rapid decay of the radioactivity, which is likely to be spread
afield after the experiment.

In certain cases an inverae principle of localization may be useful. In-
stead of the labelling of the object of investigation, a confined amount of
radioisotope is placed at the expected place of arrival of the moving object.
The moment the object shows a sign of being radioactive, it has reached its
destination. This principle has, for ingtance, been uged in the study of root—-
ing patterns.

When the test object is an organic material or compound, the radio-
igsotope used must belong to one of the few elements in the compound. This
often reduces the choice to C14 or H3, plus sometimes P32, 585, CI% or
113! | The label may be built inio the test materials through biological growth
or chemical synthesis.

If the object io be traced is a mineral nutrient, the label must be an
isotope of that element. However, in special cases there may be an ex—
ception to this rule; e.g. Rb86 has been used as a tracer for K for want of
a sufiiciently long-lived potassium radicisotope.

When "time-of-arrival"’ experiments are carried out by the injection of
radioactive test substance ai one place (I} and the later detection of it at a
second place (II), the first sign of activity at II may not be the correct
moment, because the activity is likely to have become diffuse along its path
from I to II (see Fig.13).

INJECTED ACTMVITY

FIRST SIGN OF ACTIVITY
AT DESTINATION

Fig.13

Illustration of the diffuse reappearance at place II after injection of a radicactive test substance at place I

Minute amounts of test substance, not measurable by conventional
methods, may be assayed with the aid of a radicactive indicator because of
the tremendous sgensitivity with which radioisotopes can be detected. For
example, when it is judged permissible to agsume that the specific activity
s* of the test substance has reached the same value at every place of interest
in the system under investigation, then the amount A of a test substance "A"
in any sample is given by

A% cpm
g% cpm per unit of "A"

(1
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where A* is the net count rate of the sample. For determination of the value
of s* this method necessitates that there be at least one place in the system
where a "hig" sarnple can be obtained with a sufficiently large content of test
substiance for it to be measared by a chemical or physical method, since
we then have

s¥ =A§ig /Abig . (2)
where Abig and A’Eig are the test substance content and activity, respectively,
in the "big" sample.

Finally, we shall consider a straightforward case. A particular portion
B of atest substance is labelled with a measured specific activity of .s* cpm
per unit of "B'. An unknown amount of B, say b units, translocates to a
place of interest, where it may become mixed with an unknown amount of
unlabelled test substahce. According to the very idea of a tracer, the
quantity b can then be identified by measurement of the activity, b* cpm,
at the place of interest if we can assume that no b has been diluted en route.
It should then be clear that

b¥/s*=bhf1l or b=b*/s*. (3

4.2, Isctope dilution

Principle of the dilution technique: For a given congtant amount of radio-
activity, the specific activity is invergely proportional to the total amount
of test substance present.

This technique, introduced by Hevesy, is particularly useful when
quantitative separations are not possible or are too tedicus for the systems
under study. A basic assumption in this technique is that after "equilibrium"
mixing the system is uniform with respect to the specific activity s¥ of the
particular element or compoeund concerned (the test substance).

Supposing a system contains the unknown amount B g of a test substance
"B", To this system is added B, g of the same substance labelled with a
specific activity of s¥ (cpm per g of "B"). Then at equilibrium, according
to the dilution principle,

S:/S:: =Be/Ba - [B+Ba]/Ba;
therefore
B=B(s¥/s¥t~1). (1)

Since B, and s are known or can be determined, the determination of s%,
the specific activity of the test substance after mixing to equilibrium, will
enable one to calculate B, Inthe deterrination of s, quantitative isolation of
the test substance from the system is not necessary, because the apecific
activity in either a gmall or a large sample of the same uniform aterial
is the same. This type of determination is termed the ''direct" isotope
dilution method. :
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If B¥ (¢pm) of radioactive test substance of negligible weight, i.e.
B, #0, isadded and mixedinto a system containing B (mmol) of non-radioactive
test substance, then, by the definition of specific activity (see section 1.2
above),

s¥def B*/B 2B* /B (cpm per mmol).
e - e € a
Hence, instead of equation (1), in this more special case we have
B2 B¥/sf. (2}

A variation of the direct isotope dilution technique, called the "inverse
dilution technique’, enables one to determine the amount of radioactive test
substance in a system by the addition of a known amount of unlabelled test
substance. Desgignating the unknown amount of test substance in the system
by B, the amount of added test substance by B, and the specific activities
of the test gsubstance, before and after equilibrium mixing with the added
test substance, by s* and s¥, respectively, omne gets from the dilution
principle :

s*/s: = Bc/B =(B +Ba)/B, or

B-B,/(s*/gt~1). (3

Therefore, the determination of the specific activities in samples takenfrom
the system "before and after' the addition of non~radioactive test substance
enables one to calculate the amount of test substance originally present in
the system. A meodification of this inverse dilution technique is often used
in activation analysis.

Example (1)
Liguid volume determination using "carrier-free' isotope {Fig.14)

An activity of A% cpm of a dissolvable isotope, ''A", is added to an
unknown volume, V ml, of a non—-radioactive liquid. In this case, the Hguid
is considered to be the test substance. Accordingly, the aciivity concen—
tration a* could also be considered to be the specific activity s* defined with

(?)

& om Vo % m
= i)

Block diagram illustrating the isotopic dilution principle in liquid volume
determination with "carrier-free” isotopes

cpm  par mi

Fig.14
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respect to the amount of liquid test substance. At egquilibrium the isotope
is assumed to be uniformly distributed, and a sample of the equilibrium
mixture is found to have an activity concentration of a¥ epm per ml for a
specific activity of ¥ cpm per ml. The volume of the test substance ean
then be calculated as follows (cf. equation {2)):

V=A% [a¥ =A% [s* ml.

This equation simply expresses that the total number of milliliters equals the
total activity divided by the amount of activity per milliliter.

Example (2}
Liguid volume determination using labelled liguid?

V, mlwith a specific activity of s¥ is added to an unknown non-radioactive
volume, V ml. The specific activity of the equilibrium mixture is found
to be s¥. The (unknown) volume of the mixture {see Fig.15) is then

v, =§§ {ral),

]

where A% is the total activity added and hence the total activily in the mixture.
The amount of this activity added may be calculated as follows:

A¥ =V s% (cpm),

which simply expresses that the total added activity equals the total added
volume times the amount of activity per millilifer in the added liquid. Com-
bining the two above equations, we find the original unknown volume as
follows:

V=V, -V, =V,s} /st -V, =V, (s} /s¥ - 1),
which is analogous to equation (1).

(® {?)
V3 ml v ml Ve %V e Vymi

/\n %

sq {cpm  per mi) sp lepm  per mi)
Fig.15

Block diagram illustrating the isotopic dilution principle in
liquid yolume determnination with labelled Yiquid of finite volume

. T Here, as in Example (1}, the liquid of the system is considered to be the test substance, so a3
and 'sf cotncide.
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Example {3} .
Determination of a "pool" size of a test substance ¥ {Fig.18)

Let us suppose that the test substance is an unknown amount, A (meqg.},
of an unlabelled anion '"A", In order to determine the amount of "A", we

{?) (&, ]
A meg, Ay meq.

" U ,?;///a
Z
:@ [.; topm  per mi)

Vpml

a g [NORMALITY)

Fig. 16

Block diagram illusirating the isotopic dilution principle in derermination of the "pool” sige
of a test substance with labelled liquid of finite volume and compasition

add V, ml of labelled anion solution of known specific activity and allow it to
mix with the unknown amount until equilibrium is reached. The (unknown}
total amount of anion A, in the equilibrium mixture is then

A =A% [s¥ (meq.),

where A¥ is the total activity added and therefore present in the mixture
and s} is the specific activity (epm per meq.) of the anions in the equi-
librium mixture. Neither of these two values is measured directly. Know-
ing V,, a¥ and a,, and measuring a¥ and a,, we have

Aj=V,a]
' } A =V,(a%*/a¥)a,, and finally
s¥* =a¥ fa
14 e e
A=A, -V,a,.

Example (4)
Uneven distribution of test substance. Double "pool”

Even if a test substance is unevenly distributed in the system under
investigation, the amount of test substance can still be evaluated by isotope
dilution as long as the radicactive label at equilibrium is distributed uni-
formly over the test substance, i.e. as long as the specific activity of the
test substance at equilibrium is the same everywhere in the system.

T Here, and in Exampie (4), as is more usually the case, activily concentration a* and specific
activity s* do not coincide (s% referring to activity per unit of test substance, and a® per unit of gross

sample).
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Block diagram iltustrating the isotopic dilution principle in double pool determinaton of a
test substance with labelled liquids of finite volumnes ard composition

Ag an example combining the uneven distribution of a tegt substance
with a double pool determination, let us imagine the exaggerated and
idealized situation illustrated in F'ig.17. The solution contains a single
cation and a single anion. The unknown total amount C of the test catien is
greater than the unknown total amount A of the test anion, because some
cation is adsorbed at the boitom of the vessel containing the sclution (owing
to the fact that the non—conducting, thick bottem of the vessel is in possession
of a negative charge density). This system may be considered as a sche—
matic version of the situation existing in suspensions of particles exhibiting
adsorption properties.

If we define the amount of adsorbed cation and the amount of repelled
anion as

+
7&1& dgf C-Vey

- def — A= -
ey Vag—A=Vey—A,

where V is the true volume of the solution (see Fig.17) and a,;=c; is the ion
concentration in the electro—neutral part of the solution {not too near _the
bottom), then the "cation adsorption capacity’, ¥*, taken as being the sum
of v, and Yrep » may beg defined as the surplus of cations over anions as
followsa:

The two unknowns, C and A, may each be found by isotope dilution in
quite the same way as in the previous example. After addition of the two
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labelled solutions, the various concentrations and volumes {see Fig.17) may
be significantly altered. If we take a sample of the mixture at equilibrium
{i.e. uniform distribution of labels over test substances) and meagure the
four values: c* a ¢, anda,, it will however be true, asinExample (3), that

+
C_ =V, (c¥/eH) e, and
A, =V {a¥/a¥)a

where C, and A, are the total amounts of teést cation and test anion, re-
spectlvely, in the system after equilibration with the added volumes Vi and
V;. Finally C and A, and thereby the concept y*=C-A, are easily cal~
culated from the following two equations:

- -yt
C —Ce Ve,
A= A -Via,,

which do not demand any knowledge of cylor 7).
An implicit assumption in this method is that
(1} c* and a* may be determined simultaneously and independently;
(2) The a and c gradients are not too different; and
{3) Exchange of adsorbed c with ¢* is so slow as to be negligible.
In Fig.17 the following "volumes" (other than true volumes)are indicated:

V+ def f = apparent volume of even distribution of cation;
0
Viis de & = apparent volume of even distribution of anion;

V;’cdgf V;;S -V =apparent volume of accumulation of catien;

def V-V, 4is — 2bparent volume of exclusion of anion.

vexc
Once C and A have been determined by double isotope dilution, as described
above, these various apparent volumes can also be calculated if ap=¢ was
determined. One can then, for instance, write the amount of adsorbed cation

in the following way:

+ def

ads

C-Ve, —\r* Xe -Ve, —v+ Xc,.

4,3. Tracer kineties

Many physico-chemical processes in nature have been found to proceed
exponentially; i.e. the fractional rate of change is constant. Very often it
is possible to see if this is so by injecting a radioisotope and subsequently
inspecting the appropriate semi-log plot of count rate as a funetion of time,
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If this turns out to be a straight line, agreement with a simple exponential
hypothesis has been found.

When there is 2 net transfer of iest substance {removal, aceumutation)
the radicigotope label is invaluable for praciical reasons, and in the case of
no net transfer of test substance (turnover, exchange) a tracer is in—
digpensable if the rate constant is to be found.

Exarople {1}
Removal, Acgurmnulation

In this case (see Fig. 18) test substance "A' disappears exponentially
from phase 1 through two channels with the rate constants, k] and kY. The

*
a, A' ON log SCALE

T AMpT Mo

Ag e — Ay ON log SCALE

Fig.18

IHustration of the disappearance of a test substance "A" from phase 1 and appearance in phase 2
Disappearance and appearance are given in linear and semilog plots versus time.

test substance flowing through the second channel is accumuldted in phase 2
(whereas that flowing through the first channel is lost). Linear plots, and
the appropriate semi-log plois, of amounts plotted against time are also
shown in Fig.18.

Mathematically, the rate of removal from phase 1 is

-dA,/fdt ~kI A +kY Ak A, (1)
where k,=-k| +kY is the rate constant (fraction per unit time) for overall
removal from phase 1. In analogy io radiocactive decay {section 1,2},
equation (1) may be integrated to give

Ay =A1_oe‘k1‘ ’ {2}
where A , is the amount of "A" present in phase 1 at zero time.
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Phase 2 is agsumed to be empty at zero time, Mathematically at in-
finite time, or in practice at an equilibrium time long enough for the amount
of "A" remaining in phase 1 to fall below the limits of accuracy of meas-
urement, the amount of test substance in phase 2 is

Atz.w:{ki_'/kl]Al.o’ (3)
which simply states that "A" is dispersed through channel 2 in accordance
with the branching ratio of this channel. Likewise, tne amount of test sub-

stance in phase 2 at any time t is equal to kY/k; multiplied by the amount of
"A" that has disappeared from phase 1 during the tirne L, i.e.

A, =Ky /ky) (A0~ A1)
which can be transformed, by the use of equation (3}, to read
Ayp=A, - (k3 /104, .
Solving this equation with respect to A;, one finds
Ay = (ky/kYHAg « — Ag). (4)
The rate of accumulation in phase 2 is given by
dAyfdt =kYA,,
or, by substituiion of A; from equation (4},
dAg/dt =k{Ag o= Ag), or ~d(Az =~ Ag)/dt =ki{Ag,»—Ag).

This differential equation {in analogy to equation (1)) may be mtegrated to
give

Ay By =Ag €M | {5)

Thus, a plot of log {Ag o~ Ag) against time yields a straight line, and from
the slope of this line one may find k;, which is the rate constant for overall
removal from phase 1. The rate constant k] for partial removal into phase 2
may be easily calculated from k; by the use of equation (3), i.e.

Lkrl'=k14"*2,n/A1.o . (6)

So far we have considered only unlabelled test substance. If a radie-
isotope of ""A" is mixed with A; at zero time, this will label the test sub—
stance and enable us to determine the rate constant{s) by the assay of radio-
activity. The equations corresponding to {2}, (5) and (8) are then simply the
following:
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A% =A% ekt (21

A% oTAf AL N (5)
kY <ki Ao /AT, (61)

where A% stands for activity of "A", e.g. expressed in cpm.

Example {2)
Turnover

In the case of turnover, we assume that a ''steady state” prevails; i.e.
rate of renewal equals rate of loss. There is no net change in amount of
test substance. A is constant {see Fig.19}. We further assume that there
is no change in volume of the system.

kA

B

kA

Fig.19

. Schematic model illustrating steady stave in an open (WMOVer Compartment

1f one wishes to determine the turnover rate constant k by investigations
confined to the volume containing '"A", a tracer, for instance a dye or a
radioisotope, is necesgsary.

Let us suppose that at zero time a radicactive isotope of "A" is mixed
imto the volume containing the test substance, so that the total amount, A
mole, of test substance consisis of A® mole stable isotope and A* mole
radioisotope {see Fig.20). In practice, A¥* will be a very small fraction of
A; hence A® will remain practically constant.

The rate of disappearance of the activity (see Fig. 20} is given by

—dA*/dt = kA*,

and by integration this gives

-kt
Ax=A%e | {Nn

Thus, plotting of A* (expressed, e.g., as net count rate} as a function of
time on semi-log paper will yield the turnover rate constant k. However,
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kA {ALL STABLE}

Az kAT

kA = LA* + kA"
Fig.20

Schematic model ilusating the determination of the turnover rate constant k by injection of an
infinite amount of a radioactive lsotope of A into the compartment volume

rather than to assay the total activity A¥, it will often be more practical to
draw samples from the volume containing the test substance and to deter—
mine the activity concentration a* or the specific activity s*., Either of these
variables will serve as well as the total activity, since the size of the
volume and the amount of test substance are both constant. In other words,
the following two equations are valid besides equation (7):

a% = a*ﬁe"“ {epm per ml) (7a)
g% = sﬁe‘k‘ {cpm per mole} (7s)

Often the rate of turnover is stated in terms of "tfurnover time,
t.=1/k. t,is the time it takes for an amount equal to A (see Fig. 20) simul-
taneously to enter and leave. Siatistically, about one—third of the A mole
-that leave during a turnover time period consists of molecules that also
entered during this turnover period, and about two—thirds consist of molecules
that entered during previous turnover periods.

Example (3)
Exchange

Fig. 21 illustrates (schematically) the process of a typical steady-state
exchange system after the injection {and uniform mixing) of radioactive test
substance into one of the phases at zero time. The total amount of injected
activity A% will at any later time be partially transferred to the second
phase; however, since the system as a whole is assumed to be cloged, the
sum of the amounts of activity in the two phases will remain constant; i.e.

] & = A¥
AR +A% =A% L (8)

Since there is no net iransfer, A,and A, (i.e. the total amounts of test
substance in the two phases, respectively) are both constant and, therefore,
kg Ay =kiA; (see Fig.21). Hence, the raie constant k, for one-way transfer
from phase 2 may be related to the rate constant k; for one—way transfer
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Fig. 21

Schematic models illusirating steady-state exchange in a closed two-compartment system
An infinite armount of a radioactive isorope of A has been injected fnto phase 1 at zero dme.

from phase 1 as follows:
AyA, . (9)

Mathematically, the {(net) disappearance of activity from phase 1 is given
by the differential equation

~dAf/dt =k A% -k, A% ;
but, by the use of equations (8) and {9), this may be transformed to
-dAf/dt = kAF-k, {A1/Az) (A¥, —A¥), or
—dA’f/dt ={(A 1+A2]/A2]kIA=f ~k, (AI/AglAfM . or
—dAf/dt =[(A1+A2)/A2]k1(A‘41=—[AI/{A1+A2}] A% ), or

_AL :

¥ - A%

_d(Al A1t A m‘}zA—l"'Agk;(A*——l—A A% )
dt Ay P A A P

This differential equation (inanalogy to equation~ (1) and {2)) may be integrated
to give

A - Ay - Ay +A)/ A ]k:
Af —A A (Am A +A2A* Yo LA+ 430/ Ag ]y (10}

At equilibrium {mathematically, t-—e) the activity will be spread uni-
formly over the test substance; i.e. the specific activity will be the same
everywhere in the system; hence

A% JA =AX [(A +A)or
A JA *A) =AY JA% . {11
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Introduction of equation {11} into {10} yields

. (12)

- = - -kf‘t
ap-Ap - (A, -Af e

where k¥ = [(A1+A2)/A2]k1 . Equation (12} shows that a plot of log (A¥-A, }
against time should give a straight line (see Fig.22), and from the slope of
this line one may obtain the rate constant k% for net transfer of radioactivity
from phase 1.

L L]
Al Al ON log SCALE

P
tat T SWOPE = k7 123

~

" Fig. 22
Ilustration of the straight-line relationship berween log( Af - A?.u ) and time

The last step is to calculate the exchange rate constant k; for one way
transfer of test substance (and actiivity)} from phase 1. The following trans-
formation is then useful:

ky =[A /(A + A ]k =[1-A [(A, +A k= (1 - A% /A% )kt,

where the last equation foliows from equation (11), so

=[(4'\”;‘:'t —A* )/A* Je¥ . . (13)

In words: Lk, is equal to k¥ multiplied by the ratio of the ordinate intercept
(see Fig. 22) to the total amount of activity {which is the ordinate intercept
plus A¥ ).

Ag is seen in equations (12) and (13}, the exchange rate consiant k; may
be determined by measurement of activity alone; i.e. no chemical meas—
urement is necegsary.

In conclusion, it is noted that it might well be more practical in a speci-
fic case to assay activity concentration a* or to measure specific activity s*
rather than to agsay A*. This does not lead to any further problem, because
both the phase volume and the phase content of itest substance are considered
to be constant, go that equations (12) and (13) may equally well he expressed
as follows:

ek = -kt
e (122
s¥ -s% —{:et1 0 5% )e {128)
ky =k¥ (a%  -a% )/a* =k¥ (s u—s* ﬂ)/s’fo {13a and 13s)
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4.4. Activation analysis

A nuclear reaction is a process in which a nucleus reacts with another
nucleus, an elementary particle or a photon to produce one or more other
nuclei. Thenotation used for nuclear reactions is analogous to thai in
chemical reactions; however, a shorthand notation is often used.

The light bombarding pariicle and the light fragment are written in
parentheses between the initial and final muclews. The production of O17 by
bombarding N with a—particles ({N4+ gHe?—~ gO17 £ 1pl) can, therefore,
be written ag N4 {e, p}O17.

The probability of a nuclear process is generally expressed in terms of
a cross—section o, which has the dimensions of an area. This originated
from the simple picture that the probability for the nuclear reaction between
a2 nucleus and an impinging particle is proportional to the cross—sectional
area of the target nucleus. Alihough this picture does not hold for every
nuclear reaction, the cross—section is a very useful measure of the proba-
bility for any nuclear reaction. The cross—section ¢ is defined by the fol~
lowing equation: '

—dI =Inodx, n

where I is the number of incident particles/em? per sec. {"intensity™),
n is the number of target nuclei per em®, and
x is the target thickness (cm).

As the equation (1) shows, the fractional atienuation (~dI/1) of the inci-
dent particles is proportional to the population density of target nuclei and
the distance the particle has traversed. The proportionality factor is the
cross—section ¢. If we assume that ¢ is constant during the passage of inci-
dent particles through the target, the beam intensity after traversing atarget
thickness of d is, by integration of equation (1),

1=, {2)
where I is the initial intensity of the beam.

The number of particles (per cm? per sec.) that undergo reaction will
then be

Io-I =Ig{I =& . (3)

¢ is a characteristic of the reaction and the target nuclei.

Bombarding particles which have been used to effect nuclear reactions
are neutrons, protons, deuterons, H3, He3, He#, photons, electrons and
others. Among the particles, the neutron is extensively used because of its
ready availability from a reactor. The (n,v} reaction is the only type com-
monly occurring with slow neutrons. This reaction oceurs with very nearly
every target. After the emission of v from the target, the product nuclei
may separate from the chemical compound because of rupture of chemical
bonds by receil, Because of this so—called Szilard—Chalmers process, the
chémical identity of the product after irradiation may be different from that
of the original target.

20

A



The breakup of some heavy nuclei into two or more medium=heavy frag=-
ments also takes place after bombardment by rays or particles. This pro-
cess ig termed ''fission'. Some of the fission products are radioactive with
relatively long half-lives and are extremely harmful to the human being be—
cauge of their accumulating character in the human body.

Radioactivation analysis is the method of gquantitative analysis of a
certain element after conversion of that element into a radicisoiope under
irradiation of particle beams. The method is capahble of high sensitivity
and accuracy for many elements which are not conveniently determinable by
conventional chemical methods. Analysis with a nuclear reactor is generally
used although some other nuclear-irradiation device can be used.

In reactor activation, the {(relativelv thin} sample to be analvsed is
placed in a uniformly high flux of slow neutrons for a length of time sufficient
to produce a measurable amount of radicisotope of the test element. The
disintegration rate for a given isctope at time t from the start of irradiation
is given by the following equation:

D=NIla{l-&*)E,

where D is the total number of disintégrations per second,

is the total number of target nuclei,

is the cross-section of the element in em?/atom,

ig the decay constant for radioisotope formed,

is the time of irradiation,

is the neutron flux per ¢m?per sec., and

5 is the fractional abundance of target isotope in natural element.
Fig. 23 shows the growth of the radicisotope formed during activation

and the subsequent decay after activation has ceased. As can be seen, the

growth curve is geometricaily a mirror image of the decay curve.

Hre v @

D
(OF FORMED ISOTOPE)
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DECAY CURVE
NeE - "
\ MERROR

DECAY

Fig,23
Growth and decay of radioisotope formed during activation

It is generally convenient to activate for about one hali-life of the
desired nuclide. Sincethe neutronflux for reactors is nearly always around
1012 ~ 104 n/cm? per second, the sensitivity of the activation analysis de-
pends in practice on the cross—section of the parent nuclide. In the case
of Mn55, which is present in trace amounts in biological tissues, the cross=—
section for the reaction Mn55(n,vYMnd is 13.3 barns (1 barn =1072¢ cm?2),
The resulting specific activity, oblainable in a flux of 1024 nfcm?2 per second,
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is nearly 195 c/g after irradiation for 2.58 h, which is the half-life of Mn%,
Sinceitis possible to detect about 400 dis./min. with standard counting equip-
ment, the approximate limit of detection of Mn by activation analysis is around
10-12 g. This amount is far too small to be detected by ordinary chemiecal
means.

Slow—neutron activation analysis is unsatisfactory for elements lighter
than sodium, mainly because the half-lives of the products are very short.
For some elements such as 8, Ca and Fe the cross—sections are too low.

Proton activation can be used for B, C, O and ¥, while deuterons are
used for N and S.

4.5. Neuiron moderation and gamma atienuation
4.5.1. Neuiron moderation in relation to moisture determination

Physicists have for many years utilized fast—neutron sources in studying
fundamental nuclear reactions. A common source for this purpose is a mix~
ture of radiuvm and finely ground beryilium. Nuclear reactions that occur
with this combination are as follows: :

226 222 4
ggRa = ~ggRn™"+ He +y

JHe®+ Be® - (12 +9_n1.
{alpha particle) {fast neutron)

Such a source can be depended upon for a constant neutron flux without the
need for source decay correction (the half-life of Ra%28 ig over 1500 y).

Recently soil and plant scientists have become infrigued with fast-neutron
gources by reason of the known interaction between fast neutrons and ab-—
sorbing materials which results in a moderation or slowing—down of the
neutrons. Since it has proved possible to correlate the degree of neutron
moderation with hydrogen concentration of a medium, it should be possible
to extend the principle to measurement of moisture content.

Moeisture measurement is based on physical laws which control the mo-
deration of neutrons in matter. Fast neutrons which are released into a
given material collide with the atoms of that material and are scattered in
all directions in random fashion. With each collision that a certain fast
neutron undergoes, however, a fraction of iis kinetic energy is given up to
the nucleus encountered. The process of collision, scattering and kipetic
energy reduction continues until the original fast neutrcn has been reduced
in energy to the level of a slow neutron. There is much greater energy loss
of fast neutrons impinging on atoms of low atomic number than in collisions
with heavier atoms; and, in particular, hzlf the neutron kinetic energy is
lost on the average per collision with hydrogen. Since hydrogen is the pri-
mary element of low atomic number of many materials, it is the predomi-
nant moderator in such material {e.g. soil) of the fast neutrons introduced,
and the number of moderated (slow) neuirons produced per unit volurmme per
unit of time can be correlated with the concentration of hydrogen atoms in
the material.
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Siow neutrons are readily defected, even in the presence of fast
neutrons, by a further nuclear reaciion in a neutron counter tube. Most
commonly this is a detector filled with B0 enriched BF3 gas, in which the
following nuclear reaction occura:

unl +5Blu—" 3Lj.7 + 2H€4 .
{slow neutron) {alpha particle)

Ahsorption of the alpha particle in the detector gas is the lonizing event which
by amplification can be caused fo trigger a counting mechanism (scaler).
Because of the fact that the major portion of hydrogen atoms in, for
-example, soil ig contained in molecules of free water, the slow-neutron
count rate represenis a measure of soil moisture content. With a 5 me
source, this measurement embraces a spherical volume of soil ranging
from 15 to 60 c¢m in radius, varying inversely with moisture content.
Other elements than hydrogen are efficient moderators of neutrons.
These include cadmium, boron, lithium, clorine and manganese; but for-
tunately these are rarely present in soil in other than trace amounts. Com-—
pared with the many kg of water {and hydrogen) per m3 of soil with normal
moisture content, these elements, usuzlly in concentrations on the order
of a gram per m3, have no influence as a rule. However, boron {19% B1¢)
in small amounts may be gignificant because of its great affinity for ab—
sorbing slow neutrons {as utilized in the neutron detector described abovel.

4.5.2. Gamma attenuation in relation to density determination

The degree of scattering and absorption is involved, as with neutron
moisture measurement, but in this case involving gamma photons. The only
nuclear reaction is the initial one involved in the disintegration ofthe gamma-
emitting isotope source. This source is usually Csl37, and the reaction is
as follows:

550815~ BT+ e0ty.

The theory of density determination is based on the well-known types
of inderaction of gamma rays with orbital electrons of atoms and free elec—
trons. Whet a source is introduced into secil, the gamma photons emitted
are scattered randomly in all directions because of Compton collisions he—
tween the photons and guter orbital or free electirons in the material. If the
probe containing the source iz also outfitied with a detector, the number of
gamma photons scatiered back can be measured.

Ag the mean electron deneity of, for example, soil material (and soil
bulk density) increases, the scattering probability per cm phoion path in-
creases correspondingly. With each Compton scattering the gamma photon
transmits some of its energy to the electron hi{, whereby the probability
per em path of being absorbed by a photoeleciric process is greatly in-
creased., The combined result is difficult to see, but in practice fewer
gamma rays return to the probe detector as the surrounding soil increases
in density. Thus, the bulk density of the absorbing soil proves inversely
correlated with the count rate of the detector.
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LABORATORY EXERCISES

1. EXPERIMENTS WITH A G-M COUNTER
1.1. The plateau of a G-M tube

Intiroduction

Geiger-Milller counter assemblies in normal operation often show an
appreciable variation in performance from time fo time. It is thus useful to
have a reference source by which day—to-day counting may be standardized.
The half-life of such a standard should be so long that no correction for’
decay need be made. A guitable reference source may be made from black
uranium oxide (U30g). This combines the required chemical stability and
long half-life {4.5X 10?y). The oxide should not have been treated chemic-
ally for at least a year, during which time any significant daughter products
removed by previous treatmenis will have again come to radioactive
equilibrium.

The disintegration scheme of the mixture of isctopes which forms na-—
tural uranium is complex, and it is advisable to filter out all particles ex—
cept the beta particles of 2.3 and 1.5 MeV. This may be done by covering
the source with aluminium foil {35 mg/cm? ).

‘With this or a similar standard source the following properties of a
G—M tube may he determined:

{1} The threshold or starting potential, and

(2) The length and shape of the plateau.

It is then possible to deduce the optimumn coperating potential and the
slope of the plateau.

EXPERIMENTAL PROCEDURE

{1) Obtain a source counting about 8000 cprm.

(21 Put the source into the holder (in the lead castle), and increase the
high voltage slowly until the first counts are obtained. This voltage
ig called the "threshold voltage” (V).

{3) Determine the count rates with increasing woltage. A total of
10 000 counts registered for each voltage step is adequate. (Voltage
increment may be 20 to 50 volts.)

(4) When the count rate does not change appreciably as the high voltage
is increased, the G-M tube is operating in the '"plateau region".
When the count rate staris to increase again, no further high—-voltage
steps should be applied. Above this voltage Vg the counfer will start
to race, and damage to the G—M tube is likely to oceur.

{5) Calculate the slopecas percentage increase in count rate per 100 volts
and the plateau length (see Fig. 24), Vo ~ V¥V,

The slope is

[{(Ry—Ry/Ry1/ {(V, ~V11/100] 100% per 100 volts,

in which Ry = the count rate at the working voltage {see below).
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Fig.24

Characteristic of a G-M tube showing the relationship between count rate and voltage

(6} As the é‘i}ﬁt%i ages, the threshold voltage (V) tends to increase
and the racing voltage Vg to decrease. To allow for this, choose
the working voltage at Vp +75 volis or % (Vp +Vg) if the plateau is
less than 150 volts. Occasional checks on the plateau character-
igtics of a tube are necessary with age (number of counts]).

1.2. The dead time of a G-M counter

Introduction

The dead time, i.e.the time after each pulse that the G-M tube is not
able to register pulses, can be determined in various ways. The method
by which 2 series of samples of inereasing strength is counted is straight—
forward. From the difference between the expected count rateas extrapo—
lated from low counting rates and the observed count rate, the dead time
can be estimated.

Let the true count rate be R* cpm and the observed count raté R
cpm. If the dead time is T min., the counter has been inoperative during
R 7 min, per minute. R counts have therefore been registered in1-R
effective minute. The corrected count rate Rt is thus as follows:

Rt =R/(1-Rr7). (1)

If the R of a radicisotope of known half-lifeis plotied against time on
semi-log paper, R for the highest counting rates can be extrapolated from
the R of the lowest counting rates, and 7 can then be estimated approximate—
ly with the aid of equation {1). (At very high count rates, it may turn out
that 7 is no longer constant but equal to some function of R.}

Another approximation of the dead time T may be obtained by the method
of "twin samples', i.e. from a comparison of the count rate of iwosamples
counted together with the sum of the count rates of each sample counted
separately. Let RY, RY, Ri; and r* be the correct count rates (background
included) of sample 1, sample 2, samples 1 plus 2, and a blank gample,
respectively. Also let Ry, Rg, Riz and r be the corresponding observed
count raies. Then by definition

+ ot
RI+Rz =Ry +r’;
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and thus

from equation (1)

Ri/{1 =R+ Ryf(1 —RoT) =Rypf (L — RypTy +r /{1l —r7).

Since R;T <1 and r7 << R;7, the following approximations can be made:

Ri/(1 -Ry7}2R; +Ri 7, rf(l-r7)ir.

Therefore, afier substituting, we obtain

or

since

PROCEDURE

1)

(2)

(3)

(4)
(5)

(6)

(7

8}
(9

7t(Ry+ Ry~ Rip-1)/(Ri- R1-R) (2)
T2(R1+Ry~Ryp-1r)/2R 1Ry (3)
R?in{Rl*“Rz}g-

Tap about 5 ml (approx. 25000 cpm) from the Bal37m column
used in experiment 2, 2; cover the counting dish with a plastic cap
of 100 -150 mg/cm?, and immediately start making 6 -8 one-minute
countings separated by one-minute intervals.

After half an hour determine the residual count rate (background),
and then plot the count rates corrected for background of Baldm
against time on semi-log paper.

A straight line with its slope corresponding to the "tenth-life' of
Balstm (8.5 min.) is parallel-displaced umntil it becomes a tangent
to the last two or three points. From the small deviafions of the
first two or three points from this straight line, .estimafe the mean
dead time of the G-M counter, using eguation (1).

Select two f-samples (e.g. T12°% or C13) of approximately 12 000
cpm.

Count the first sample in a sample holder with two holes. In the
second hole inseri an empty counting cup.

After counting the first sample, remove the blank cup without
touching the active sample. Put the second sample in the holder
and couni both samples togethen.

Remaove the first sample and replace by a blank cup without touching
sample 2. Count sample 2,

Count the background with the two blank cups in place.

Calculate T with the aid of equation {2} or {3}.
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1.3. Natural and techmical uncertainty (statistics)
Iniroduction

In scientific experimentation, the standard deviation (calculated from
replicates) should always be given together with the results to permit as-
sesament of the uncertainty.

When the gtandard deviation ¢ is calculated from replicates, it auto-—
matically includes all sources of uncertainty.

When a series of "identical” counts is made on a sample which is not
moved between individual counts, assuming the counter functions correctly,
the standard deviation of the sum—count will be found o be ogat -5%, where
S ig the sum-count. This is a measure of the natural uncertainty inherent
in radicactive decay, and note that this type of uncertainty can be calculated
after a single counting. However, when the sample is moved between
countings or a number of "identical" samples are counted in succession, a
~ larger figure is likely to be obtained than can be explained by natural un-
ceriainty alone. This is because of random irregularities in geomeiry and
sample preparation, This form of added deviations {including erratic counter
performance) we will call technical uncertainty. An experimental evaluation
of these two types of uncertainty will be made.

MATERIALS AND REAGENTS

(1) P32 golution containing on the order of 0.05pc/ml.
{2} 1-ml pipette, and a pro-pipette (e.g, rubber bulb),
{3) 25 counting cups.

PROCEDIURE

(1) Obtain a boitle of P32 solution containing about 10000 cpm per ml.

(2) Using the rubber bulb, pipette 25 samples containing 1 ml each;
and as soon as each sample has been pipetited, start drying it under
the infra-red lamp. Keep the lamp as close as possible to the
samples without allowing the solution to boil,

{3} Place one of the dry samples in the sample holder, and make 25
countings of 2 min. each without moving the sample. Record the
result of each counting.

{4} Caleulate the natural standard deviation according to S? and the
total standard deviation according to the following formaula:

Let 51, 89, ... Sy, be the sum counis registered in o countings. Cal-
culate 5={Ls}/n, which is the mean sum count. Calculate 5,5,

S2 -5, ... Sa-8.
The total standard deviation of the sum count is then

O = {IZS-F) -1} (1)

{5) Compare this Gior and opar , and if they are found to be significantly
different, explain, Calculate opar in per ceni.
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{6) Now count each of the 25 samples separately for 2 min., and record
the results.
{7) Repeat your calculation according to equation (1}, and compare with
st . Calculate Oech iR per cent, using the equation
2 . .2 2
Piot = Chat +Oreeh -

{8} Calculate the count rate (R) and its total standard deviation in per
cent and in cpm (see Lecture Maiter, section 2.4.2).

1.4. External absorption of B-particles

The absorption of beta parti¢les in matter is almost independent of the
atomic number of the absorbing material, provided the thickness is ex-—
pressed in mg/em?. B-particles, for example those ejected from P32, have
a spectrum of energies running from zero to amaximum value. The aver—
age B-energy for P32 is 0.6 MeV and the maximum energy 1.7 MeV. The
thickness of matter which is able to stop all incident S-particles is called
the "range', and this is entirely determined by maximum energy particles;
however, practically none of the B-particles have this maximum energy, and
the range is therefore not sharply defined. For P32 the range is approxi—
mately 800 mg/cem?,

A transmission curve of P32 B-particles through aluminium will be pre-
pared in the present experiment.

PROCEDURE

(1) Pipette 106 pl of a solution containing approximately 0.1 uc P3¥/ml
into a counting cup, and dry under an infra-red lamp.

{2) Prepare a second sample by pipetting 100 u#1 of a solution containing
approximately 50 gc P32 /ml into a counting cup and drying.

(3) Couni the weak source until 10* coumnts are registered. FPlace an
aluminium filter of about 20 mg/em?® between the counter window
and the source, and count again,

{4) Continue counting at increasing absorber thickness until a count rate

. of about 200 ¢pm is obtained.

{5) Repeat the two previous counts with the strong source and cal-
culate the average ratio between strong and weak source activity.
{Note: dead time is important for strong count rates, and background
for weak.} This factor serves to transform weak—-source net count

rates into gstrong—source net count rates. Avoid direct exposure
of the G-M window to the strong source.

(6) Continue counting with the strong source until an almost constant
count rate is obtained (bremsstrahlung).

(7) Plot the net count rates on a log scale against the absorber thickness
on a linear scale. Take the window thickness of the G-M tube and
the air thickness from G+-M tube window to sample into consideration
when assessing the zero point of the linear scale. (This is par-
ticularly important in the case of soft B-emitters.)
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{8} Deduct the extrapolated bremsstrahlung from the net count rate,
and plot the corrected curve.

(9) Judge by inspection the point at which the uncorrected transmission
curve appeare to run into the almost horizontal bremsstrahlung line.
This point corresponds to the "range'’ and should be on the order
of 800 mg/em? for P32,

(10} Repeat the exercise, using C1¢ instead of P32, The "range' should
then be about 30 mg/em? .,

(11) The corrected curve should in both cases asymptotically approach
a vertical line through the "range' peint, as the beta particle trans—
miggion becomes zero (i.e. as the log becomes —«; see Lecture
Matter, section 1.4.2).

{12) How well can the top part of the C4 transmission curve, corres-—
ponding to the first decade or two on the log scale, be approximated
by a straight line?

1.5. Seli-absorption and self-scattering of S-particles

1.3.1. Imtroduction

It is often necessary to measure the radioactivity of sources which con—
tain appreciable amounts of solid material. When a thick source is counted,
errors from self-absorption and from source scatlering are introduced.
Absorption tends to decrease the count rate below the expected value and
is most important with soft B-emitters whose maximal energy is less than
about 0.5 MeV. Secattering tends to increase the counting rate and is most
noticeable with high-energy beta emitters., (The effect of self-absorption
and seli-scattering also exists with y—emitting sources but is ugually un-
important since this radiation has a greater power of penetration and the
sources are relatively small.) A third source of error when voluminous
samples of varying thickness are involved may be called "'self-geaometry",
i.e. the top of the sample grows closer to the counter as the thickness in-
creases. The combined effect of self-absorption, self-scattering and self-
geometry, which normally results in a diminution of count rate, will be
termed "'self-weakening",

Very often corrections for self-weakening in soft-f samples of varying
thickness may be circumvented, because only relative values are needed
for the experiment. For instance, many experiments are based on for—
mulae in which aetivity measurements are only eniered in ratios such as
af/a¥ (or s¥/s¥, but this again equals a%/a% divided by a,/a,), where a¥ and
a¥ are the activity concentrations of test substance in two samples. If in
such a case the tracer is a low-energy S-emitter and the samples are un-—
equal in thickness, their count rates cannot in general be entered directly;
however, correction to "true' count rates need not be atiempted, because
correct relative activity concentrations will also suffice, since they are to
be used as a ratio only. Correct activity concentrations relative to any ar-
bitrary laboratory reference may easily be obtained {assuming that the
cross—sectional area and the gress material of the experimental samples
and the reference samples are the same}. From a reference material con—
taining any unknown but uniformly distributed activity concentration of the
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radioisotope used in the experiment, a series of samples covering the thick-
ness range of the experimental samples is prepared. From these reference
samples a reference curve is constructed by count rate plotted against weight
of sample. This is now {whatever shape the curve may have) a reference
of constant activity concentration throughout the length of the curve, so
the relative activity concentration af,; of any experimental sainple is ob-
tained by the weighing and counting of the sample (under the same conditionsg
as used for counting the reference samples) and simple division of the net
count rate of the experimental sample by the net count rate of the same weight
{thickness) of reference material {(see Fig. 25):

a* _het count rate of exp. sample of wt.w
rel  net count rate of ref. sample of wt.w

(1)

When corrections for self-weakening to yield the "true" count rates of
B-samples are necessary, two different methods are possible. On the one
hand, using the material in gquestion, one may prepare a set of increasingly
thick samples of constant activity concentration {or constant total activity)
and from these consiruct a self—transmissgion curve, cpm ploited against
mg/em?; or, on the other hand, one may make mathematical assumptions
regarding the nature of the self-weakening effect.

cpm

REFERENCE CURVE
OF CONSTANT
ACTIVITY  CONCENTRATION

REF. cpm

ghoe—Yox

mg
Fig.25

Reference curve showing a relationship between count rate and weight of stamples
of constant activity concentration

In the first method one extends the gelf-transmission curve to samples
which are as thin as possible, and this part of the curve is then extrapolated
to yield the zero self~weuakening value, or the so-called "true" value, of the
activity concentration in epm per mg sample {or the total activity in cpm).
This method can be difficult, because very thin samples often exhibit nega-—
tive self-weakening; i.e. self-scattering Into the detector slightly exceeds
self-absorption.

The second method assumes that there is no significant self—scattering
or self-geometry effect and that self-absorption proceeds in a simple ex—
ponential manner. (This last assumption corresponds to the approximation,
at least through the first decade or two, of the curve obtained in the previous
exercise (section 1.4} by a straight line.) Accepting these assumptions,
we find thati the self-absorption loss is mathematically given by

—-da*/dx =pa*,
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where a¥ = number of f-particles per cm? sample ejected in the direction
of the G-M tube,
# =linear absorption coefficient (characterlstlc of Egmay and density
of sample material), and
x =sample layer (em);

i.e. a*=aje’ ™™, where a* means transmitted activity (per cm?® sample) from
depth x below the surface of the sample. The (total) transmitted activity A*
from a sample of cross-sectional area £ and thickness X is then obtained by
integration from top to bottom of sample as follows:

b
A% =f agﬂe"”‘ dx =af £{1 - € ¥} /u = (AF/uX)1 - ).
0

Finally, defining a sel_f-absorp’cidn factor f as the ratio hetweenobserved
(i.e. self-transmitted} activity and theoretical zero-absorption activity A%,
one has

AR[A% =1 =(1 - ¥ ) JuX, (2)

where 4 may be taken as the mass absorplion coefficient {characteristic of
Epmax alone) and X as mass-thickness (mg/cm?). The factor {f may be used
to correct mathematically observed count rates for self-absorption.

When the self-geometry effect is negligible, a self—iransmission curve
based on increasingly thick sampies of constant activity concentration will
‘approach (according to equation {2)} asymptotically a constant value A¥ as
X approaches «. In practice A% becomes constant at a thickness equal to
about half the '"range' of the Emax of the B-particles. A sample of this, or
greater, thickness is called "infimitely thick''. It is well known that the net
count rates of infinitely thick samples are proportional to the activity con-
centrations of the samples. This is merely a limiting case of the general
equation (1), in which the denominator, having become constant, may be
digregarded (with respect to all inifinitely thick samples}.

In the first of two experiments, a series of sources will be prepared
by precipitation of increasing weights of CaCOj from a solution containing
Ca% ., The self-weakening will be determined from the series of sources.
In the second experiment, a self-transmission curve will be constructed
for C1 in CaCQOs prepared from C40s, and the corrected count rates will
be calculated from the theoretical equation above, with i =0.29 (em?2/mg).

1.8.2. PROCEDURE FOR Ca%CO,

{1} Prepare 50 ml of a solution {solution A), 0.25 M CaCly and
0.1 N HC1, containing 1 puc Ca4b,

(2} To prepare solution B, pipette 5 ml of solution A into a 50—ml volu-—
metrie flagk, and make up with 0.1 N HCI.

(3} Prepare about 50 ml of 5 N ammonium hydroxide and 50 mi of 1 M
sodium carbonate solution. -
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TABLE VII

SOLUTIONS IN Ca*’CO3; PROCEDURE

s Sol. sol. Water 5N 1M

‘;‘m B A oy NHZOH Na3COy
bty | oD (m) (m)
i 1 - 7 1 1
9 2 - 8 1 1 } in 10-ml centrifuge tubes
3 4 - 4 1 1
4 ) - 2 1 1
5 - 1 10 1 1 in 40-ml centrifuge tubes
) - 1.5 10 2 2
7 - D) 10 2 2
8 - - 25 2 2
9 - 4 25 2 g } in 50-m1 beakers

10 - 25 2 2

(4) Pipette solution A, B, water, ammeonia and sodium carbonate in
order according to Table VII.
{5) After precipitation, heat the precipitates on a hot-water bathorina
beaker with water on a hot plate.
(8) Decant the supernatant, and wash twice with methanocl (CH3OH).
Leave a CaCQ3 ~methanol slurry.

INFRA

Fig.26

Do not boil.

-RED LAMP

BLASS CYLINDER
SPRING OF RUBBER
FILTER PAPER

SINTERED GLASS
FLTER STICK

Exploded view of filtering assembly
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(7} Assemble the filiering apparatus (see Fig. 26) after the filter paper
has been weighed carefully, and pour the CaCOg slurry into the
glass cylinder. After it has settled for 2-3 min., initiate suction
action gently, until the first 2-3 ml methanol has come through.
Then gradually apply full suction.

{8) When the filtration is complete, turn on the infra-red lamp, situ-
ated 10-15 cm above the glass cylinder, and keep it and the suction
on for a few minutes until the CaCO; precipitate on the filier paper
ig dry.

(8] Remove the filter paper at its CaCOs—free edge by means of a
tweezer and transfer to a counting plate; weigh and count.

(20) Plot sample count rate as a function of sample weight {mg).

(11} From this plot determine the correct activity concentration {epm
per mg} taken as the slope of the initial straight part of the curve,
where the effect of self-absorption is negligible. Determine for
each sample the correct count rate = correct activity concentration

“{cpm per mg) x sample weight {mg).

{12) Finally, determine the "self~weakening factor™ {3.W.F.) of each
sample. The S.W.F. is defined as the ratio of the correct count
rate to the observed count rate. Ploi the 5.W.F. as a function of
sample weight. _

{13} This last curve may be used to correct the count rates of Cas -

' labelled samples of CaCOs of known weight and the above cross-—
sectional area. The formula is simply

correct cpm = observed cpm X (S, W. F.)

1.5.83. PROCEDURE FOR CaCl0y

This procedure includes the conversign of BaC4 0y to CQ,, which
is then precipitated as CaCl#0O3. {There appear to be no obvious advantages
o the precipitation of CO32 as either the Ba or Ca salt for the purposes in-
tended.) This complete system is normally not required; i.e. in practice
the Cl*0g evolved from a gystem may simply be caught in the observing
system and precipitated. On the other hand, on occasion comiamination of
the CaCO3 or BaCOj3 may be suspected, ¢.g. with BaSO4 (from SOg) in the
Van Slyke combustion procedure, Under these circumstances, the carbonate
is purified simply by reconversion to the gas and reprecipitation as described.
The reaction employed is

+ +2
Baci0, L Mo, %) CaCl4 Oy

{1) Assemble an open system consisting of a reaction flask {main re—
action flagk plus funnel), connected to a gas—washing (COy-absorbing)
bottle, The entire system is flushed with either Ny or CQy—free
air. (See Fig,27).

(2) Put N/10, COs—free NaOH in the gas-washing bottle and place in the
main flask approximately 200 mg of BaCl?03 containing about 0. 2 uc
C14. Into the funnel of the reaction vessel place 2-3 ml of 10%
HC1O4 (perchloric acid).
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(3)

(4)

(5)

(6)

(7)

(8)

(9

"=l —

| lll

pac¥o

-

Fig. 27
Open assembly for conversion of C4Q,

Sweep the system with COz—free gas at such a rate that discrete
bubbles are produced in the gas—washing bottle.

Add the acid to the reaction vessel portion-wise, so that COy is not
formed at an excessive rate. Continue gas—sweeping 10 min. beyond
the final addition of acid.

Remove the NaOH solution containing the C1*032 to a measguring
cylinder, and make up to 150 ml by washing of the COg—absorbing
vessel with COg~free water, Divide the contents of the measuring
cylinder infc the following portions: 2 X 5 ml, 2 X 10 ml, 2X 20 ml,
30 ml and 50 ml, and place in 100 ml centrifuge tubes. Dilute each
portion to 50 ml with COy—free water, and precipitate the CaCl1QOj
in each by adding a few drops of saturated aqueous CaCl; solution.
Centrifuge and test for completeness of precipitation by the addition
of 2 -3 drops of CaClg sclution before pouring off the supernatant.
If further precipitate is obtained, recentrifuge and repeat the test.
If no further precipitate is obfained, pour off the supernatant care-
fully, wash the precipitate with COy —free HyO and recentrifuge.
Again pour off the supernatant, resuspend the precipitate in abs.
CH3OH and centrifuge. Pour .off the supernatani; suspend in CHgOH
and plate as in experiment 1.5.2,

Count the plates, weigh and plot as a funetion of mg/cm?.. Draw
(through the origin} the best—fitting tangent to the first part of this
seli-transmission curve.

Correct the observed count rate of each plate using the theoretical
self-absorption factor f given in equation (2) in the introduction to
this section, by assuming x =0.29. (Remember: correct count
rate =obzerved count rate/f.)

Plot these corrected count rates on the same sheet as the self-
transmission curve. Compare with the tangeni drawn above.
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2. EXPERIMENTS WITH A SCINTILLATION COUNTER
2.1. Crystal scintillation counting

Introduction

When ionizing radiation hits the scintillator of a scintillation tube, a
number of light photons {in the visible and ultra-violet range) are liberated.
This number is proportional to the energy dissipated by the incident radi-
ation. When these photons hit the photocathode of the photomultiplier, a
proportional number of electrons is liberated. Finally, a multiplicatior of
the electrons by a constant factor takes place. The whole sequence, from
ionmization and on, gives rise to an output pulse which is proportional to the
energy dissipated in the crystal by the primary ionizing event.

The substances used as scintillators (or phosphors) are basically as
foilows for the different types of radiation:

a-radiation: Zinc sulphide crystals spread thinly (10-20 mg/cm?).

B-radiation: Anthracene, or naphthalene containing 0.1% of anthracene,
in the form of a large crystal. Recently, plastic sein-
tillators have been developed.

y-radiation: Sodium iodide, activated by about 1% of thallous iodide,
in the form of a transparent, single crystal, cut o the
required size.

Scintillation detectors have three advantages over G-M tubes for count-
ing y-photons. These are

(1) Higher counting efficiencies (20 to 40 times)k

(2) No significant resolving (dead) time corrections up to 105 cpm;

(3) The output pulse height is proporticnal {o the input photon energy.

The y-crystal is hygroscopic and therefore cased in an air—tight metal
can, which is sealed at the open end by plate glass for contact withthe evacu—
ated glass tube comntaining the photomultiplier. Crystal and phototube are
housed in a Hght-tight metal barrel. The end part of the barrel containing
the crystal is surrounded by a lead castle. In ''well-counting' the crystal is
provided with a bore hole sufficiently large to hold a test tube containing a
solid or liquid angle of the y-emitting radicisotope. In spite of lead shielding,
a scintillation detector will have a relatively high background of 50 — 500 cpim,
partly from "electronic noise', which is reduced at low ternperature.

The electronic equipment connected to a scintillation tube is provided
with an input discriminator, which is biased to prevent pulses below a certain
voltage height from being registered. In this way unwanted small pulses
may be rejected.

As opposed to a G-M counter, which is operated at one high voltage for
all count rates, the optimal working voltage of a scintillation counter depends
on the ratio between sample activity and background. The length dnd slope
of the ""plateau' of a scintillation counter depend upon the source strength,
the length decreasing and the slope increasing as the source strength
decreases.
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Close to background there is no real working "plateau'. Owing to the
absence of a background '"plateau’’, the optimum high voltage is less ob—
vious than in the case of the G—M counter. The correct adjusiment of the
high voltage {and the input bias voltage) will result in a considerable saving
of time at low count rates.

Criteria for optimum operating conditions based on natural statistics
are deduced in Appendix IV. Sometimes in practice other considerations,
e,g. on electronic stability, ouiweigh those on natural counting statisties.

In the following experiment, the optimal working voltage {(according to
natural statistics) for a strong and a weak source will be determined at two
bias voltages, with the criteria given in Appendix IV.

PROCEDURE

{1} Obtain a source containing about 9.2 pc of a y—emitter such ag 1181,
Csl37 or Cofl,

{2) Obtaina gecond source containing about 0. 002 ge of the same isoiope.

{3) Set the bias voltage at 5 VT, and determine the count rate of each
sample at 50-V intervals of the high voltage {H.V.).

{(4) Determine the background at bias 5 V and at 50—V intervals of H. V.

(58) Repeat the sample and background counts for bias 20 V.

(6) Plot Rt —-r! as a function of the H. V., and determine the optimal
working voltage for both samples at bias 5 and 20 V, respectively.

(7} Determine the maximum value of (R - r)z/ r for both samples at bias
5and 20 V.

{8} Calculaie the percentage natural standard deviation at which the
samples have been counted, both at maximum R?! -r! and maximum
(R-r¥¥/r.

2.2. Rapid radioactive decay
Introduction

The primary purpose of this exercise is the investigation of the general
law of radicactive decay in one short laboratory period.

In this a short-lived radioisotope is used, and a secondary effect {of
less importance) may be considered, since the determination of the activity
of a sample containing an isotope of short hali-life becomes complex when
the time which is required to obtain sufficient counts to give a desired ac-—
curacy is long compared with the half-life of the isotope. If the dis-—
integration rate at a certain timet is called D¥, the count rate, being pro-
portional to the disintegration rate, may be expressed as

* = W
At Y Dt . (1)
where Y is the counting yield.

T insteuctor must find our whether 5 or 20 ¥ is relevant to the instrument being used.
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The disintegration rate, however, changes with time according to the
equation {2):

D¥ =Dge T, (2)

where Df =the disintegration rate at zero time,
A% =digintegration constant = 0. 693'/1;}-, and
t =time elapsed since zero time.

If the substance is decaying rapidly during the measurements, i.e. if
the duration of counting T is similar in magnitude to £}, then the disinieg-
ration rate D¥ ¢ at the end of the counting period will be significantly lower
than at the beginning:

- -A¥{t+T)
- =%
DIH-T Doe . {3)

The decrease in activity of a sample {expressed, e.g., as number of
radioactive atoms N*) during the counting time T is shown in Fig. 28,

The observed activity A* is the average over the counting period T.
A% and the sample activity at the beginning of the counting period A¥ are
related as followst:

Bx =YD = Y(N# -N¢, /T = YIN#1 ~ €~ §]/T,since (seeequations (2) and (3})

* =N#e N T,
Nt+T Nte :

hence

Ex = Y(DF/A*T)1 -6 ¥,

which follows from D = A*N¥ .

ACTIVITY

EXPCNENTIAL
DECREASE

TIME

Fig.28

Curve showing the exponeatial decay of the activity of a sample as function of time

T If the counting time T is not over 43, the relation AF =A¥y T (i.e. the average activity is
about equal to the activity in the middle of the counting period) is correct within 1%, This approximation
can be useful,
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Thus, using equation {1), we find that

A= A¥(1 - "‘*T‘;/A*T, (4)
where
A% =%Eﬁ (t; and T in min.).

With the aid of equation (4) the ratio of A¥ to A* may be calculated for
various durations of counting. If the duration of each count T is the same
throughout a series of consecutive counts, then the ratio A¥:A* is constant.

In this experiment, the equation (4} will be used to correct the count
rate of BaldTm, Bal3Tmw is the metastable isomer of Bald7, and it emiis
0, 66-MeV y-photons.

REAGENTS AND MATERIALS

{1} 503-H type cation exchange resin (e.g. Amberlite IR-120 or
Dowex 50).

(2) Abeut 200 puc Cel37,

(3) A conventional burette.

(4} EDTA solution {about 0.3% adjusted to pH 11-12 with NaOH).

{5} Plastic counting container.

{6) Stop—watch.

PROCEDURE .

{1} Saturate 50 g of resin with Nat by leaving it overnight in 10% NaCl
solution. Put a glass—wool plug at the bottom of the burette, and fill half.
up with resin. Run 1 1 of destiiled water upwards through the resin to re-
move excess NaCl and air bubbles. Allow the resin to settle and wash with
EDTA solution, (Never allow the surface of the EDTA solution to come
below the top of the resin column.}

(2) Lower the surface of the EDTA solution to the top of the reain and
apply the Cs137. Elute the column repeatedly with EDTA solution at 10-min.
intervals until the amount of Bal®Tm coming through each time ne longer
increases. At each elution the Bal3’m concentration in the effluent will he
maximum after about a half or a third resin column volume of EDTA solution
has run through {but the peak is not sharp).

{3) Take about 0.5 ml of the effluent rich in Bal}¥™™ in a plastic counting
container; startcountingimmediately, using the scintiliation {well) detector.

{4} The counting should be carried out at 1-min, intervals for aduration
of 1 min. counting time and a tetal running time of 30 min, without removal
of the sample container.

{5} At the end of 30 min. from the starting time of counting, the Bal3m
remaining in the liquid will be much less than 1% of the original, and most
of the count rate observed above empty container background resulis from
some Cs187 leached by the EDTA effluent.
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(6) Repeat counting for 1 min. at 5 min. intervals until the count rate
no longer decreases, and subtract the final count rate from the observed
count rate and plot this net count rate, from Bal3'm , against t{ime on semi-
log paper. Deduce the half-life of Bal3"m from this plot.

{7) Use equation {4) to obtain the net count rates at the beginning of
each counting period, and plot these corrected values of net count rate against
time on semi~log paper.

2.3, Inverse-square law: Atienuation of y-rays
Introduction

The intensity of the rays emitted from a source of radiation can be re—
duced in the following two ways: (a) By increase of the distance from the
source of radiation; and (b} By increase of the mass~thickness in the path
of the rays.

(#) For a' point source, the radiation intensity is inversely proportional to
the square of the distance if no intervening matter (solid, ligquid or gaseous)
ig present in between. This is usually referred to as the "inverse—-sguare
law'. The intengity at a distance d from a point scurce (or other source
with small dimensions in comparison with d} is thus given as

I =k/d?, -

where I3 =intensity at d em distance,
k =proportionality constant (see L.ecture Matier, section 1.4.3).
In this exercise diminution by distance of y-rays from a 5 pe Cob0 source
ie investigated. The crystal scintiliation counter is used.

PROCEDURE

{1} Apply an operating voltage previously set in experiment 2.1 for the
scintillation counter.

{2) Determine the background count rate.

{3) Determine the count rate as a function of distance for 4 =20, 40,
60, ... 160 cm.

{(4) Plot the count rate regulting from sample {A%* =R —r) against the
distance on log-log graph paper, and draw the best straight line
through the points.

(5) Determine the slope of the line, and explain the reason for dis-
crepancies, if any, with the "inverse-square law'.

{(b) The attenuation by matter of a collimated beam of monoenergetiic
+v—photons is exponential. The attenuation of y—rays from Cof0 which emits
~y—photons of slightly different energy {1.2. and 1.3 MeV) will be investigated.
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PROCEDURE

{1} The previcus experimental set—up is used except that the distance
between the sample and counter is now fixed.

{2) Determine the count rate of the sample without adding any absorber
between source and counter.

{3) Determine the ¢ount rate after placing one absorber between source
and counter, and keep on repeating with increasing amounts of
absorbers. i

{(4) Remove the source completely, and determine the background {(with
all ahsorbers in place}.

(5) The net count rate from the sample is taken ag a measure of the
radiation intensity, and this is plotted against linear abserber thick-
ness on semi-log paper.

(6) Determine the half-thickness of lead for Co$?% y-rays and compare
with the table value{Lecture Matter, section 3. 3}.

{7} Explain any discrepancy with simple exponential law (i.e. any lack
of straight line on semi-log paper).

2.4. Liquid scintillation counting

Introduction

The principles of solid—crystal scintillation counting of isotopes emitting
~v-rays have been dealt with in experiment 2.1.

For the assay of low—energy beta particles, liquid scintillation coumnting
is often employed. This system operates on many of the same principles
as solid=crysial counting; however, there are a few differences. In the
liquid seintillation system, the beta-emitting sample is mixed together with
the scintillator {phosphor}, which is in solution in a small (20-ml) counting
vial, The vial is placed in a light-tight counting chamber in optical contact
with a photomultiplier tube.

Sometimes two photomultiplier tubes are used simultanecusly; a coinci~
dence circuit is then employed, and only those events seen by both tubes
are recorded. This procedure reduces thermionic background enormously,
but it introduces a tube-to—tube background effect. Placing the photomulti-
plier tube(s} and pre—amplifier(s) in a freezer chest reduces thermionic
emission of the electronic components and thus aids in reducing the background.

The photormultiplier tube{s) is {are) connected to electronic equipment
in the usual way.

Variable-bias lower and upper discriminators are usually applied to
these systems go that counting in any desired pulse—height interval is
possihle.

One of the main sources of error in liquid scintillation counting is
""quenching'' which occurs because of the light—absorbing properties of many
biological materials, When these substances are mixed with the scintillator
solution, they may absork part of the light from the scintillations (quenching),
which results in a lowered counting efficiency for the procedure. Chemical
reactions between the sample and the scintillator may also result in quench-
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ing. The quenching problem can be resolved by the use of internal standards
and suitable correction curves, or ithe samples can be converied {o com-
pounds which do not cause quenching, e.g. by combusiion,

The following experiment is designed to introduce the student to the
operation of the liquid secintillation counter.

PROCEDURE

(1} Obtain counting vials containing the following:

Solvent system

Dioxane Sparts 417 ml

Cellosolve T 1 part 83 ml

PPO (2-5 diphenyloxazole) 1%w/vF 5 g F15ml/vial
Naphthalene 6%w/v 25 g

POPOP (1-4-bis—~2-5-phenyloxazolyl) 0.25g

folurvne

Labelled compounds

Cl4 toluene, supplied as solution A
I  toluene, supplied as solution B

TABLE VIII

SOLUTIONS FOR COUNTING VIALS

Solvent

Counting vial i:i)ﬁ 5((::;)3 T?;;jm S)Eﬁ;n
1 6.2 1.8 15
2 0.4 1.6 15
3 0.6 1.4 15
4 0.8 1.2 15
5 1.0 1.0 15
-] 0.2 1.8 15
ki 0.4 1.8 15
8 0.6 1.4 15
9 0.8 1.2 i5
10 1o 1.0 15
11 2.0 15

1 Ethylepeglycol- monoethylethes.
+ Weight per unit volume.
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Solutions

10 000to 12 DOO dis. /min. or 0. 005 ¢ /ml C1¢ toluene

A
B: 50000 to 60 000 dis. /min. or 0. 025 uc /ml H® toluene

Make up counting vials as indicated in Table VIII.

{2} Setlower and upper discriminator biases at 40 and 70V, respectively,
and determine the background rate r as a function of high voltage
using intervals of 50—100 V and counting times of 2 min. for ex-
pediency. Begin at about 600 V.

(3} Determine counting yield as a function of high voltage for C1¢ (using
vial 1) and H3 {vial 6), and plot the curves of Y2/r against H.V.

{4) Count the different bottles at the H.V. thai corresponds to maximal
Y2/rt for Ci4 and H3. Plot the activity curves.

(5} If time permits, repeat steps 2-4 for other blas settings.

3. CONTAMINATION AND DECONTAMINATION

Introduction

in work with radicactive materials, it is always necessary to know if the
operator is contaminating the apparatus with which he handles radiocactive
materials.

Often a fresh spill on a clean and polished surface can be washed with-
out resultant detectable contamination. If it is allowed to react with the
surface, however, drastic action would be required {o remove it.

The methods of decontamination may be divided into physical and chemi-
cal. Physical methods include vacuum cleaning and polishing and steam or
sand blasting. Chemical methods include the use of acids and alkali with or
without carrier, detergents, complexing agents and ion exchange material.

This important experiment will consist in contamination of several dif-
ferent materials with several isotopes and later decontamination of the
materials with some chemical agents.

REAGENTS AND MATERIALS

(1) Radicactive solutions of P32, Ca45 and [3131.

{2) Small pieces of the following materiais: glass, lead, waxed linoleum,
Perspex, stainless steel, painted wood and wood plus barrier cream
{imitating skin plus barrier cream).

(3) "Washing solution': 1% detergent solution +0.3% EDTA +NaOH to
pH approximately 12, {or e.g. "Radiacwash'),

{4} 1% carrier solutions of P, Ca and I.

{5) 2NHCIL.

{6) Acetone.

1 See Appendix IV
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(7} Kleenex tissue paper.
{8} Barrier cream {e.g. ICI's '""Savlon'").

PROCEDURE

{1} Take a background reading of each material to be tested.

{2} Dry 10 pul of each radioactive solution on separate pieces of the
material under test.

{3} Make a reading on each spot, and recerd as initial activity.

(4} Wipe the surface with a2 damp Kleenex tissue paper, dry the sample,
and measure the activity.

(5) For a second series, uge "washing solution” as decontaminating
material, Dry the sample, and measure the activity.

{6 Try all the relevant decontaminating agenis in a similar manner.
If necessary, as a final step with linoleum, try removing the wax
with acetone. -

{7} Record all the measured activities, and compare the effect of de~
contaminating agents upon various substances and radioactive
isotopes.

{8) Discuss the resulis.

4. EXERCISES ON BASIC UTILIZATION PRINCIPLES

4.1. Combustion of carbon compounds (determination of specific activity
by persulphate oxidation of compound)

Introduction

It iz not always possible to compare specific activities of diverse
labelled carbon compounds because of differences in crystal structure, ease
of crystallization etc. Consequentfly, it is necessary to convert all such
compounds 10 4 common ohe. A convenient one is carbon dioxide, which,
for practical purposes, we measure ag the barium salt, BaCOs.

Combustion may be performed in two major manners: "dry" combustion
and "wet" combustion., In dry combustion the sample is burned in the usual
manner with CuQ for determination of formula composition, except that the
CQ¢ is caught quantitatively in an inseoluble form, that is, either as the gas
or as carbonate. In wet combustion the compound is dissolved in 2 solution
which includes the oxidants. Two commonly—used solutions, the Van Slyke
cornbustion mixture {HgS0y, Cry0O,, KIO,;, HaPO,) and the persulphate mix—
ture, differ sharply in their regponse according to the amount of water
present. The utility of the former diminishes rapidly with increasing water
content while the latter uses water as a solvent. The convenience of water
as a solvent may well be an overriding factor, as is illustrated in this
experirment.

Oxidation of an agueous solution of a variety of organic compounds (or-
ganic acids - including acelate and succinate, glucose, acetone etc.) may be
accomplished quantitatively with potassium persulphate (K 552 0g) at about
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100°C.

The COz evolved is quantitative and is caught in 2 NaOH gas-washing

bottle and converted to BaCOj for plating.

REAGENTS AND MATERIALS

N
(2)
(3
(4)
(5
{6)
{7}
(8)
(2

CH,C*O0Na.

200 mg Ko 5203,

1 mi 5% AgNO3.

0.1 N NaOH, COg —free.

Ho0, COp—free.

BaCl, {saturated aqueous sclution).

CHyOH, abs.

Nz gas, or COp—free air.

Flow apparatus, consisting of a two—necked reaction flask, an HO
condenser and a gas-washing tube.

{10} Filter apparatus (chimney and filter—stick).
{11} Centrifuge.
{12} Infra-red lamp.
{13} Analytical balance.
(14} Calibrated standard (i.e. infinifely thin C14 gpurce of usual sample
area and containing known number of dis. /min.).
._- [
= 3
W
=l B
=
8
Hy0
oR —»
€0, FREE AR
-wA
TUBE OR BOTTLE
!! (FOR 0, ABSCRPTION)
Fig.29
Assemnbly for combustion of carbon compounds and conversion of CO, produced
PROCEDURE
(1} Arrange the flow apparatus as shown in Fig. 29.

(2}

(3

Calculate the amount of CHz C*0OONa needed to produce approxi-
mately 50 mg of BaCOQs, and place into the reaction chamber.
Add about 20 ml HyO, 200 mg K38905 and 1 ml 5% AgNO3. (No
reaction oceurs at room temperature.)
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{4) Heat the reaction vessel to 70°C for 20 min.; then increase the
temperature slowly to boiling, and maintain until the solution be-
comes clear or the persulphate is dissolved.

(5) Simmer 10 min. longer and sweep the system for an additional
10 min. io remove all traces of C140g,

{6) Wasgh the inlet of the gas—washing system with COy—free water,
combining the washings with the N/10 NaOH.

(7) Add sufficient saturated BaCly solution to precipitate all the C14 Os.

{8) Transfer quickly to a centrifuge tube, and centrifuge immediately
{or stopper and cenirifuge at wiil).

{9) Wagh the precipitate once with COg—free water and then with abs.
CHgOH.

(10) Re-suspend in CH3OH, and filter onto the filter apparatus.

{11} Place an infra-red lamp 4-5 cm above the plating apparatus, and
continue drawing warmed air through the apparatus for 10-15min.,
by which time the BaCQOj plate will have dried.

{12) Weigh immediately.

{13} Count sample and standard.

(14) Calculate the absolute specific activity of sample (dis. /min. per
mmaole}, making corrections for self-absorption and taking the count-
ing yield of the standard into account,

QUESTIONS

(1) State the conditions for preference for persulphate versus VanSlyke
oxidation procedures.
(2) What is the fate of the persulphate in the reaction?

4, 2. Isotope dilution chemistry
Introduction

One of the important advantages of using a radioactive substance in
quantitative analysis is that a quantitative isolation of the compound to he
determined from a material is unnecessary. A simple isotopic dilution
analysis of the phosphorus concentration in an unknown solution by com-
parison with a solution of known phosphorus concentration will be conducted
in this experiment. The radioisctope technique illustrated by this ex-
periment is advantageous in any situation where a nermal quantitative de-
-termination of the test substance is not feasible for some reason,

REAGENTS AND MATERLALS

{1} Sclution containing 0, 20 mmole P{ml solution.

(2) Unknown P sclution (on the order of 10-1 M).

{3} Seolution containing about 0.1 pc P32/ml ("carrier—free" or of known
P concentration),
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(4) Fiske's reagent {13 g MgQ, 175 g citric acid, 330 ml 25% NH4OH
in water to give 1-1 soluiion).
{3) 25% NH4OH.

PROCETHIRE

(1 Mark six 100-m] beakers as Uj, Uy, Uz, U, K and K*, and pipette
into them, respeciively, the following aliquots:

Uy 5 ml unknown
U, Uy 20 ml unknown
K Kt 5 ml of 0.20 M HgPO4-solution.

{2) Pipette accurately 1 ml of active phosphate solution into each beaker,
and mix thoroughly.

(3) Add slowly 10 ml of Fiske's reagent and 10 mil of 25% NH4OH while
swirling.

(4) After 5 min. decant the supernatant from the precipitates; wash
three times with distilled water and once with methanol.

(5) Transfer the major part of the precipitates into weighed and marked
counting cups. The amount of thick slurry of the precipitate trans-—
ferred from K-beakers should be roughly in between the amount
from U;= and Us—beakers, respectively.

{6} Dry the thick slurry under an infra-red lamp, irying to make the
surface even.

{7) After cooling, weigh the cups plus precipitates, and determine
weights of precipitate alone.

{8) Count the activily, using a G~M tube.

(9} Express the specific activities of P in the solid samples in cpm
per mmole.

{10} Calculate the molarity of the unknown P-sgolution.

QUESTIONS

{1} Do the values obtained for U; and Uz come out the same?

{2) What difference does it make to the caleculation of unknown F conc.
if the activities of the samples are expressed as cpm per mg
precipitate? Explain.

(8) Can the unknown P conc. be determined from the weights of the
precipitates alone?

4.3, Xinetics of exchange between ions in solution and those in solid form
Introduction

It is often obszerved that at equilibrium the total concentrations of a sub-
stance distributed in two phases remain constant with respect to time. This,
however, does not imply that the individual ionic or molecular species is
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restricted in one phase. Instead, dynamic exchange of ionic or molecular
species between the two phages is continually taking place.

With the introduction of a:radioactive label, it is possible to investigate
the dynamic exchange of a species under equilibrium conditions.

If enocugh time is allowed for equilibration, the radicactive ions in so—
lution will come to equilibrivm with radicactive ions on the surface of a solid.
Consider a schematic exchange reaction under conditions of chemical equi-
libriurn {A in solution, B on solid surface) to which a radicactive label has
been added {to the solution)

AX* +BX® —3 A +BX*,
where X* represents a radioisotope of "X" and
X° represents a stable isotope of "X",
By designating the rate constant for the above exchange reaction k,
(irom solution to solid phase), and putting
{(AX#)+(AX")=a

oy 4 *Y =
{(BX®)+({BX*}=b expressed,: e.g., as

(AX*) =x molecules per ml solution,

(BX¥) =y =c-x

where &, b and c are constant, and taking x as the variable, we find the frac-
tional rate of fall-off of AX* towards equilibrium is given by

-(1/a)dx/dt =k, (x/a)} [(b-y)/b] -k, [{ta—x}/a)ly/b) =k, x/a~ks y/b
Hence the equilibration of radicactivity {between liquid and solid} is a firsi-
order reaction. After substitution of y =c¢—x, the differential équation
becomes

dxfdt =~[(a+Db}/blk, x+{a/blck,;
and on integrating, we obiain

x=Ce L tafatbi]e, ()

where Cj is the integration constant.

Fort—+ o, we have x—+x,, and y—y, (i.e. equilibrium distribution of
activity between liquid and solid is reached); then eguation {1) becomes
X, =[afla+bllc; and y. =c—-x, =[b/{a+bl]c.

Hence
Xw [¥= =afb,
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which is the expected result, because this equation signifies that the specific
activity is the same in both phases at equilibriurm distribution of the label,
Since x=c¢ at 1 =0, the integration constant C; is equal {o c —xy . After sub—
substitution of this relationship and x4 into equation {1), the following final
form is obtained:

X=Xy =(C-Xq )e (BOWEIRAL (2}

Thug, if the activity concentration of the seolution is x* cpm per ml,
a plot of log {x*¥ —x%*) against t should give a straight line. The rate con-
gstant for net transfer of activity from solution to solid phase, i.e.

ki = [(a+b)/b]kA .

may be obtained from the slope of the line. Finally, the exchange-rate con-
stant ky for one—way transfer of test substance from solution to solid phase
may be calculated from the following three activity concepis:

k:-, x’(‘;—xﬁ and xi {see Lecture Matiter, section 4.3, example (3}).

REAGENTS AND MATERIALS

(1) Cation exchange resin, Ca®t saturated in solution {6).
(2) Anion exchange resin, HpPO}3 saturated in solution {5},
(3) 5 uc P32

{4) 10 pc Cads,

(5) 1073 M KH3sPO;4.

{6) 1073 M CaCl,-

(7Y Stop—watch.

(8) 2 pipette tip caps.

PROCEDURE

(1) Measure 2 ml of wet cation and 4 ml of wet anion exchange resin
inte 150-ml beakers separately. )

{2) Add 100 mleach of phosphate and calcium solutions into respectively
gaturated resin. (Retain about 10 ml of each solution for steps {3)
and (4).) '

{3} Add io one of the solutions 5 or 10 uc of the radicisotope {diluted in
some of the respective solutions) while stirring, and simultaneously

- start the stop-watch. Then take out 1 ml of the supernatant solutionT

into a counting cup at the following fimes:
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 30 and 40 min. after ad-
dition of radivactivity.
Between sampling, the solution should be continuocusly stirred in

t It is important to aveld getting any resin particles in the pipette. The tip of the pipette must
be covered with a fine- mesh cloth cap during filling. The cap I removed during emptying (and replaced
before the next filling).

79



order to eliminate the activity conceniration gradient near the resin
particles. )

{4) Repeat step (3), using the other solution.

{5} Dry the samples under an infra-red lamp, and count the aclivity x*,
using a thin—-mica-window G-M counter.

(8) Plot the activity difference x* —~x¥ on log scale against the time on
linear scale.

{7} Obiain the slope from the graph, and calculate the rate constant k¥
for the equilibration of activity in each of the solution-resin systems.

QUESTIONS

{1) Try to explain the small discrepancy, if any, from a siraight line.

{2yt Extrapolate each straight line to zero time; what does the ordinate
intercept equal?

(3)T Calculate the exchange rate constant k, for each solution. ]

{4)"' Calculate the reverse exchange rate constani kg for each resin.

{5} How many merq. of ion are exchanged per minute per ml of solution
in each system?

{6) Same as (5), per ml of wet resin?

{7} How great are the respective ion exchange capacities in meq. per
ml of wet resin (affer saturation in 1073 M solution)?

4.4, Determination of copper in bioclogical material by activation analysis

Introduction

Because of the low Cu content of biological materials, any chemical
means to determine it quantitatively requires large amounts of the material,

Activating the Cu present in biological material with neutrons has the
advantage of requiring only a small sample for a quantitative determination.

Cu present in a tissue sample and in a standard is activated with
neuirons to form Cu®t, which has a half-life of 12.8 h and which emits. 3-
and y-radiation of 0. 57 and 1. 34 MeV, respectively. Activation for 13 h at
a neutron flux of 1012 gives a specific activity of 50 mcfg. Simultaneously
Cuf® is formed with a half-life of 5.1 min. After tissue digestion, Cucarrier
is added and mixed with the aciive Cu. Cu is then separated (non-
quantitatively) by a chemical method, and weighed and the Cuf? is counted.
The specific activity of the unknown separate is compared with that of the
known standard separate, and the content of Cu in the original tissue sample
is therehy calculated.

REAGENTS
24N HNO3 15% w/v NagS0g
16N HNOs 20% w /v KSCN
N HNOg 10% w/v Fe{NOs)k

* On the basis of activity concepts alone.
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18N CH3CO, H

15N NH,
2N NHj 10% W/V NH4H2P04
2% w/v Salicylaldoxime in CoHsOH
Acetone

50; saturated water.
Cu carrier (20 mg Cu/ml}: 8.28 g Cu {CH3COga}g HO in 100 ml water.

PROCEDURE

Take about 0,05 g of tissue and a 1 pg of Cu standard sealed in poly~
thene. Activate for 13 h.

{1} In a fume chamber transfer tissue and standard to 50-ml centrifuge
tubes, and add 10 drops of 24 NHNOgz. Boil until tissue has dis-—
solved, and add 10 mgof Cu (0.5 ml of Cu carrier). Make up to
4 ml with water; add 1 ml of NasS03 and 1 ml of KSCN. Boil, and
spin down CuSCN when it has settled, reject supernatant and wash
precipitate with hot water saturated with SO2.

(2} Dissolve precipitate in 0.5 ml of hot 16 NHNO3; add 5 drops of
Fe(NO3)y and 1 drop of NH4H;PO,, then 15N NHj till dark brown.
Boil, spin down Fe(OH)s precipitate and wash it once with 2N NHj.

(3) Combine supernatant and washings in a fresh tube, and acidify with
CH3COgH till pale blue, Then add 0.5 mil of 16 N HNOg3, 1 ml of
Nag803 and 1 ml of KSCN; boil and spin down CuSCN. Pour away
supernatant and wash precipitate with hot waier saturated with 50;.

{4) Dissolve precipitate in 0.5 ml of 16 NHNQO3; add 15N NHj3 until
golution is deep blue and CHgCO2H until it is pale blue. Add 3 ml
of salicylaldoxime, and boil for 3 min, Spin down precipitate, and
wash it {wice with water and once with acetone.

{5) Slurry precipitate with acetone onto a weighed aluminium counting
tray; dry under a lamp, and count with an end-window G-M counter.
Correct counts for decay and self-absorption, and check the half-
life of the separated copper—64. The chemical steps take about 2 h
for eight samples. The chemical yield is about 75%.

CALCULATION
. _ _tpm sample wt standard Cu-salicvlaldoxime
#g Cu in sample cpm standard wt sample Cu-~salicylaldoxime

RANGE AND ACCURACY

0.05-0.5pg of Cu is a convenient range for determination within an
accuracy of 5%.

INTERFERENCES

Large amounts of zinc might interfere because of the reaction
Zn®(n, p)Cub4, 1ug of zinc in the sample yields copper—64 equivalent to
7X 104 ug of copper.
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4.5. Determination of phosphorus inbiological material by activation analysis
Introduction

Neutron activation of phosphorus gives rise to 14-d phosphorus—-32,which
emits beta particles of energy 1.71 MeV. Activation for 14 d at ¢=1012
gives a specific activity of 50 me /g.

REAGENTS

36N Ho50, -
16N HNOj -
15N NHy .
50% w/v MgClg.
5% w/v Hy50, in diethyl ether.
Acetone . -
Diethyl ether (dried over CaClsy).
Combined carrier (10 mg P/ml; 20 mg Na/ml; 20 mg K/mil) 37.1304 g
NH4H,PO,, 44.5652 g K380, and 61. 7689 g anhydrous Naz504 in 1 1 of watern:

PROCETHIRE

Take about 0.002 g of tissue and a 10-ug phosphorus standard. Activate
for at least 15 h and preferably for 14 d.

{1} In a fume chamber transfer tissue and standard io 150-ml beakers.
Add 1 m] of combined carrier and 1 ml of HNO3, Heat to 180-200°C
for § min.

(2} Cool, add 1 ml of HyS0,, and heat for 1 h.

{3} Cool, transfer to 50-ml centrifuge fube, add 15 ml of dry ether and
agitate. Spin, pour ether into a fresh tube and wash residue with
4 ml of 5% HgSO, in ether.

(4) Evaporate ether in supernatant in a current of air, and add NH; to
residue o give pH 9. Cool and add 1 ml of MgCly; let stand for
10 min. and spin. Wash MgNH PO, three times with 5 ml of water.

- (8) Slurry MgNH, PO, precipitate onto a weighed counting tray with
acetone, dryunder alamp and count with an end—window G-M counter.
Self-absorption ig negligible. Count again after 24 h to check the
half-life of the phosphorus—32, or plot a beta—absorption curve.

The procedure takes about 2.5 h for 8 samples, excluding "aghing' time.
The chemical yield is about 90%.

CALCULATION

10 X cpm sample wt standard Mg NH4PO4
cpm standard wt sample Mg NH, PO,

ug P in sample =
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RANGE AND ACCURACY

This depends on the activation tizne. With a 15-h activation period,
0.5-10 pug of P can be determined within +5%. If the activation period is
extended to 14 d, this can be reduced to 0.02 ug of P.

INTERFERENCES

Large amounts of sulphur can interfere by the 532(n, p)P32 reaction.
1 mg of 5§ gives rise to phoaphorug—-32 equivalent to 55 pg of phosphorus.
Chlorine could also interfere by the Cl5{n,a P32 reaction.

The percentage contamination of the MgNH 4 Q4 precipitate by four ele—
ments was found to be as follows: manganese, 0.35; potassium, <0.07;
sodium, <0.07; sulphur, 1.0.
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(1)

MENTAL EXERCISES

When the Z-number of all nuclides is plotted against the N-number,
the isctopes of a particular element will be found on 2 horizontal
line. This kind of representation is usually given on fmclear charts.
How can the decay products of a particular nuclide be found after the

~emission of

(2
(3}
(4}
(5}
(6}
(N
(8)
9

(10}

(11)

(12)

(13}

(14)

o—particle?

B™particle (electron)?
gt-particle {positron)?
y-ray?

electron capture (K-capture)?
internal conversion?

neutron?

With the aid of a nuclear chart, find the decay products of C14, Na22,
K40, Sr% and U238,

Calculaie the weight of 10 mec Cl14 and 1 ¢ P32 and the number of
atoms in each of these guantities of activity.

Calculate the theoretical maximum specific activities of K42 and
Sr%in cfg.

If the activity fall-off factor F is defined as F =IN%/N*, show that
F=2vy '

A radioisotope has lost 15/18 of its original activity in 32 min. Cal-
culate the half-life of the isotope.

Bal3mm ig formed from Cs187., How many mec of Bal3’® capn be
formed from 100 mc of Cs187 in 1, 2 and 20 min.?

Calculate the weight of Bald™m formed from 100 mc of Cs!37 in 1,
2 and 20 min,

Determine the daily decrement of activity (in per cent) of any P32
preparation,

A Na2t gample {14 =14.8 h) had a counting rate of 24 000 cpm.100 h
later it gave 250 cpm. Roughly estimate the dead tirne of the
G-M counter.

The activity of C14 in 8 g of natural carbon sample with background
was found te have 10.2 cpm. The background of the counter was
4.5 epm and the counting yield was 5%. Neglecting the statistical
deviation, calculate the Cl4 content. t; =5600 y.

A 0.1-mg sample of pure Pu23® underwent 1.4X 107 dis. fmin. Cal-
culate the half-life of this radioisotope.

A y-source of 100 mc has to be shielded. What will be the minimum
thickness of the lead shield that is required if an operator has to
handle the source during half an hour at weekly intervals?
Indicate the increase or decrease in number of neuvtrons and protons
and the mass number after the following nuclear reactions:

{n, pl,
{n, 7,
(n, n).
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{15) Scandium is to be determined By the activation methed. Assuming

86

(18)

the lower limit of the determination to be 50 cpm at 10% G-M
counting yield, compute the minimum amount of scandium deter-—
minable if the sample is subjected to a neutron flux of 1012 nfcm?
per sec. for 2 h. Assume the (n, ¥) reaction is the most likely re—
action and that the shielding effect is negligible.

What would be the specific activity of phosphorus having a cross—
section of 0=0.2 b after irradiation by a neutron flux of 1012 n/cm?
per sec. for 1 h, 1d and 10 47



APPENDIXES

APPENDIX 1

ABRIDGED VERSION OF TABLE OF MAXIMUM PERMISSIBLE*
CONCENTRATIONS OF RADIONUCLIDES IN ATR AND
IN DRINKING WATER FOR OCCUPATIONAL EXPOSURE,
PUBLISHED IN REPORT OF COMMITTEE II ICRP,
AND MAXIMUM BODY BURDEN

(From: IAEA Safety Series No.1l (1 962) and
United States Department of Commerce,
National Bureau of Standards, Handbook 639)

Maximum permissible concenmations Maximum
) ) Critical For 40-h week For 168-h week permml‘:le
Radionuclide organ®¥ burder in
& meO)w | (vpoya | (MPew | (MPC)a | totad body
(pefem?)|(pefem?) | (pefecm B |(pefcm®) (uc)
JH(HTO or TOY*¥*¥ | Body tissue | 0,1 5x107° 0.03 2%3076 10¥
(sol.} | Total body 2x107
(T,)  (submersiom) | Skin 2x107Y 43104 -
e’ (sol.) | GI(LLD 0.05 ] 0.02 -
Total body 6%10° 2x 107" 600
(insol.) | Lung 1078 4x%1077 -
GI{LLD 0,05 9.02 -
OO0 ¥ ¥ (s0l.) | Fat 0.02 4x10°% 8x10™? 10°° 300
(submersion) | Total body 5x10~° 1075 -
oF® (sol.) | GI(SD 0.02 | sx10 [ 8x107% | 2x107% .
{insol,) | GI(ULD 0.01 3x107¢ 5x10°* 9% 10°7 -
1 Na® (sol.) | Total body | 1077 2%10°7 | 4x107¢ | 6x107° 10
(insol,) | Lung 9x10°? 3x107 -
GI(LLD 9% 10"t ax1omt -
N2t ol | e1esn 610" 107 2x107° | ax107 -
(insol.} | GI(LLD 8x1074 10-7 8x107* | sx1078 -
wst¥ (sol.) | GI(8). 0.03 6x10°% | 9x10-* | 2x10°® -
{fns0l.) | GL{ULD 6x10°3 107 ¢ 2x107? | 3x10™? -

# subject to your local competent authority
%% The abbreviations G[. S, SI. ULI and LLI refer to gasmointestinal eract, stomach, small
intestine, upper large intestine and lower large intestine, respectively.
#*%% gee word of caution, section 3,2, Basfc Part: Lecture Matter.
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Maximurn permnissible concentrarions Magximum
. For 40 h- week For 168-h week permissible
. Critical
Radicnuclide organ® ¥ burden {a
g PO | (MPO)a | (MPCOwW | (MPC)a | total body
(ue/emY | (pefemM | (uefen?®) | (pe/em®)|  (po)
s P¥ (sol.) | Eone 5x1074 710" | 2x1074 2x 1078 6
Lung 8x10-4 8x1079 -
¢insol,) GI(LLD 7x10°% 2x1074 -
1§55 {s0l.) Testis 2x1073 321077 | 6x1074 9x107% 96
(insol.) Lung 3x1077 gx1078 -
GI(LLD 8x107% 3x107?

17 Ci% {sol.) Total body | 2x1073 4x10°7 | 8x10-4 1077 80
{imsol. ) Lung 2x10-8 Ex10® -
GL({LLD 2x10? 6x 1074 -
1 C1® (s0l.) GL(S) 6.0l 3x1078 | ax1073 9x1077 -
(insol.) GI(S) 0.01 2%1076 | 4x107 Tx10°7 -
15 Artt Total body 2x107¢ ax10°7 -
{ submersiomn) -
wk2 (sol.) GL{5) 9x107° 2x1076 | 3x107 %1077 -
{insol,) | GI(LLD 6x107¢ 1977 2x10%¢ 4x1078 -
wCa® (s0l.} | Bone ax104 |  3x10-% 9x10°5 108 80
{insal.) Lung 107t 4x1078 -
GI (LLD %1074 -
21 Ca'l (sol.) | Bone 1078 2x1071 | Sx10-4 | &x10-® 5
(insol.) GE{LLI) 1073 2x1077| ax1p4 6x 107 -
Lang 2x10-7 8x107¢ -
21 Sctf {s0l.) | GI{LLD 1073 2x1077 | 4x107 8x10-3 -
Liver 2x16-7 8x10°8 10
(insol.} Lung 2x107% 8x1079 -
GI(LL) 10! 4x10™ -
- (s0t.) | GI(LLD 3x10°%[  gx1077| ex1evt | zx107? -
(insol.) GI(LLD ax107%|  sx1077| 9x104 2x10°7 -

®% The abbreviations GI. S, SE, ULI and LLI refer to gastrointestinal tract, stomach, small

intestine, upper large intestine and lower large intestine, respectively.
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Maximum permissible concentrations Maximum
Critical For 44 h- week For 168-h week permissible
Hadionnclide organt¥ . burden in
& (MPC)w | (MPCa | (MPCYw | (MPOa | total body
{uc/em® | (pe/emd)| {pc/em®) | (pe/cmd) (re)
21 5% {sol.) GI{LLD 8x107% | 2x1077| 3x1074 Bx1078 -
(nsol.} | GI(LLD 8 x1074 1077 8x10¢ 5X1078 -
av® (sol.} | GI(LLD ox10-4 | exie4| 3xio0% 6x1072 -
(insol.) Lung 6x107% 2X 1078 -
G1 (LLY) gx10~* 3x107% -
nuCE (sol.} | GI(LLD 0.905 1075 .02 4x1078 -
Total body 16- 8 4x10°6 800
(insol,} Lung 2%107 81077 -
GL(LLY} .05 0.02 -
25 Mn®™ (s0l.) GI(LLY 10 ¥ 2x1677 | x107* 7%1078 -
{imol.} Lung 10°7 6x1078 -
GL{LLD 9x10~4 3x107 [ 5x107 -
25 Mn™ (ol | GI(LLD 4x1073 107 -
Liver 4x1077 1077 20
(insol, ) Lung 4x107 1078 -
GL{LLD} 3x10°3 109 -
2 FE® {(s0l,) | Spleen 0.02 gx107| 8x10?® | 3x1077 109
{insol.) Lung 1076 3x1077 .
GI{LLD) 0.07 0,02 -
26 F&™® {sol.) GI{LLD) 2xip™? 6x1074 -
Spleen 1077 5%10°% 20
{insol,) Lung Fx107% 2x10"% -
~GI(LLD %1078 Sx1074 -
arCo®™ (sol.) | GI(LLD 10~ ¢ 3x10°7 5x1074 10%7 -
Total body ig-7 10
{insol.} Lung ax1a°® 3107 -
GI(LLD i 8 3x1074 -
28 Ni®* (sol.} | Bome 6x10°% | 5x10°7 2x10-8 | 2x1077 108
(insol.) Lung 8x1077 3x 107 -
GI(LLT) 0,08 0.02 -

%% The abbreviatons G, S, SI, ULI and LLI refer to gastrointestinal tract,
intestine, upper large intestine and lower large Intestine, respectively.

stomach, small
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Maximam permissible concentrations Maxiroum
Criticat For 40~h-week For 168-h week permissible
Radionuclide orpan®* burden in
& {MPC)W (MPC)a | (MPCyw {MPC)a total body
(uefem®) | (uc/en®)| (pe/end) | (uosem®) (ne)
2Cu® ¢sol.) | GI(LLD 0.01 ax1076 | 3x1079 %1077 -
{insol.) GI{LLD 6x107% 107€ 2x1073 4%1077 -
awzn® (sol.) | Totalbody | 3x10°8 1077 1079 4x10°8 60
Prostate 1477 1078 4x10"8 70
Liver 1077 1073 30
{insol.) Lung 6x107% 2x107% -
GI(LLD 5x10- 2x1074 -
swZa® (sol) | GIs) 0.05 0.02 -
‘Prostate 7x107% ox10 & 0.8
(inscl,) GL{S) 0.05 9xi0% | 0,02 ax1o-s -
nGa" (eol,) | GI{LLD 1079 %1077 | 4x107 | 8x10°® -
{insol,) GI{LLD 1079 2%10°7 | 4x104 8x1078 -
nGe" (ol | GraLn 0.05 107 a.02 4x10% -
(fnsol) | Lung 6x10-% 2x10°6 -
GL(LLD} 0.05 0.02 -
wAs" (o) | GI(LLD 6x1074 107 | 2xiet | 4xios -
{insol,) GI{LLI) Bx10"4 1077 2x10™ 3x10°8 -
28e™ (sol.) Kidney 9x1077 1078 3%10 4x10°7 90
Total hody 107 3x10-* 100
{insol. ) Luag 1077 4x1078 -
GI({LLD) 8x1079 3x109
36 BE® (5cl,) Total body | 8x10°3 1076 3x10°% 4%1677 10
GL(SI) 8x10°8 3x19-8 -
{inscl.) GI(LLL} 103 2x10°7 | ax1g™ 6x 1078 -
s Rb® (sol,} | Totalbody [ 2x10°% | 3x1077 | 7x104 1077 30
Pancreas 2x19-*? 8x1677T | Tx104 1077 30
Liver ) 1077 40
(insol.) Lung Tx10# 2x10° -
GI(LLY) Tx104 2x107 -

*% The abbreviadons GI, §, SI. ULI and LLI refer to gastrointéstinal tract, stomach, small
intestine, upper large intestine and lower large intesting, respectively.
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Maximmum permissible concentrations Maximiim
For 40-h week For 168-h week permissible
L
Radfomuclide N :;iai burden n
B (MPOw | (MPO)a | (MPOW | (MPC)a | total body

(pefem®) | (pefem®)|(uefem®) | (pefem®)|  (ue)

BB (sol.) | Pancrease ax10® | sx107 | 10% 2x10°7 200

Total body 2%10°7 200

Liver 2x10~7 200
{insol.) Lung 7 x10%8 2x10%% -
GIL(LLD 5%10-3 2x 107 -

19515 (sol.) | Totalbody | 8x10-* | 2x1077 [ 103 Bx10-% 60
{imsol.) Lung 1077 4x1971 -
GI{LLD §5x10% 2x10°? -

wsr™ (sol.) | Bome 3x10~4 | 8x107P | 1074 108 4
(insol.} | Lung 4x10™® 10-8 -
GI(LLD - Bx10™ ax1074 -

55 {sol.) | Bone 4x107¢ | 8x10°9| 1076 1q-10 2
{insol.) Lung 5x1079 2x10"% -
GI (LLD 1072 4x10™ -
wt" (sol.) | GI{LLD gx107¢ 107 | 2x10d | 2x1ot® -
(insol.) GI(LLD T gx1074 107t Zx10-4 3x 1078 -
Y™ (sol.} | GreLLD ax1074 Ix104 -

Bone 4%10-" 10-* &
{insol,) Lung gx10-® 1078 -
GL(LL) Bx107 3x 104 -
wZt™ {sol.) GI(LLD 2x10-7 ex1074 -

Total body 1077 4x10°? 20
(insol.) | Lung 3x1078 107t -
GI (LLD 2x1071 Gx1074 -
™ (sol,) | GI(LLD 5x104 107 | 2x10 | axaoe -
(insol.) | GI(LLD 5%10°4 | 9x107% | 2x1074 | 3x10°% -
aip® (sol.) | GE(LLD 3x107 1073 2x1077 -

Total body 5x1077 2x107! 40
(insol.) | Lung 107 3x107¢ -
GI (LLE 3x1079 1073 -

#*% The abbreviations GI, S, 5I, ULI and LLLrefer to gastrointestinal iract,
intestine, upper large intestine and lower large intestine, respectively,

stomach, small
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Maximum permissible concentrations Maximum
For 40-h week Eor 168-h week permissible
ftical
Radionuclide :’ g burden in
T8 (MPCw | (MPO)a | (MPO)w | (MPC)a | total body
(pe/em® |(uc/em®)| (pe/em®) | (pefext)|  (pe)
eMo® ¢sol,) | Kidney 5x1078 Tx1077 | 2x1o-? 3x1077 8
GI(LLD 2x1078 -
{insol,) GI{LLD) 10+ 2x10-7 | 4ax10™ %107 -
aTe® (scl) | GI{LLD 8x10°3 6x10°7 | 107 2x10°7 -
(insol.} GI(LLD 1073 2x10°7 | 5x10™ Bx107% -
wRu'® (sol.} | GL(LLD ax10™ | sx107 [ 107 3x10-8 -
(insol,) Lung 6x1079 2x10°? -
GI(LLD) 3x10™t 1074 -
R (sol.} | GILLD 431073 g8x1077 | 1079 ax1o7? -
(insol.} GL{LLD ax1p-? 5%1077 1078 2x1077 -
«Pd™ (sol.) | GI(LLD 0.01 $x107 -
Kidney 1076 5%10°7 20
(insol.) Lung 7X10°7 axio-7? -
GI(LLI) 8x107? 3x 1078 -
arAgl® (s0l.) | GI(LLT) ax1078 #x1077 | 1078 2x10°7 -
{insol.} Lung Bx104 -
GI(LLY axio? 1079 ax10-® -
aag™ (sol.) | GI(LLD 1078 8x1077 | 4x1074 10-" --
(imsol.) | GI(LLD 1078 2x10°7 | 4x107% | 8x10°! -
wCd™ (sol.) | oGIALD 5%1073 2x14°3 -
Liver 5x1078 2x1078 20
Kidney 2X107F 20
{insol.} Lung TX1078 ax1o0-¢ -
GI (LLD) 5x107} 2x10" % -
soST ™ ¢sol.) | GI(LLD 2x10-? 9x10°4 -
Bone 4x10°7 1077 30
{ioscl. ) Lung Sx10-8 2x1078 -
GI(LLD) 2%1079 8x1074 -

#% The abbreviations GI, S, Si, ULI and LLI refer to gastrointestinal tract, stomach, small
intestine, upper large intestine and lower large intestine, respectively.
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Maximum permissible concentrations Maximom
e For 40-h week For 168-h week permissible
Radionuclide ;i“‘:::i : burden in
&4 (MPCyw | (MPCYa | (MPCw | (MPC)a | total body

(uc/en®) | (ne/em®) | (pe/em®) | (pe/em®) (pe)
5B (sel.) | GI(LLD 3x1073 1072 ax107" -
Lung 5x10°7 2x%1077 40
Total body 2x107" 60
Bone ax1077 T0
(insol,) Lung Ix107¢ 9%x107¢ -
GL{LLD 3x10+? 107 -
e Te (sol.) | GI(LLD 8x10-% | 2x10° | 3%10% [ &x107 -
(insol.} GI(LLD 5x10°% 5x1077 | 2x10”? ax10~7 -
2 Te'® (ol | G1(s) .02 5x10°¢ | 8x107 | 2x10%® -
{insol.) GI (ULD) 0.02 4x1076 | Bx1p¥ 1078 -

g™ (soL.) | Thyroid Bx10~5 | o9x10=® | 2x107 | axio~?

(ins0l.) GI(IL) 2x10"% | ax10”" | ex107* 10°7 -
Lung 3x10” 1077 -

1'% (sol.} | Thyroid 2x1077 | 2x10 | ex10% | 8x107® 0.3
{insol.) GI(ULD 5x1072 ax10™ | 2x107? ax1i07? -

s 1'% (sol,} | Thyraid 2x10% [ 3x10%® | 7x10° 108 0.3
{insol,) GI(LLD 107 2x107 | 4x10M Tx107® -

s I™ (sol.) | Thyroid 4x107d | 5x1077 ] 107 2% 1077 0.2
(insol.) | GI(S) 0,02 3x107% | 6x10°3 1076 -

wl™ (sol.) | Thyroid 7x107¢ 107 | gxa07t | 4x107 0.3
{insol.} GI(LLD 2x10-? 4x%1077 | 7x10™% 10-7 -
Xe'® (submersion) | Total body 1075 ax10-¢ -

136 . -b -6

aXe’ {submersion) Total body 4x10 107" -
sCs (sol.) | Totalbody | 4x10™ | 6x107® | 2x167™ | 2x1076 30
Liver 2X 104 40
Spleen 2x10™ 50
Muscle 2x 104 50
{imsol.) Lung 10°% §x10°*% -
GI{LLD 107% 4% 107 -

%% The abbreviations GI, S, SI, ULI and LLI refer to gastrointestinal tract,
intestine, upper large intestine and lower large intestine, respectively.

stomach, small
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Maximpm permissible concentrations Maximum
For 40-h week For 168-h week permissible
Radicnuclide fﬂ:i?:i burden in
"8 (MPC)w | (MPC)a | (MPCW | (MPC)a | total body
(pe/em® | (ue/em®| (po/em® | (pe/cm®) {uc)
B2 4° (scl.) GI{LLY gx10-% 3x1074 -
Bone 1077 4x1078 4
(ips0l.) | Lung ax10™ 10°% -
GL{LLL Tx10-4 2x10-4
sLa? ¢sol.) | Gr{LLD Tx10% | 2x1077 | 2x1074 | 5x10°% -
(insol.y | GE{LLD 7x1074 1677 2x10°4 | 2x10-® -
soPT (301} GL{LLD 10-% 3x107T | 5x1074 1077 -
{imsol,) Lung 2x1o-? 6x10-% -
) GI(LLY) 107% 5x10-4 -
s Pm™ (sol.} | GI(LLD 6x1079 2x107% -
Bone 6x10™ 2x10-"? 80
{insol.} Lung 1p-" ax10? -
GI(LLD 6x10-% 2x1073 -
@ Sm 15 (sol.} | GI(LLD 0.01 4x1079 -
Bone 6xX10°8 2x 108 100
{insol,) Lung 107 5X107% -
GIL{LLD 0.01 4x1078 -
'™ (sol.) | GI(LLD 2x10-% | 4x107 | 6x107¢ 1077 -
(9.2k)
{inscl.) GI{LLD 2%x10°% 3%x1047 | &x1974 10-7 -
Eu'™ ( -3 -4 -
. sol.) | GL(LLD 2%10 Bx10
(13 y3) Kidney 107& 4x1079 20
{1nsol, } Lung 2x10° Bx10-? -
GI(LLD 2x10°3 8x10™* -
oy Eu 1% {sol.) GI (LLD) 6x1074 2x107¢ -
Kidney 41077 10°? 5
Bone ax10-? 10-* 5
{inscl.) Lung Tx107° 2x107% -
GI{LLD -gx107t 2x1074
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Maximuin permissible cencentrations Maximum
for 40-h week For 168-h week permissible
Radionuclides ;ri:::l* burden in
& (MPOw | (MPCYa | (MPCOw | (MPC)a | total body
(pe/em®) | {pe/em®)| (ne/fem?)| (uefem®) | (pe)
oHe'™® (sol.} | GI (LD gx10™ | axi10”7| axi04 | Txio® -
(insol.} GL(LLD) 9x 1074 2x10°7 | 3x107+4 Bx10-" -
oo T (sol.) | GI{LLD 1973 sx1074 -
Bone 4x107* 107 9
{insol.) Lung 3x10°% 1978 -
GL{LLD 108 EX1074 -
n Lu!™ {sol.) GL{LLD) 3x16-? 6x10°7| 107 2% 1077 -
{insol.) G1 (LLY 3x107* | 5x1077 1072 2x1077 -
Lung 2x 107t -
1 Ta'® (oly | eIy 1078 4x10-4 -
Liver 4x10"% 107% 7
{insol.) | Lung 2x10- % 7x10°? -
GI(LLD 107? 4x10™* -
W {(sol.} GL(LLI 0,01 2x10-% [ 4x1079 gx10°? -
Lung 1077 4x 1078 -
(insoL.} | GI(LLD 0,01 3x10-? -
Rei® (sol.) GI(LLY 0,02 %1079 -
Total body 0.02 3x10°6 9x107 80
(insol.) | Lung 2x107 5x107 -
GI (LLD 8x1073 3x107? -
pir® sol) | GIEULD 6x10-9 10-8 2x1077 | 4x107? -
(insel.) | Lung 4x1077 107" -
GL{LLD 5%10™9 2x1079 -
ri® {sol.) GL(LLD 1077 4x1074 -
Kidney 1077 4x107? 8
Spleen 1077 7
{insol.} | Lung ax1p* 9x107? -
GL(LLD it 4x1074 -

#% The abbreviadons GI, §, §I. ULI and LLI refer to gastrointestinal tract, stomach, small
intestine, uppet large investing and lower large intesdne, respectively.
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Maximun permissible concenzation Maximum
] Critical For 40-h week For 168-h wesk pexmnissible
Radionuclides organ®¥ burden in
8 (MPO)w | (MPC)a |(MPQw | (MPC)a | toral body
(ne/em® | (posem®) [ (pe/fem®) [ (pesem®) | (ue)
Pt (ol.) | GI(LLD ax107? | 8sx1077 | 1079 3x10”7 -
(imsol.) | GI{LLD 3x1079 Bx10-7 | 1077 4%1077 -
1wPt'® {sol.) | Kidney ¢.03 10% | 9x107* | 4x107 0
(insol.) Lung 3x1077 107 -
GI{LLD) 0.05 0.02 -
Pt (sol) | GI(ILD 4x107? | 8x1077 | 1079 3x107 -
(insol.) | GI(LL) 3x10- | ex1p-7 | 1079 2x107 -
raAa™ oy |  ocrLLp 5x1073 1078 2%107? 4x107 -
(insoL,} Lung 6x1077 2x1077 --
GI (LLD 4x1071 1072 -
10 An'%® tsol} | GI(LLI) 2x107% gx1077 | sx107 1077 -
(insol.} | GI(LLD 107! 2x10-7 | 5x10% Bx10-8 -
79 AU (sol) | GI(LLD 5%1078 107 2x107 | 4x107 -
(insol.} GI(LL]) 4%10°% 8x10-7 | 2x107® 3x1077 -
swHg™ {(s01.} | Kidney 9x1078 1075 | ax10® | 4x10” 4
{insol.) GL(LLL) 0.01 3%10-% | 5x 1078 9x1077 -
5o HE?™ (sol.} | Kidrey 5x107% | 7x107% | 2x10 | ex10% 4
(insol.) | Lung 1077 4x107 -
GI(LLY 3%1073 10-% -
g TIHO (s0l,) | GL(LLD 0.01 ax107¢ | 4x107% | @x107 -
{inscl,) GI (LLD %1078 107¢ 2x10™3 4x107" -
a1 TIH {scl)| GIL(LLD ox107% | 2%107¢ | 3x1073 | 7x107 -
{inz0l,) GL(LLD} 5%107% 9x167 | 2x1072 ax107 -
51 TIE® (s0l.) GL{LLD 4x1078 8x10-7 1073 3x107 -
{insol.) Lung 2x%107 gx10-9 -
GI(LLD 2%x1073 Tx104 -

#% The abbreviations GI, S, SI, ULI and LLI refer to gastrointestinal tract, stomach, small
investine, upper large intestine and lower large intestine, respectively.
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Maxlmuin pertnissible concentra dons Maximuem
: For 48-k week Fot 168-h week permissible
Radionuelides - c“:;fi buzden in
org MPC)w | (MPCla | (MPOW | (MPC)a | total body
(pefem®y | (pefem® |(pefeaf) | (pc/cm® {uc)
5 T1254 {sol.) GI{LLD 3x107® 1073 2x107? -
Kidney gx10°7 2x1077 10
{insol, } Lung 3x1078 ox10™ -
GI(LLD 2x107 gx1074
5 P (s01.) GI(LLE) 0.01 3x107% | 4x1079 ox10" -
{insol.} GI(LLD) 6.01 2x107% | 4x10° 6x1077 -
- gy PBP1? (s0l,) Kidney 4%10™% 10710 1078 4x1074 0.4
Total body | 4x107° 107¢ 4
{1nzel,) Lung 2x10+0 gx1o-u -
GI(LLD 5x107* 2x10 -
g Pott? {sol.) Spleen 2%10°5 s5x1071 | 7x19 2x10-1t 0.03
Kidney 2x107 5x10°M gx1g10 0.04
{insol,) Lung 2x1p-4 Tx1071 -
. GIL{LLD Bx1074 - ax10 -
o AL {sol.) | Thyroid sx10s | 7x10® | %1075 | 2x10* 0,02
Ovary §x10°% Tx107® [ 2x1075 - .02
{insel,) Lung : 3x10® 10-* -
GI(ULD. 2x1073 Tx1074
" * Lung 3x207F 1077 -
rn®? ® Lung’ 3X10°9% 10-8% -
86 Ung X .
o R0 {sol.) Bone 4X107Y axiot ) 1077 10-1 0.1
(insol.) GE(LLD) 9x10 gx107 | 3x104 6x10% -
30 AT {sol.) Bone 8x10°F 2x10712 | 2x107% gx 1078 0.03
(insol,) Lung 3x10°H 9x107 -
GI{LLY) 9x1073 axio™? .-

¥ The daughter elements of Ri™® and Rn?¥? are assumed to be present to the extent that they
ocent in unfiltered air. For all otherisotopes the daughter elements are not considered as part of the
intake; and, if present, they must be considered on the basis of the rules for mixtures.
%% The abbreviations GI, S, SI, ULI and LLI refer to gastiointestinal tract, stomach, small
intestine, upper large intestine and lower large intestine, respectively.
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Maximum permissible concentrations Maximum
i For 40-h week For 168-h week permissible
Radionuclide frt‘uﬁ burden n
g (MPCyw | (MPC)a |(MPOw | (MPC)a | total body
(pefem’}| (ne/em’) f(pe/em®y | (pe/em® | (ue)
o9 THM (sol.) | GI(LLD 5x1074 2x 10 -
Bone 8x107% 2x10°® 4
(insol.) Lung 3x1pe 10-% -
GI(LLD) x10™4 2x10-4 -
90 Th-nat¥  (sol.) Bone 3x1078 2x10°2% 10°s 6%10" 0.01
Lung 4x10-12 1072 -
GI{LLL) 3x107¢ 1074 -
o 1120 (sol.) GI(LLD) 9x10™ 3x10-4 -
Eone Sx10°1 2%10719 0,05
(insol.} Lung 1070 4x1071 -
GIL(LLD 9x10™ 3x10% -
oI {sol.} GI{LLD) gx10™ 3x10-4 -
Kidney sx 1074 2x1071® 0.03
Bone 2x1o-® 0.086
(insol.) Lung _ 10710 axigi -
GE(LLD 8x 104 ax1om -
o U-nat (sol.} | GI(LLD 5% 10+ 2x107% -
Kidney 7x10- Y sx1o fx107%
{insol.) Lung 6x10-H 2x 1071t -
GI (LLD) 5x10™ 2x10™
o P2 {sol.) Bone 1074 2%10°% | 5x1075 gx10712 .04
{ipzol.) Lung 4x10°1 1p-u -
GL(LL} gx 10 3x10-* -
o5 A™! (soL) | Kicney 104 X107 | 4x1075 | 2x10- 1 0.1
Bone 107¢ 6x10°% 2x10- 12 0.05
(insol,) Lung 1010 ax1p™™ -
GI{LLD 8x10™ 3axiot
& Cm  (sol) | GE(LLD 7x10~ | zxa0 -
Liver 1p71¢ ax 1471 0.05
{insol.} Lung 2x1p710 Ex107U -
GI(LLD Tx104 2x 10 -

% Provisional values for Th-nat.

*¥ The abbreviations GI, S, SI, ULI and LLI refer to gastrointestinal tract,
intestine, npper large intestine and lower large intestine, respectively.
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APPENDLX I

HOW TO PUT ON AND TAKE OFF RUBBER GLOVES#*

The technique employed in this procedure is such that the inside of the giove is nor touched by the cuwside,

nor is any part of the ourside aliowed to come intc contact with the bare skin,

The procedure is as follows:

{1) The gloves should be dusted Internally with talcum: powder.

{2} The cuff of each glove should be folded over, outwards, for about 5 cm.

(3} Put one glove on by grasping only the internal folded-back past with the other hand.

(4} Pur the second glove on by holding it with the fingers of the gloved hand tucked in the fold and only

" touching the ousside of the glove.

(5} Unfold the gloves by manipulating the fingers inside the fold.

(6) In raking off the gloves, seize the fingers of one glove by the other gloved hand and pull free.

(T) Take off the other glove by manipulating the fingers of the free hand under the cuff of the glove
and fold {t back so that an imternal past is exposed which may be seized, and the remaining hand
freed.

It is a great advantage if the inside and the oumide of the gloves ate distinctly different, e.g. in colour

or texture.

APPENDEX. I
RADIOACTIVE WASTE CONTROL AND DISPOSAL¥*

WASTE COLLECTION

In all working places where radicactive wastes may originate, suitable receptacles should be available.
Solid waste should be deposited in refuse bins with foot- operated lids. The bins should be lined with
removable paper or plastic bags 1o facilitate removal of the waste without contamination,

Liquid waste should, if no other facilities for liquid waste disposal exist, be collected in bottles kept In
pails or tzays desigoed to retain all their contents in the event of a breakage.

All recepracles for radioactive wastes should be clearly identified. In general, it will be desirable o
classify radioactive wastes according & methods of disposal or of storage and to provide separate containers
for the various classifications used, Depending upon the needs of the installation, one or mere of the following
bases for classification of wastes tay be desirable:

Gamma radiatioa levels (high. low},

Total activity (high, intermediate, Low),

Half- kife {long, short),

Combustible, non-combustible.

For convenient and positive identificadon, it may be desirable to use both colour coding and wording.

Shielded conrainers shouid be used when necessary.

It is generally desirable to maintain an approximaie record of quantities of radicactive wastes released
to drainage systems, 10 sewels, or for burfal. This may be particnlarly important in the case of long- lived
radioisotopes. For this purpose it is desirable or necessary 1o maintain a record of estimated quantities of radio-
activity deposited in various receptacles, particularly those receiving high levels of activity or Jong-lived
isowopes, Depending npon the system of control used by the installation, it may be desirable to provide for the
recepeacle t be marked or tagged with a statement of its contents,

Radicactive wastes should be removed from working places by designated personnel under the sepervision
of the "radiological health and safety officer”.

* Adapted from "Safety Techniques for Radiogctive Tracems”, Cambridge (1958).
#% Adapred from the International Atomic Energy Agency Safery Series
No.1: Safe Handling of Radioisctopes (1962).
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WASTE STORAGE

All wastes which cannot be immediately disposed of in conformity with the requirements of the competant
autherity have tw he placed in suitable siorage.

Storage may be temporary ot indefinite, Temporary storage is used to allow for decrease of activity,
o’ permit :egulatién of the rate of release, to permit monitoring of materials of ynknown degree of hazard of
to await the availability of suitable transport. Indefinite storage in special places has 10 be provided for the
moze hazardous wastes for which no nltimate disposal methed is available w.the particular user.

Stazage condmous should meet the safety requirements for storage of sources.

The storage site should not be accessible 1o unauthorized personnel. (Control of animals should not be
averlooked.)

The method of storage shoald prevent accidental release to the mnoundmgs

Appropriate records should be kepr of the storage.

DISPOSAL OF WASTES TO THE ENVIRONMENT

General considerationg

Disposal of radioactive wastes o the environment should be carried out in aceordance with the conditions
estabtished by the “radiclogical healih and safety officer” and by the competent authority.

The ways in which radicactive materials may affect the environment shoutd be carefully examined
for ary propased wasre disposal method.

The capacity of any route of disposal ta accept wastes safely depends on the evaluation of a pumber
of factors, many of which depend on the particular local situation, By assuming unfavourable conditions with
respect to all factors, it is possible 1o set z permissible level for wéste disposal which will be safe under all
-circumstances, This usually allows a very considerable safety factor, The real capacity of a particular route
of waste disposal can only be found by a lengthy siudy by expers, '

The small user should first try to work within restrictive limits which are accepted as being safe and
which will usyally provide a workable solution to the problem of waste disposal. Suck a restrictive safe limit
s provided by koeping the level of activity at the point of release Into the environment below the permissible
levels for non- ocenpationally exposed persons recommended by the International Commission on Radiological
Protection for activity in drinking water or-in air and indicated in Appendix I. ‘TFhis rule should be supereded
if the competeat authority provides any altemnative requirements or if 2ocal studies by expens provide reascnsble
justification for other levels,

Disposal to drains and sewers

The release of wastes into drains does not nsvally need to be considered as a direct release into the’
environment, Hence, a restrictive safe limit will usnally be provided if the concentrations of radicactive
waste material based on the total available flow of water in the system, averaged over a moderate period
(dally or monthly), would not exceed the maximum perrnissible levels for drinking water recommended by
the International Cornmission on Radiological Protection for individuals occupationglly exposed: these are
indicated in Appendix I. This would provide a large safety factor since water from draing and sewers {s not
generaily w be considered as drinking water, However, in-situations where the contamination affects the
public water supply, the final concentrations in the water supply should be wothe levelsset fornon- vccuparionally
exposed persons. Some present studies suggest that if the conzamination affects. warer used for imigation,
the final concentrazions in the irrigating water should be lower by a factor of at Ieast ten below the levels
set for occupational exposure and the possible build up ef activity in rhe irrigated lands and crops should be
carefully surveyed,

Finally, before release of wastes to public drains, sewers and rivers, tiie competent authorities should
be informned and consulted to ascertain that no other radioactive retease is carried out in such a way that the
accomulation of releases will create a hazardons siuation.

Radicactive wastes disposed to drains should be readily soluble or dispersible in water. Account should
be raken of the possible changes of pH due to dilution, or other physico-chemical factors which may lead 1
precipitation or vaporization of diluted materials, .
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In general, the excreta of persons being treated by radicisotopes do not-cail for any special consideration.
{This, however, does not apply to the unused residues of medical isotope shipmems )

Wastes should be flushed down by a copious siream of water,

The dilution of carrier-free material by the inactive element in the same chemical form is sometimes
helpful.

Maintenance work on active drains within an establishmens shonid enly be carried out with the knowledge
and under the supervision of the "radiological health and safety officer”. Special care shouvld be given to the
possibility that small sources have been dropped into sinks and recained in waps or catchment basing,

The release of waste 1o sewers should be done in such & manner as not 1o require protective measures
during maintenance work of the sewers outside the establishmeant, uales: other ag rent has been hed with
the authority in charge of these sewers, The authority in charge of the sewer system oitside the establisbrnent
should be Informed of the release of radloactive wastes in this system; mutual discussion of the technical
aspects of the waste disposal problem 1s desirable to provide protection without unnecessasy snxiety.

Disposal to the atmosphere

Release of radioactive waste in the form of aerosols or gases into the atrnosphere should conform with
the requirements of the competent authority.

Subject to the competent authority, concentrations of radioactive gases or actosols at the polnt of release
into the environment should not 2xceed the accepted maximum permissible levels for nen- occupationatly ex-
posed persons referred to in Appendix 1. If higher levels are required and protection is based on an elevated
release point fram z stack, such levels can only be set after examination of local conditions by an expert.

Even if activity below permissible levels is achieved at the release point for an asrosel, a hazard or
nuisance may still arise from fall-out of coarse particles, Therefore, the need for filtration should be assessed.

Used fliters should be handled as solid wastes,

Burial of wastes

Burial of wastes in soil sometimes provides a measure of pictection not found if the wastes are released
directly inte the envirenment, The possibilities of safe burial of waste should always be appraised by av expest.

Burial under a suitable depth of soil { about one meter) provides economical protection from the extemal
radiation of the accuimlated deposit. i .

A burial site should be under the conrrol of the user with adequate means of excluding the public.

& record shoutd be kept of disposals into the ground. ’ '

Incineration of wastes

If solid wastes are incingrated to reduce the bulk to m.anageablre proportions, certain precautions shonld
be taken. ) )
The Incineration of active wastes should only be carried out in equipment embodying those feazures of
filtration and scrubbing as may be necessary for the levels of activity to be disposed of.

Residual ashes.should be preve.n'ted from becoming a dust hazard, for example by damping thern with
water, and shonld be pmoperly dealt with as ardinary active waste.

APPENDIX IV

CRITERIA OF OPTIMUM OPERATING CONDITIONS
FOR A PROPORTIONAL COUNTER
{e.g. gas—flow or scintillation)

Counting titne of sample + background T
Counting tinre of background {blank sample) t
Total counting time, T+t ]
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‘Count rate of sample + background

Couant rate of background (blank sample)

Fractiona] natnral standard deviation of the net coont rate of sampie, M
Coum:ing-yi,e.ld, over-alt R-r

k] R

According to the Lecture Marter (Pant I), section 2,5.1, formula (1), one has
f=(B/T+y/0d/(2- . 30

For a given sample activity, a given operating high voltage, a given input bias voltage akd a given total
counting time 6, the "best partition” (from the point of view of natural uncertainty) of & between T and t can
be deduced from equation (1) as follows:

f={R/(0- 1) + i/e] /(R0
aff de=[R/AE- - t/121/2 [RAO1) +1/£1E (R- 1) =0 for 1?R={@-1)2r or
VT =(x- R @

The partition of 8 {between t and T) in conformity with equatior {2) comespends mathematically o the smallest
possible (f.e. “best partition™} f-value b p, which is obtainable under the given conditions, The gwoequations
t+T=8 and t/T =(i/R}} 4re equivalent to .

t=[/(r} + B)Joand T = [RE/(RE + hyle,
which, by substitution into equation (1), gives
f,p, =L/ORE- ). (3

For a given sample activity in a proportional counter (e.g. gas-fiow or scintillation), the values of R and
T may be altered independently by variation of the high voltage and/or the input- bias voltage. For 2 certzin
seiting of these two variables, the so-called "optimal serting”, &Y -} will atrain its maximum vatue, and the
natural uncertainty {for the best partition of the given 2) will, according to equation (3), attain it minimum
value, fy, p.,min, For another saipple containing a different activiry the optimal senting comesponding to
fy, p.,min will in géneral be different.

Theoretically, the choice of operating conditions (high voltage and input-bias voltage) orn the basis
of minimum natral uncertainry is thus 2 complex problem, However, natural counting uncertainty, at least
ie blological experimentation, iz usnally mot cticsl in comparison with tachnical uncertainty, except when
low activity samples (R 21) are to be measured. But when R is not much greater than r, the difference Rb-d
may be approximated by [R- r)/2]rﬂ' so that the optimal setting {corresponding to fb, p. , min}may be approxi-
mated by that for which [(R- 07211 ot {R-n?/r attains its maximum value. Since this approxlmate optimal
criterion for low aciivities Is equivalent to Y2/r attaining Its mnaxfmum value, it iz independent of sample
activity.

In tracer work {non-G-M counrer) operaring. conditions are usually chosen as optimal on the basis of mini-
rinm natusal uncertainty for very low- activity samples; i.e, the maximum ef (R- 1%/t of Y¥/1 is taken as the
criterior. However, for expediency a medfum or high- activity sousce is normally used in finding the operating
conditions that give the maximum value of (R- 12/r, which is permissible because this maximum, as mentioned
above, is independent of stample activity.

* god=rrar-nit-o
= {{1+(R- /i1t~ 1} so. forREr,
Rb- 2 (144 (R-D/1- 11, or
’-dzm-n/od,
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1-3. METABOQLISM OF C-MALATHION IN THE HOUSE FLY

INTRODUCTION

The toxicity of insecticides to insects is controlied by several faciors,
Among these is the inherent toxicity of the particular eompound. Important
modifying factors are the rate of absorption of the compound by insects and
the ability of insects to defend themeselves against the poison, i.e. the rate
at which insects detoxify the material, Differences in rates of absorption
and degradation of a compound often account for differences in toxicity to
different species or sirains within a species. Experiments 1, 2 and 3 are
clogsely related and should be done simultanecusly. The experiments will
require 7 to 9 h of work over a 2-d period. '

PURFOSE

The purposes of Experiments 1, 2 and 3 are to study the metabolism of
Cl%-malathion in susceptible and malathion~resistant house flies, The rate
of absorption and rates of detoxication of malathion will be measured in vivo
and in vitro in flies treated with malathion alone and in flies pretreated with
a malathion synergist.

MATERIALS

(1) ¥ -malathion with high activity.
(2} DEF {5, S, S-tributylphosphorotrithioate), a malathion synergist.
{3} A supply of adult female house flies 2-6 d old of a suscepiible and
of a resistant strain. ’
(4) Miecrometer—driven syringe (or other dosing device) equipped with
27-30-gauge needles for treating individual insects.
(5) Mortar and pestle for grinding insects.
(8) Chloroform. '
{7} Acetone.
{8) Distilled water
{9) A clinical centrifuge equipped with 15-ml tubes.
{L0) Glassware.
{11) Counting equipment,
{12) Sand washed with acetone,
{13) Filter paper.

1. ABSORPTION OF MALATHION IN THE HOUSE FLY
PROCEDURE

Treat 6 groups of 5 flies each of both strains topically with 1 ug-of Ct4—
malathion dissolved in acetore {conecentration: 1 ug per ul). Use a 27-gauge
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needle. At 0, 5, 10, 20, 40 and 80 min after treatment, rinse a group of
the treated flies with 5 ml of acetone. Count two 1-ml aliquots from each
sample, Use the means of the counts from the two aliguots to plet absorption
according to time.

2, DETOXICATION OF MALATHION IN VIVO

PROCEDURE

A. Treat 25 flies of each of both siraing topically with 1 ug of DEF {con-
centration: 1 ug per ul). One hour later inject 1 yg of C14 ~malathion into
each of the same flies, using a 30-gauge needle, At 0, 5, 10, 20 and 40 min
after injection, grind groups of 5 flies in sand with a amortar and pestie.
Pour flies into a centrifuge tube. Add 5 ml of water and 5 ml of chloroform.
Bhake, cenirifuge, and count {wo 1-ml aliquots of both the chloroform and
the water by using a gas flow counter or dioxan cockiail, and liquid scintil-
lation counting equipment.

B. Inject 1 ug of Cl4-malathion into 25 flies of each of both strains.
At 0, 5, 10, 20 and 40 min grind the flies as above. Add chloroform and
water, shake, centrifuge, and count two 1-ml aliquots of the chloroform and
water layers as above.

3. DETOXICATION OF MALATHION IN VITRO

PROCEDURE

Grind 10 flies of each strain with a mortar and pestle. Add 10.ml of
water and filter. Pipette 1-ml aliquots of each sitrain into each of two
centrifuge tubes containing 1 ug of C4 -malathion. Add 5 ml of chloroform
and 4 ml of water to one tube after 15 min and to the other after 30 min.

Pipette 2-ml aliguots of each strain into separate centrifuge tubes con-
taining 2 ug of DEF, After 15 min pipette 1 ml from each tube into tubes
containing 1 ug of Cl4—malathion, After 15 min add 4 ml of water and 5 ml
of chioroform.

To two centrifuge tubes containing 1 pg of Cl4 —malathion, add 5 ml of
chloroform, 1 ml of fly extract and 4 ml of water,

Shalke all tubes, centrifuge, remove two 1-ml samples from each of the
chloroform and water layers, and count as in Experiment 1.

QUESTIONS ON EXPERIMENTS 1-3

{1) How long in mimtes does it take for flies of the two strains to absorb
half of the topically applied malathion?
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(2} Duo flies from each strain detoxify malathion in vive? If so, what are
the differences in rates and what is the effect of the synergist? What
practical advantage might this have?

(3) Compare detoxication rates in vitro between the strains. Is there a
difference? What is the effect of the synergist?

4. METABOLISM OF DDT

INTRODUCTION

Numerous economically important insect pests are resistant to DDT
and other insecticides., Studies on the absorption and metabolism of insecti-
cides on various insect species will help in understanding some of the prob-
lems related to resistance. The time required to conduct this experiment
is 4 to 6 h.

PURPOSE

To study the metabolism of DDT in house flies by means of paper
chromatography.

MATERIALS

(1) C¥-DDT with high activity.

{2} Acetone.

{3) Paper chromatographic scanner,

(4) Mechanical shaker,

{5} Counting equipment,

{6) Usual laboratory glassware.

(7Y Glass columns.

{(8) Glass wool.

{9) Celite 545 {Johns Manville).
{10) Concentrated sulphuric acid.
{11} Fuming sulphuric acid.

(12) Carbon tetrachloride.

(13) Sodium sulphate, anhydrous.
{14) Diethyl ether.

{(15) Ethyl alcohol.

{168} DDT resistant and susceptible house flies.
{17) Whaiman No.1 filter paper.
{18) Benzene.

{19} Mortar and pestle.

{20) N, N-Dimethylformamide.
{21} Mineral oil.

{22} Isooctane,

{23} Soxhlet apparatus.

(24) Micrometer-driven syringe.
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PROCEDURE

Prepare stock solution of Cl4-DDT in benzene or acetone and make
proper dilutions as desired,

Apply topically to individual male or female flies the desired amount of
insecticide in one ul of solvent.

At predetermined intervals, rimse the flies with three 15-ml portions
of acetone to remove the unabsorbed DDT. Combine the rinses,

Grind flies in a mortar with anhydrous sodium sulphate until a dry
powder is obtained. '

Extract the brei with diethyl ether, preferably in a Soxhlet apparatus,
for 3-4 h.

Concentrate the extract in a water bath at 50-60°C, and prepare for radio
assay and paper chromatography.

Purification of extract is accomplished as foliows, For each 1l gm of
flies (approximately 50 flieg) weigh 5 g of Celite. Mix Celite with 1.5 ml
of concentrated Hy80,. Add CCi, and triturate until a homogeneous slurry
is obtained. Place slurry in column in small portions and pack tightly with
a tamping rod. Adjust flow rate to approximately 120 drops/min, Gently
pour the concentrated extract (in CCly) into the column and allow to settle
to within 2 mm of the absorbent., Then pour CCly until 100 ml has been col-
lected in the receiving flagk. The eluate can be concentrated and adjusted to
volume for various analytical procedures.

For paper chromategraphic analyses set up the following systems:

Stationary Phase Mobile Phasge
Solvent System I 4% mineral oil in 3:1 a'cet'o_ne -
ether H,0 (by volume)
Solvent System II 35% Dimethylformamide Redistilled
in ether isooctane

Place a small quantity of the radioactive extract on strips or sheets
of Whatman No.1 filter paper. Make spots as small as possible. Allow {o
dry. Dip paper in stationary phase liquid in such a manner that it will not
touch the spots. Allow to dry for a few mimutes. Place paper in chromato-
graphy chamber and allow mobile phase solvent to move up the paper to
within 1-2 c¢m from the top. Remove paper and allow to dry. '

Cut paper into 1-in wide strips and scan in a radioactive scanner with
recording attachment, Determine Rf valuee and compare with known standards
treated similariy. '

Distance travelled by soluie
Distance travelled by sclvent

Rf value =

QRUESTION

Why are the extracts purified by passmg them through the Celite column
before paper chromatography?
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. 5. METABOLISM OF ALDRIN

INTRODUCTION

Numerous economically important insect pests are resistant to DDT
and other insecticides. Studies on the absorption and metabolism of insecti-
cldes on various insect species will help in uriderstanding some of the prob-
lems related to resistance, Time required to conduct this experiment is
4-6 h.

PURPOSE . o L . . . . . B .
" To'study the metabolism of aldrin in house flies by the use of thin 1ayer
chromatography. :

MATERIALS

{1) Cl4-aldrin with high activity,

(2) Thin-layer chromatographic glass plates.

(3) Silica-gel G.

{4) Eastmanp Chromagram polyester sheets (Eastman Type KSDIRZ) may

' be used 1nstead of 2 and 3 a.bove.

(3) Benzene,

{6} Acefone,

{7} Mortar and pestle.

(8} Mechanical ghalker.

(9 Counting equipmerit. K
{10) Usual Izboratory glassware.
{11} Potassium hydroxide. '

(12) Ethyl alcohol, ’

{13) Hexane.

{14) Sodium chiloride.

(15) Sodium sulphate, anhydrous.
(18) Soxhlet apparatus.

(17} Micrometer—driven syringe.
{18) Magnesite,

{19) Celite 545,

{20) Separatory funnel,

PROCEDURE
Prepare stock solution of C14-aldrin in benzene or acetone, and make
proper dilutions as desired.

Apply topically to individual male or female flies the desired amount
of insecticide in one ul of solvent,

111



At predetermined intervals, rinse the flies with three 15-ml portions
of acefone to remove the unabsorbed aldrin. Combine the rinses.

Grind flies in a mortar with anhydrous sodium sulphate until a dry
powder is obtained.

Extract the brei with diethyl ether, preferably in a soxhlet apparatus,
for 3-4 h.

Concentrate the extract in a water bath at 50-60°C, and prepare for
radio assay and thin layer chromatography.

Purify the aldrin extract as follows:

Method A

Evaporate extract to dryness in a round-bottom flask, Add 3 ml of 50%
aqueocus KOH and 12 ml of 85% ethanol. Reflux for I h. Cool; add 10 ml
eold HeO and 50 ml hexane. Shake in separatory funnel and discard HyO,
Wash hexane with distilled water until neutral, then wash with saiturated NaCl
or with NapS0O,4 to dry the hexane. Concentrate hexane and prepare for
chromatography.

Method B

If the extract contains only small amounts of impurities, the latter may
be removed by column chromatography.

To a glags column add 10 g of a mixture of 2 parts magnesite and 1 part
Celite 545. Saturate absorbent with redistilled hexane. Add concentrated
extract and elute with 150 ml of redistilled hexane. Evaporate eluate and
prepare for chromatography.

Thin-layer chromatography: Prepare glass plates with silica-gel G or
obiain commercially prepared Eastman Chromagram polyester sheeis
(Eastman Type K301R2). Apply spots and develop with purified hexane, Cut
strips {if polyester sheets are used) and scan for radicactivity with a scanner
with recording attachment,

For scanning glass plates it is necessary to add an aittachment to the
scanning device or use other meansg of detection.

QUESTIONS

(1) At what interval did you obtaln the greatest penetration?

(2) At what interval did you get the greatest metabolism?

{3) Did dead insects contain as many metabolites as live insects?
{4) I8 metabolism of aldrin a function of time?

{5) Is the metabolism curve linear?
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6 AND 7. SCINTILLATION DETECTION OF INSECTICIDE
PENETRATION THROUGH AND INTO INSECT CUTICLE

INTRODUCTION

Scintillation counters make it possible for the scientist selectively to
detect gamma, beta, and alpha radiation and fast neutrons even in the pre-
sence of heavy background counts. These instruments also give information
on the energy spectrum of the radiation, and will operate effectively at ex—
tremely high counting rates. Liquid scintillation counting equipment will
be used. These two experiments will require 4 to 6 h each to complete.

PURPOSE

The purposes of these two experiments are to detect the penetration of
H; -labelled insecticide through and into insect cuticle.

MATERIALS

(1} Hy-labelled insecticide in acetone solution.
{2) Microapplicator.
(3) Cockroaches.
(4) Hot plate.
{5) Beakers.
{6) Test tubes.
(7Y Pipettes.
{8) Dioxane coclktail.
{9) Toluene cocktail.
(10) 1.5 M tris buffer (iris(hydroxymethyl)aminomethane).
{11} Colourless concentrated nitric acid.
{12) Forceps and scissors.
(13) Semilog graph paper.
(14) Scintillation counter.

6. PENETRATION THROUGH THE CUTICLE

PROCEDURE

Apply 1 1l of the labelledingecticide inacetone solution to the pronotum
of each of 15 cockroaches. Remove the pronota from 3 cockroaches at each
of the following times after ireatment: 1 min, 5 min, 30 min, 1 h and 2 h.
When the pronotum has been excised the inner thoracic tissue should be
thoroughly removed and the pronotum dropped into a testtube containing 1 ml
of nitrie acid; place test tube in boiling water on hot plate. When pronotum
has dissolved add 9 ml of water and allow to cool, After cooling remove
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1 ml and add to 18 ml of clz.oxa.ne cocktail. To this add 1 ml of 1.5 M tris
buffer and count.

For controls (zero time} remove 3 pronota and prepare as above except
that 1 ul of Hy—insecticide solution is added to the pronotum immediately
before digestion. Count.

For the blank use 1 ml 10% ni{ric acid plus 18 ml of dioxane cocktall
plus 1 ml 1.5 M tris buffer,

When all counts are completed, plot per cent remaining on cuticle 6n
v axis and time on x axis of graph paper.

7. PENETRATION INTCO THE CUTICLE

PROCEDURE

Use same dosage of solution of Hy -labelled insecticide, same number
of insects and same time Intervals as in Experiment 6. Instead of removing
pronotum, carefully wash the pronectum into a test tube with 2 ml acetone,
then add 18 ml of toluene cocktail and count.

For control, add 1 ul of Hy -labelled insecticide to 2 ml of acetone and
1 ml of toluene cocktail, and count.

For blank add 2 ml of acetone to 18 ml of toluene cocktall and count,
Plot on graph paper as in Experiment 6.

QUESTIONS

(1) Is insecticide peneiration through insect cuticle linear or expo-—
néntial with respect to time?

{(2) Do your data from each experiment support each other?

(3) What percentage of penetration could you expect in- 12 and 24 h by
extrapolating your graphs?

8. EFFECT OF TEMPERATURE
ON THE ABSORPTION OF Cl4-DDT

INTRODUCTION

It has been known for many years that DDT will knock out and k1l house
flies faster when the flies are held at low temperatures than at high temper-
atures for several hours affer treatment. It has also been shown that less
DDT is actually absorbed at lower temperatures than ai higher temperatures
{21°C versus 32°C). This experiment requires 3—4 h on each of two conse-— .
cutive days to complete. :
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PURPOSE

To determine the amount of C¥~-DDT absorbed when house flies are held
at 21°C and 32°C after treatment.

MATERIALS

(1) CW-DDT with high activity.

{2) . House flies that require approximately 5 ug of DDT to cause a 40-
80% mortality.

{3) Micrometer—driven syringe.

(4) Twelve pint or quart jars fitted with screen—wire tops.

{(5) Two constant-temperature cabinets adjusted for temperatures of
21°C and 32°C respectively.

{6) Ordinary insect cages and laboratory glassware.

{7} Counting equipment.

PROCEDURE

If the dosage of DDT necessary to kill approximately 50% of the flies
is unknown, run a series of tests with non~radieactive DDT to determine
this point, and prepare an acetone solution of C14-DDT go that each ul con—
taing the LD50 dogage of DDT.

Treat 40 flies with an LD50 dosage of C14-DDT. Immedidtely after
treatment place half of them (2} in a quart or pint screen-capped jar, which
is then placed in a constant-temperature cabinet operating at 21°C.

Handle the other flies in the same manner but place the jar in a 32°C
cabinet, At the same time discharge 1 uyg of C14-DDT solution in each of
3 planchets, dry, and obiain counts per minate.

In 20-24 h separate live and dead flies from the jars held at each
temperature. Kill the live flies with chloroform. Keep differeat lots of
flies separate and well marked.

Rinse the external DDT from lots of 5 flies from each of the 4 groups
in 2-3 ml of acetone in-a vial or test tube. Pour the acetone inte planchets,
mark, dry, and count. Macerate the 5 flies from each group in a mortar
with 5 ml of acetone to extract the C14-DDT., Decant acetene into planchets
and count..

Tabulate amount of radicactive DDT absorbed in living and dead flies
at each temperature.

QUESTIONS

{1} Is more DDT found in flies held at 32°C? If so, explain,
{2) How does mortality of flies compare at the two temperatures?
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9. EXCISED LEAVES FOR STUDY OF
TRANSLOCATION OF A SYSTEMIC INSECTICIDE

INTRODUCTION

This experiment demonstrates how a systemic insecticide may be
studied by using radic-labelled material. It has been designed so that an
insect bio—assay could be used in conjunction with the radio-assay. It can
aleo be expanded to obtainprecise metabolism data if techniques are available
for separation of the metabolites. The experiment will require about 4 h
to complete,

PURPOSE

To meagure the extent of tranelocation of a systemic insecticide in a
leaf following topical applicatiom.

MATERIALS

(1) P32-labelled systemic insecticides such as Bidrin or Phosphamidon,
preferably with a specific activity greater than 5 mefmmole,

(2) Potted plants (beans, peas, cotton, ete,) with fully expanded leaves.

{3) Micropipettes or other apparatus for accurately measuring 5 to
10 ul.

{4) Radilo-assay equipment.

PROCEDURE

Prepare a water solution or an emulsion of the labelled insecticide so
that 1 ul of the final solution containa 1 ug of the insecticide, Apply 5 to
15 gl of the golution or emulsion to a 1 to 2 cm? apot between the major leaf
veins of a leaf. Treat several leaves. Retain the plant under normal growing
conditions for 2 to 4 d.

To estimate the amount of translocation, either an autoradiograph may
be prepared or direct radio~assay may be used. For the autoradiograph
remove the treated leaf from the plant and expose to X~ray film for several
days in a deep freeze. For the direct radio-assay, cut out the treated area
of the leaf and several equal size areas round the treated area, Radio-assay
these pieces of leaf directly. Draw a picture of the leaf and record on the
picture the radioactivity associated with each piece that was radio—assayed.

QUESTIONS

{1} What path has the systemic ingecticide followed in the leaf?
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{2} How far from the point of application? Assuming proportionality,
what is the rate of translocation per unit time?

10. EXCISED LEAVES FOR STUDY OF
METABOLISM OF A SYSTEMIC INSECTICIDE

INTRODUCTION

This experiment demonstrates how the metabolism of a plant systemic
insecticide may be studied by using radiolabelled material. It has been de-
signed so that an insect bio-assay can be used in conjunction with the radio-
assay. It can be expanded to obtain precise metabolism data if techniques
are available for separation of metabolites. The experiment requires several
hours over a 7—d period to complete.

PURPOSE

To study the metabolism of a plant systemic insecticide in plant tissue.

MATERIALS

(1) P32 -labelled systemic insecticides, such as Bidrin or Phosphamidon,
preferably with a specific activity greater than 5 me/mmole.

{2) Radic—assay equipment.

(3} Planis (bean, pea, cotton, etc.} with fully expanded leaves.

{4) Small vials or glass tubing sealed at one end, about 4 mm inside
diameter and 5 cm long. '

{5) Mortar and pestle.

{(6) Clean, washed sand.

{7} Chloroform.

{8) BSeparatory funnel.

(9y Centrifuge and centrifuge tubes.

PROCEDURE

Prepare a water solution or an emulsion of the labellied insecticide so
that 1 yl of the final solution contains 1 pg of the insecticide, Place 100 ul
of this solution in each of several of the small vials. With the peticles under
water, cut several leaves from the plant, Cut peticles about 2 em longer
than vials. Place the petioles of these leaves in the vials containing the so-
lution of labelled insecticide. Place the leaves under a lamp so that the
leaves take up the solution. After all the solution has been taken up, transfer
the leaves to clean water in a beaker or Erlenmmeyer flask.

At 0, 1, 2, 4 and 7 d after treatment grind up a leaf or two with gand
and water in the mortar. Place the homogenates in a separatory funnel
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with equal volumes of chloroform and water, Shake for 1-2 min. Allow water
and chloroform to separate. If they do.not separate readily, place the liquid
in ¢centrifuge tubes and centrifuge until separation is achieved,

Radio-assay aliquots of water and chloreform phases after separation.
Usually, the water phase will contain the non—toxic hydrolytic metabolites
and the chloroform will contain the parent compound and toxic metabolites.
Loss due to volatilization may be reduced by adding 10 to 25 mg of cooking
0il to each planchet.,

Draw a curve showing decomposition of parent compound to non-toxic
hydrolytic products.

QUESTIONS

(1) What sort of curve (exponential, linear) is obtained? Explain why.

{2) During what period is the rate of decomposition greatest and if 50,
to what part of the curve does that period correspond, or is the rate
constant?

11, COMPARATIVE ABSORPTION AND TRANSLOCATION
OF SYSTEMIC INSECTICIDES
BY PLANTS FOLLOWING SOIL APPLICATION

INTRODUCTION

This experiment demonstrates how the absorption and translocation of
two or more labelled systemlic insecticides may be studied simultanecusly
in plants., It hag been designed so that an ingect bio—assay can be used in
conjunction with the radio-assay. If can be expanded {o obtain precise meta-
bolism data if techniques are availabie for separation of metabolites. FEach
part of the experiment can be completed in several hours over a 7-d period.

PURPOSE

To compare the gystemic action of two or more systemic insecticides
applied as soil treatments.

MATERIALS

{1} Two or more P32-labelled systemic insecticides such as Bidrin and
Phosphamidon with specific activities of 1 me/mmole or greater.
{2) Potted plants {bean, pea, cotton, etc.) of uniform size growing in
: soil.
(3} Oven.
{4) Laboratory grinder or mortar and pestle.
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PROCEDURE

Prepare water solution or emulsions of each labelled insecticide. Either
pour the desired amount on top of the soil round each plant or use a hypo-
dermic syringe to inject the materials below the soil surface, Place the
potted planis in a glass iray, pie plate, or some other container so that
leakage will not contaminate the laboratory or greenhouse,

One, 2, 4 and 7 d after treatment, harvest at least three plants treated
with each insecticide. Remove all leaves from each plant, weigh, place in
a small paper sack and dry at 40 to 50°C for 24 to 48 h. Keep the leaves
from each plant separate. Obtain dry weight.

After all plants have been harvested and dried, grind the leaf tissue in
a laboratory grinder or in a mortar. Weigh two 75 to 125 mg aliquots of
each dried, ground leaf tissue sample and radio—assay.

Express results as

{a) cpm/mg dry weight;

(k) cpm[mg fresh weight;

(¢} wug-equivalents/mg dry weight;

(&) ug—equivalents/mg fresh weight;

(e) ppm (ug equivalents/g fresh weight);

(f} percentage of applied dose recovered.

QUESTIONS

(1) For any of the insecticides, which is more meaningful from the
practical standpoint, cpm/dry weight or cpm/fresh weight and why?

(2) As above: ug equivalents/mg dry weight or ug equivalent/mg fresh
weight? .

{3) Whatis the relationship betweenthe above two kinds of measurements?

(4) Which of the absorbed insecticides talces longest to reach the 50%
degradation level?

12. DEGRADATION OF SYSTEMIC INSECTICIDES
BY INSECTS FEEDING ON TREATED PLANTS

INTRODUCTION

This experiment demonstrates how the degradation of systemic insecti-
cides by insects feeding on treated plants may be studied by the use of radio—
isotope~-labelled compounds. Each part of the experiment requires several
hours over a 7-d period to complete. :

PURPOSE

To determine the fate of systemlc insecticides in insects feeding on
treated plants. :
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MATERIALS

(1) P32 -labelled systemic insecticides such as Bidrin or Phosphamidon,
preferably with a specific activity greater than 5 me/mmole,
{2) Radio—assay equipment.
(3) Plant (bean, pea, cotton, ete.} with fully expanded leaves.
{4) Small vials or glass tubing sealed at one end, about 4 mm inside
diameter and 5 cm long,
{5) Mortar and pestle.
{6) Clean, washed sand.
(7Y Chloroform.
{8) Separatory funnel.
{9) Centrifuge and centrifuge tubes.
{10} Holding containers for insects.
{11} Insects (large lepidopterous larvae that are quite tolerant to the
insecticlde are excellent test insects).

PROCEDURE

Prepare a water solution or an emulsion of the labelled ingecticide so
that 1 ul of the final solution containg 1 ug of the insecticide. Place 100 ul
of this solution in each of several small vials. With the petioles under water,
cut several leaves from the plant, Cut peticles about 2 em longer than vials.
Place the petioles of these leaves in the vials containing the solution of the
labelled ingecticide., Place the leaves under a lamp so that the leaves take
up the solution. After all the solution has been taken up, transfer the leaves
1o clean water in a beaker or Erlemmeyer flask. At intervals of 0, 1, 2, 4,
and 7 d after treatment of the leaves, feed the treated leaves io the test
insects for 12 or 24 h periods, At the end of the feeding periods, grind and
extract the treated leaves, test insects, and the faecal material from the
test insects. .

At 0, 1, 2, 4'and 7 d after treatment grind up a leaf or two with sand
and water in the mortar. Place these homogenates in a separatory funnel
with equal volumes of chloroform and water. Shailce for 1-2 min. Allow
water and chloroform to separate. If they do not separate readily, place
the liquid in centrifuge tubes and spin until separation is achieved.

Radio—aggay aliquots of water and chloroform phase after separation,
Usually, the water phase will contain the non-toxic hydrolytic metabolites
and the chloroform will contain the parent compound and toxic metabolites,
Loss due to volatilization may be reduced by adding 10 to 25 mg of cooking
oil to each planchet,

Calculate the extent of degradation of the toxicant in the leaves, insect
and faeces for each interval.

QUESTION

Where does the severest degradation take place; in the plant or in the
insect?
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13, DETERMINATION OF
NECTAR PREFERENCE OF MOSQUITOES

INTRODUCTION

It is well kmown that most mosquitoes and particularly the males require
the nectar or exudates of plants to sustzin life. A knowledge of the host pre-
ferences for a certain species of mosquito could lead to the control of this
mosquito by controliing its host plant. Radioisotopes provide an excellent
tool to determine the preference of a certain species of mosquito for certain
species of plant.

PURPOSE

To determine the host preference for any locally available species of
mosquito.,

MATERIALS

(1) Several cages 12 X 12 X 12 in or larger.

{2} Wwild or laboratory cultured species of mosquito (newly emerged
unfed adults).

{3) Seversal species of wild flowering plants.

{4} Several beakers or jars.

{5) P32-phosphoric acid.

(6) Radiation counter or radiographic film.

PROCEDURE

Twenty—four hours before the start of the actual experiment each species
of potentizl hosi ghould be placed in a dilute solution Hy3P320,. Provision
should be made to prevent mosquitoes from coming in conhtact with the P32
solution.

After the 24-h period the potential host plants are placed in cages con-
taining 100 or more mosquitoes. Water should be provided for the moaquitoes.
After a further 18-24 h the potential hosis should be removed and the mos—
quitoese killed by heat or celd. The mosquitoes should then be exposed to a
laboratory counter or radiographic film. If radiocactivity is detected the
mosquitoes should be sexed and radicactivity determined for each sex, If
no radicactivity is detected, the mosquitoes have not fed on the host.

QUESTIONS

{1} What conclusion can be reached from this experiment?
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{2) Were both sexes radioactive?
(3} Were all specimens of either sex-radicactive?

14. DETERMINATION OF MOVEMENT
OF SUBTERRANEAN INSECTS

INTRODUCTION

Radicisotopes provide the easiest and the most accurate method of de-
tecting and measuring the movement of insects that spend relatively long.
periods completely below the soil surface. The determination of movement
of these insects is important for the better understanding of their ecology
and could provide useful information for the contrel of subierranean insectsa
of economic importance.

PURPOSE

To deterntine the movements of a mole ericket {or other species such
as wireworms, corn rootworms, ete.), and to plot these movements on graph
paper.

MATERIAL

{1} One large shaliow tray 18 X 30 X 3 in of wood or metal.
{2) Soil with good tilth and moisture content,
(3} Fine Cof! wire or a water—soiuble Coé0 salt. Activity of Cof® ghould
be sufficient to penetrate 3 in of soil, about 0.05 me/mm of wire.
(4} Cellulose tape.
(5) Ball of string or fine wire.
{8 Portable counter.
- [Ty Graph paper. .
(8} Smsll beakers, pipettes,
{9} Forceps, scissors, ete,

PROCEI_JURE '

Fill tray with soil and make grid over tray with either string or wire,
Place Cob wire into the abdominal cavity of test insect, or put a drop of
Coft salt solution on the adhesive side of a emall piece of cellulose tape and
allow the solvent to evaporate. Place tape under the wing of the meole
cricket.

The tagged insect should then be placed at the suriace of the soll at any
particular location within the grid. The location should be marked on the
graph paper containing the same mumber of grid apaces as the tray,
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Periodically the position of the insect should be located with the counter.
Active insects should be located at 5-min intervals. The highest activity
will be at a location immediately above the insect. Record the new position
of the insect on the graph paper and connect the various points with lines.

QUESTIONS

{1} Were the movements of the insect random?

{2) What type of moverments could be expected in soil that contained
& host of the insect?

{3) How far did the insectusedin the experiment travel per unit of time?

15. TAGGING INSECTS WITH RADICISOTOPES

INTRODUCTION

The tagging of insects with a radiocactive marker has been used in
studying dispersion, speed of flight, total numbers of a natural insect popu-—
lation in an area and other hiological investigations. P32 is a useful tagging
agent but the short half life of 14.3 d precludes studies extending for more
than a few weeks.

PURPOSE

To demonstrate tagging of mosquito larvae with P32,

MATERIALS

{1) Pans or glassware holding from 0.5 to 1 litre of water and suitable
for rearing mosquito larvae,

{2) P32 ag phosphoric acid or a phosphate.

{3) Insect emergence cages.

(4) Pipeties and other laboratory glassware.

(5) Counting equipmeént.

PROCEDURE

The best way to tag adult mosquitoes is to place the P32 in larval water
and tag the larvae. The larvae absorb the P32 or it is taken up with the food
in the water.

Use any species of mosquito larvae that can be reared in the laboratory.
Place about 100 late third- and early fourth-instar larvae in & shallow pan
of water (0.5 litre). Apply P32 at a rate of 10 uc per litre of water, Mix
the solution in the water, Add artificial food to the water,
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At 24 and 48 h transfer 10 larvae into a beaker of clean water and place
them in an emergence cage. Make counts of radioactivity of both males and
females. Compare counts of the two sexes.

QUESTIONS
{1} Which sex has the greatest radioactivity?

{2} How does the uptake of radioactivity compare in the 24- and 48-h
ireatments?

16. DEMONSTRATION OF FOOD EXCHANGE
AMONG SOCIAL INSECTS

INTRODUCTION

Social insects like ants, bees and termites have a highly developed be~
haviour of social food exchange between the different individuals of the
community, These problems have been studied with radioisotopes. It is
possible to demonstrate this behaviour in laboratory experiments with ants
over a shortperiod. Using ants of different subfamilies, one can demonstrate
differences between these that hitve to be taken into consideration in tracer
field experiments. This experiment requires from 4 to 8 h after all equip-
ment and ants are assembled.

PURPOSE

To demonstrate uptake and distribution of food from ant to ant or caste
to caste,

MATERIALS

{1} Glaes containers, 10 X 10 X 5 em, with covers,

{2) Insect tweezers,

{3) Glass slides and cover glips.

(4) Chloroform or ether.

{5) Honey or sucrose solution (20%).

{6 P22 0.5-1.0 mc in water, with a specific activity of about 0.5-
1 me/ml.

{7) Open—ended glass vials, 12 mm in diameter and 12 mm high, with
covers,

{8) Non-radicactive phosphorus of the same concentration as No.{6).

{9) Vials, bottles, ordinary laboratory glassware, plastic squeeze
bottles,

(10) Radiation—-measuring equipment,
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(11) 500 ants from subfamily Camponotinae and 500 from subfamily
Myrmicinae.

{12} Decontamination solution: 1% sodium phosphate plug small amount
of detergent such as Triton X-100 or Tween 20,

PROCEDURE

Prepare liquid radioactive food for the ants by mixing 2 parts of a 30%
solution of honey in water with 1 part of P32 solution. The specific activity
of the finished food should be 0.5 to 1,0 me/ml,

Put 10-15 specimens of each species into separate jars. Feed the ants
by putting a drop of the prepared radicactive food on coverslips and placing
them in the jars. Record starting time, duration of feeding, and air
temperature.

Since the ants may be contaminated externally with radicactivity they
must be decontaminated before measuring their internal radioactivity. Place
the decontamination fluid in a squeeze bottle. Spray the insects with the
fluid and finally with pure water. Put the ants on layers of goft absorbent
cellulose (Kleenex tissue) and let them run on this material after they have
been decontaminated.

Radioactivity of individual ants can be measured by placing them in indi-
vidual cages. Cages may be made from ¥-in sections of glass or plastic.
tubing. The ends may be closed with Scotch tape. Note and record the
activity of each ant. Small gelatin capsules canalso be used for this purpose.

Individual ants with the highest radioactivity are now used as donors.
Carefilly mark the donors with a colour spot and put each donor in a jar
containing 30 hungry worker ants {(unfed for 2-3 d) of the same species and
from the same colony. Prepare 3 jars of each species.

By the usge of chloroform or ether kiil the ants in one jar after 4 h, those
in another after 20 h, and those in the third after 40 h.

Measure and record the radioactivity of each ant. Group the number
of specimens in each jar in a category of radicactivity, i.e. 0-50, 50-200,
200-500, 500-2000, and over 2000 cpm. Compare food distribution of the
two species on a time basis.

QUESTIONS
(1} What was the length of time required for maximum distribution of

food to be obiained?
{2) Which subfarnily accomplished distribution first?
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17. DEMONSTRATION OF TRANSFER
OF GLANDULAR SECRETION OF ANTS

INTRODUCTION

In addition to the transfer of food from the crop among ants there is
also a transfer of glandular secretions, It is possible to demonstrate this
phencmencn in laboratory experiments by the use of radioactive materials.
The experiment requires several days to complete but involves only % to
1 h of work per day.

PURFPOSE

To prove the transfer of glandular secretion by biological clearing of
the crops of ants,

MATERIALS

(1) Giass container, 10 X 10 X 5 cm, with covers.
{(2) Insect tweezers.
{3) QGlass slides and cover siips.
{4) Chloroform or ether,
{5) Honey or sucroge solution {20%).
(6) P92 0.5-1.0 mc in water, with a specific activity of about 0.5-
1.0 mefml.
(7} Open-ended glass vials, 12 mm in diameter and 12 mm high, with
covers.
(8) Non-radioactive phosphorus of the same concentration as No .(8Y.
(8) Vials, bottles, ordinary laboratory glassware, plastic squeeze
bottles,
{10) Radiation-measuring equipment.
{11) 500 ants from subfamily Camponctinae and 500 from subfamily
Myrmicinae,
{(12) Decontamination solution: 1% sodium phosphate plus small amount
of detergent such as Triton X-100 or Tween 20.

PROCEDURE

Prepare liquid radioactive food for the ants by mixing 2 parts of a 30%
solution of honey in water with 1 part of P32 solution. The specific activity
of the fimished food should be 0.5 to 1.0 me/ml. _

Put 10 to 15 specimens of each species in separate jars. Feed the ants
by putting a drop of the prepared radioactive food on coverslips and placing
them in the jars. When feeding is complete, remove the food and de-
conteminate the ants externally. Put the fluid in a squeeze bottle and spray
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the anis extensively. Finally wash the ants with pure water and allow them
to dry by placing them on layers of soft absorbent cellulose {Kleenex tissues).

Isolate individual radicactive-fed ants.in vials for 48'h. After 48 h allow
the ants to ernpty their crops through repeated regurgitations with hungry
workers from the same nests, Then feed the individually caged ants several
times with non-radioactive food solution that they are permitted to regur—
gitate to feed additional hungry workers, By measuring the receptor workers
for radioactivity, the point at which the crops of the radloactlve fed ants
are emptied can be determined.

After some time, especiaily during the rearing of the sexual brood, the
crops of the fed workers acquire secondary radicactivity. This is due to
secretions from pharyngeal glands that had storad some of the original radio-
activity. Since these glandg haveé no réservoirs and open into thé pharynx,
the secretions are swallowed and stored in the crop that acts as a reservoir
for the pharyngeal glands. By measuring the radioactivity of ants that have
been fed regurgitations at a later period, as well as measuring contents from
dissected crops, the secondary radioactivity can be shown, The secondary
crop content is regurgitated particularly during the early sprlng as special
food for queens and for rearing the sexual brood.

QUESTIONS
(1) What was the length of time required for secondary (pharyngeal

secretion) radioactivity to appear?
{2) Was there any difference in this behaviour between species?

18. CUTICULAR EXCRETION OF P32

INTRODUCTION

This experiment is designed to show that P32 injected inte. anis is ex—
creted through the cuticle. The experiment requires 1 to 3 h of work over
a period of 1 to 2 d. )

PURPOSE

. To show that P is excreted through the cuticle.

MATERIALS

(1) Ordinary laboratory glassware,

(2) &-ml microsyringe capable of delwermg 1 gl through a 27—gauge
hypodermic needle.

(3) P32-labelled phosphate.
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{4} Large ants.
{5) Smaller workers from the same colony as the large ants.
{6) Device for measuring radicactivity.

PROCEDURE

Queens or éxtremely large worker ants are injected with 1 yl of P32—
labelled phosphate. Cement the mouth and anus of each injected ant with
fingernail lacquer to prevent transter of radicactivity by transfer of crop
food or anal secretions.

After 48 h put 10-15 smaller workers in vials containing the injected
specimens. After 1 h begin measuring the radioactivity of the individual
workers.

QUESTION

Could the transfer of cuticular excretions be proved by regurgi—
tations from worker ants who licked and cleaned injected specimens?

19, MEASUREMENT OF BIOLOGICAL HALF LIFE
OF RADIOTRACERS IN INSECTS

INTRODUCTION

Biological half life is the time required for the loss of half the amount
of a substance ingested. It is primarily dependent on the rate of excretion.
The measurement of biclogical half life (T, ). however, cannot be obtained
directly. Whereas for a radiocactive substance it can be computed by
measuring the effective half life (T .} that is the total effective decrease
in the impulse rate of a radicactive substance (in a time unit} due to both
biological and physical decay of the radiosctivity.

This can be expressed

1o 1,1
Test  Tpnyy  Thial

The effective decrease in the activity of a radioactive substance follows
an exponential law, as does the physical and biclogical decrease in impulse
rate. Since the physical half life of a radicactive isotope is known, the bio-
logical half life can be calculated afier having graphically obtajned the ef-
fective half life (T off } from the following formula:

1 Tot X T,
Ty =———— ©OF Tpyq = -
blol =3 1 S Y g

T eff Tnh vt
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PURPOSE

To determine the biclogical half life of P32 and 131 in cockroaches.

MATERIALS

(1) Medicine droppers.

(2) Pipettes,

{3) 3-ml syringe.

(4) P82

(5) I3

{(6) Peiri dishes.

(7) Gelatin capsules to hold cockroaches firmly.
(8] Sucrose solution.

{9) Counting equipment.
{10y Glasas slides.
{11} Ordinary laboratory glassware.
(12) Carbon dioxide for anaesthetizing insects.
(13) Sodium phosphate.

PROCEDURE

Anaesthetize cockroaches with COg and strap on to glass slides with the
dorsum next to the glass, Scotch tape is satisfactory for strapping. As the
cockroaches are recovering from the COg feed them P32 or 1181 in sucrose
solution with a medicine dropper with a fine tip. The insects will readily
imbibe sufficient amounis of the solutions, The specific activity of both pre-
parations should be about 0.5 me/ml., The roaches may become contaminated
externally during the feeding process and must be decontaminated. De-=
contaminate by washing freely first with a 1% solution of sodium phosphate
in water containing a detergent and secondly with pure water. Allow the
insects to dry.

Meagurements of radiation should be taken soon after feeding and re—
peated 2, 24, 48, 72 and 96 h later. Measure P52 with a G-M iube and [}3!
with scintillation counters. Each measurement must be taken under the
same geometrie and physical conditions. Confining cockroaches in a small
gelatine capsule ig a good way to maintain the same geometry for different
measgurements.

Keep cockroaches igolated in Petri dishes. Renew filter paper in the
dishes daily and provide food and water. Excrements also have to he
measured for radioactivity to obtajinvalues for pagsage through the alimentary
canal, Wipe the pronota after 2-3 d with filter paper and measure for cu-
ticular excretion.

Plot results on semilog paper (log cpm against time in days); determine
T. graphically, Calculate Ty, for the different time units,
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QUESTIONS

(1) Are there any differences in the biological half-lives of P32 and J121
solutions?
{2} I there are differences, to what may they be attributed?

20-26. INSECT STERILIZATION BY USE
OF Cof AND CHEMOSTERILANTS

INTRODUCTION

The use of sexually sterile males in insect control is an exceptionally
promising technique for controlling certain destructive pests. Accordingly,
these laboratory exercises are designed to acquaint the student with some
of the basic procedures necessary to initiate these investigations.

These seven experiments require approximately 24 d to complete when
starting with insect eggs. When adult insects of the right stage and age are
ready, approximately 10 d are required with certain manipulations to be done
every day. Any single experiment requires about 10 d t0 complete but not
day-to—day attention. It is essential to organize the programme carefully,
and spend a full 4-h laboratory period each day during the 10-d period if
all experiments are done at one time.

MATERIALS

The materials needed for all seven experiments are given below, but
methods and procedures are given under each experiment,

{1) Housefly and mosquito colonies.

{2) Small cages and all equipment necessary for handling flies.

{3) Cobalt~60 source.

(4) Chemosterilants.

(5} Usual laboratory glassware and other equipment,

(8} Micro applicator. :

(7) Housefly saline: 14.52 g NaCl, 0.36 g KCl, 0.29.g CaCly, 2.5 g
dextrose (all gf1) and 25 mt of 0.04 M phosphate buffer of pH 7.0,

(8) Acetone.

20, RADIATION DOSAGE REQUIRED
TO PRODUCE STERILITY IN THE HOUSE FLY

PURPOSE

This experiment is conducted to determine which dosage of gamma radi-
ation produces 100 per cent sterility in male and female house flies asg
measured by dominant lethals induced in the sperm or eggs produced, and
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also whether infecundity in the females is obtained when the house flies are
irradiated in the pupal stage. One observes whether the females lay eggs
or not, and if they do, whether the eggs hatch.

PROCEDURE

Expose several hundred house fly pupae, between 2 to 3 ¢ old, to each
of the following dosages of radiation in a cobalt-60 source:

500r 1000 r 2000r 3000r 6000r and 9000

Place 100 pupae from each dosage level in emergence cages, Allow the
adulis to emerge and separate the sexes after a period of 12 h, When 3 d
old, place 30 irradiated males from each group in cages containing 25 virgin
females. Also place 25 irradiated females from each group with 30 3-d-old
virgin males. A control cage consists of 30 3—d-old virgin males and 25
3-d-old virgin females. Five additional males are included to ensure that
males will not have to mate twice. Supply the cages with food and water.
Check adult mortality daily. The females are allowed to oviposit for a period
of several hours on the Tth day. Float the eggs from each group. Place
about 300-400 eggs on moist, black cloth in each Petri dish until all the eggs
are plated. Record the number of eggs in each dish. Determine the per cent
hatch after 24 h. To be truly precise, the females should be egged indi-
vidually. This is tedious and the method given above will give reliable data.

After the females are egged, it is important to check them for insemi-
nation as this may alter the results; unmated females will often lay a few
eggs. The procedure is relatively simple: the anaesthetized female is placed
on her back, the abdomen is depressed with a blunt probe and the extruded
ovipogitor is gently pulled off with a jeweller's forceps, In most instances,
the gspermathecae and other reproductive glands remain with the ovipositor.
The severed tissue is then placed in a drop of modified Ringer's solutionl on
a slide, and the spermathecae and ducts are dissected under a 10-15 X magni-
fication. The spermathecae and duect are then placed in another drop of
Ringer's covered with a cover slip and examined with a compound micros-
cope. H the spermathecae are still whole, firm pressure on the cover slip
with the tip of the probe will rupture them and any sperm present can be
easgily seen. Asinall experiments of thistype, a control is run concurrently,
Plot the per cent lethality obtained as reflected in the hatch data against the
dose for both sexes.

' SCHEDULE

Day 1 - a.m. Irradiate the pupae — p.m. Place 100 pupae from each
dogage level into emergence cages.

1 Ririger™s solution: 0.1 g potassium chloride (KC1)
0,0135 g caleium chloride (CaCly)
0.0120 g sodinm bicarbonate (NaHCOs )
0.75 g sodium chloride (NaCl)
Dissolve in sufficient distilled water to make 100 ml of solution.
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Day 2 - a.m. Sex the flies and place in separate cages.

Bay 4 — Set up the mating cages for each group.

Day 7 — Collect and count eggs. Determine insemination rate.
Day 9 - Determine hatch and plot data.

Day 2 through Day 7 — Check adult mortality in each cage.

QUESTIONS

{1} What effect did irradiation have on the females? Explain,

{2} At what dosage was 100% dominant lethality produced in the males?

(3) Was there any effect on longevity at the higher dosages? If so,
explain.

21. EFFECT OF RADIATION ON
SEXUAL COMPETITIVENESS OF MALE HOUSE FLIES

PURPOSE

To determine whether any deleterious effect is produced in the males
by irradiation with 6000 r that would prevent them from being sexually com~
petitive with non-irradiated males.

PROCEDURE

House fly pupae, 65-72 h old, are exposed to a sterilizing dosage level
of 6000 r. Newly emerged adult males and females are isclated before
mating. Irradiated males, mon-irradiated males, and non-irradiated fe-
males at ratios of 1:1:1, 2:1:1, and 5:1:1 are placed in cages containing food
and water and allowed to mate. To determine whether the males are sterile,
a check cross of irradiated males and non-irradiated females is run, and
a crogs of non-irradiated males and females is run conecurrently to establish
a natural sterility base line. The crosses are made as follows:

Irradiated Non-irradiated Non—irradiated

males males females Ratio
- g 5 0:1:1

5 5 5 1:1:1

10 h 5 2:1:1
25 5 5 5:1:1

5 - 5 1:0:1

The females are introduced into the mating cages 24 h after the males.
The adults are allowed to mate and several days later CSMA larval
medinum is placed in the cages and the females allowed to oviposit. All the
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eggs from an individual cage are floated in water and then 100 eggs, ran-
domly selected, are placed on a square of moistened cleth. The cloth is
placed in a Petri dish and 24 h later the percentage of hatch determined. The
eggs from each cage are evaluated in the following manner.

Scheduyle

Day 1 a.m. House fly pupae are irradiated at 6000 r. This will be done by
the instructor.

Day 2 a.m. All flies that emerged overnight are discarded because mating
may have occurred. The irradiated and normal males and females that
emerge in the morning are isclated by the instructor before copulation.
Day 2 p.m. Correct ratios of virgin irradiated and virgin non-~irradiated
males are placed in competitive cageés with adequate food and water. The
females are held for 24 h to allow 21l males to become oriented in the cage.
Day 3 p.m. Introduce the females into the competitive cages.
Day 8 p.m. Collect and count random sample of 100 eggs from each cage.
Day ¢ p.m, Observethe eggs with adissecting scope to determine the number
that have hatched. Calculate the percentage of sterility.
QUESTION
Is a dosage of 6000 r effective for sterilization?
22. THE EFFECT OF A CHEMOSTERILANT ON THE
REPRODUCTIVE POTENTIAL OF THE HOUSE FLY
PURPOSE
To determine the effect of various concentrations of a chemosterilant,
in this case, tepa, on male and female house flies. The insects will be

treated in various ways — topically, by injection or through residues, and
the efficacy of the various treatments will be compared.

PROCEDURE

A, Topical application

Groups of 30 1-d old unmated males and 25 1-d old unmated females
are treated topically by means of a microapplicator at the following concen—
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trations of the chemosterilant tepa in an acetone solution: at 0.1, 0.2, 0.4,
0.6 and 0.8 pg/ul. The control group is treated with the solvent only. Afier
treatment the flies are then placed in holding cages containing food and water,
Twenty—four hours later, 25 virgin females are added to the cages containing
the treated males and 30 unmated males are added to cages containing the
treated females. When the females are 6§ d old, they are allowed to oviposit
over a period of 3 h., The checks for egg hatch and for insemination are
carried out in the same way as described in Experiment 20. Once the data
have been cbtained, plot the per cent lethality as indicated by the haich
versus the concentration of the chemosterilant for both sexes.

B. Ipjection

By means of a micro—applicator the same number of male and female
flies are injected with the chemosterilant tepa dissolved in a modified
Ringer's saline golution at the following concentrations: 0.1, 0.2, 0.4, 0.6
and 0.8 ug/ul. In this case, two controls are used: one in which the males
are injected with the modified saline solution only and the females are also
iniected with a modified saline solution., The rest of the test is carried out
in exactly the same way as in A above,

C. Residue applications

The interiors of pint jars are treated with 5, 10, 25, 50 and 100 mg {i2
of tepa and allowed to stand for 24 h. Groups of flies as described under A
are anaesthetized and placed in Petri dishes and covered with 2 card. When
the flies have recovered from the carbon dioxide treatment, they are aliowed
to ascend into the inverted jars by removing the eard. After an exposure
period of 1 h, the flies are permitted to escape from the jars into holding
cages containing food and water. On the 3rd day, 30 virgin males and 25
virgin females are introduced to the respective treated cages for the crosses.
The rest of the experiment is handled in the same way as in Part A.

QUESTIONS

(1) Compare the percentage of dominant lethals obtained by the dif-
ferent methods of application of the chemosterilant. Explain any
differences observed. Which treatment is the most effective? Why?

(2) What effect does the sex of the {ly have on the resulis of the ireat-
ment? Why?
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23. EFFECT OF A CHEMOSTERILANT ON
SEXUAL COMPETITIVENESS OF MALE HOUSE FLIES

FURPOSE

To determine whether any deleterious effect is produced by the chemo-
sterilant in the males as to affect their sexual competitiveness, thereby
reducing the sterilent impaect of their introduction into 2 natural population,

PROCEDURE

Newly enclosed adult male flies are offered fly food containing 0.25%
tepa for 3 d. The treated males are confined with normal males in ratios
of 1:1, 2:1.and 5:1, Five females are introduced into each of the mating
cages 1 h later. To determine if the males are sterile, a cross of treated
males and normal females is run, Normal males and normal females are
run concurrently to establish a natural sterility base line. Two replications
of each ratio will be set up using the following number of flies:

Sterile o Normald Normal 2
- 5 5
5 - 5
5 5 5
10 5 5
25 5 5

The fliea are allowed to mate and three days later moistened CSMA
larval medium is placed in the cages and females allowed to oviposit. The
eggs from the individual cages are floated in water and 300 eggs selected
randomly are placed on moistened black cloth patches. The following day
the nmumber of eggs that hatched is determined.

Schedule

Day 1 a.m. Instructor prepares treated diet. Tepa is incorporated in the
fly diet as acetone solution, allowed to dry overnight in the hood, then
repulverized.

Day 2 a.m. Instructor sexes flies upon emergence to assure that insects
have not mated.

Day 2 p.m. Students set up cages with treated or untreated food and introduce
sexed flies.

Day 5 p.m. Students remove flies from cages and make proper crosses.
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Day 9 a.m. Instructor initiates egging procedure for competitive tests.

Day 9 p.m. Students collect egge and prepare 100 egg samples from each
test cage.

Day 10 p.m. Studenta checkhatch of eggs collected previous day and calculate
percentage sterility obtained.

QUESTIONS

{1} What is the effect of increasing the ratio of treated males to normal

males?
{2} Is the effect more or less than the theoretical? Explain,

24. EFFECT OF CHEMOSTERILANT ON
SEXUAL COMPETITIVENESS OF MALE MOSQUITOES

PURPOSE-

To determine if male Aedes aegypti mosquitoes sterilized by contact
with a chemosterilant are sexually competitive with non—sterile mosquitoes.

PROCEDURE

One—-day-old adults are confined for 4 h in a tepa~-ireated glass jar. After
exposure, the treated males, normal males, and normal females are con—
fined together in ratioe of 1:;1:1, 2;1:1, and 5:1:1. To determine if the males
are sterile, a cross of treated males and normal females is run, Normal
males and normal females are run concurrently to establish a natural ste~
rility base line. Two replications of each ratio will be get up using the fol-
lowing mumber of mosquitoes:

Bterileo Normal o Normal 8
—— 25 25
25 - 25
25 25 25
50 25 25
125 25 25

The mosquitoes are allowed to mate for 4 d, after which time guinea
pigs are offered to the females for blood feeding, The guinea pigs are placed
in the mosquito cage for 1 h. Two days later pint jars, lined with blotting
paper and containing 250 ml of tap water, are placed inside the cages for
ovipogition. One week later thé jars are removed and samples of at least
300 egge are cut from the paper, flooded, and the hatching rate determined.
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Schedule

Because the experiment is of such a prolonged nature, the instructor
will perform the initial phases at the laboratory.

Day 1 a.m, Instrucior sets eggs in order to obtain adults of the proper age.

Day 8 and 9 a.m. Instructor separates pupae from larvae and later sexes
newly emerged adulis, to ensure that all test insects have not mated.

Day 10 a.m, Instructor exposes virgin adults to tepa-treated jars for 4 h,
Day 10 p, m. Instructor makes neceggary mating crosses.

Day 14 a.m, Students feed the mosquitoes on a guinea pig since a blood meal
i necessary for oviposition,

Day 16 p.m. Students egg the mosquitces.

Day 23 p.m. Students collect egg samples and checkhatching rate.

QUESTIONS

(1) What is the effect of increasing the ratio of {reated males to normal
males?

{2} How does this effect compare with the results obtained in Experi-
ment 23 with house flieg?

25. EFFECT OF STERILIZING TREATMENTS ON
REPRODUCTIVE FUNCTIONS OF THE HOUSE FLY

PURPOSE

Often it becomes necesgsary to determine whether a female has become
inseminated, to determine the insemination rate of a sterile male compared
with a normal insect, and to determine whether the sperm from a sterilizedmale
remains motile in the female, This information can be derived by conducting
the simple experiment described below.

PROCEDURE

The female house fly is anaesthetized with carbon dioxide. It is then
immobilized by placing the dorsum on a strip of masking tape fastened on a
card. The abdomen is depressed with a blunt probe and the extruded ovi-
pogitor is slowly pulled off with jeweller's forceps. In most ingtances, the
spermathecae and other reproductive glands remain with the ovipositor.
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The severed tissue is then placed in modified Ringer's solution? on a
depression slide, and the spermathecae and ducts are dissected from the
adjoining tissue under 10 to 15 X magnification. The spermathecae and ducts
are then placed in a drop of Ringert's solution on a slide, covered with a cover
slip, and examined with a2 compound microscope. If the spermathecae are
5till whole, firm pressure:.on the cover slip with the tip of a probe wiil
rupture them and any sperm present will be readity visible in the ruptured
area, .

This experlment is partmularly useful in determlmng the number of
fémales inseminated in a wild population as well as in determining the
number of times a male iz capable of inseminating a female,

26. EFFECT OF STERILIZING TREATMENTS ON
CHROMOSOMES OF THE HOUSE FLY

PURPOSE

A simple technique has been developed whereby consistently good
chromosome preparations from gonads of adult female house flies can be
cbtained to deterrnine whether the irradiation or chemosterilant has pro—-
duced any effect on the chromosomes,

PBOCEDURE

{1) Tzssue isg dissected out and Placed in 1 0% hypof;omc solutmn of
sodium c¢itrate for 10 min.
{2) Tissue is soaked in modified Carnoy's fixative for 5 min,
{3) Tissue is briefly washed in 45% glacial acetie acid,
(4) Tissue is placed in.a drop of 46% glaeial acetic acid on a glass slide.
{5} Tissue is covered with a siliconized cover slip and a piece of filter -
paper.
(6} Gentle pressure is applied to filter paper to sqguash tissue and then -
cover slip is gently tapped.
(?) The slideis placed on dry ice for 30° min,
- -{8) - The cover slip is removed with chilled razor blade. -
- {9) Blide is immersed in 85% ethyl alcohol in a coplin jar for 5 min, ---
{10) -A drop of Gurr's Natural Orcein and fast green stain is placed on-
the tissue while the slide is stil damp. - .
{11) Tiesue is covered with a siliconized cover slip.
(12) Excess stain is removed with filter paper.

C ot Ktngez's sotutfon: 0,1 g potamium chloride (KCD
- : 0.0135 g calcium ehlotide (Ca Cly)
- - 0.0120 g vodium bicarbonate (NaHGOs)
-75' ¢ sedium chleride (NaGl) . -, . ' '
Djmolve in su.t’f'mmt distjlled watey o make 100 ml of solution, | : .
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{13} Mount ie now jemporary but will iast for months if cover Sllp is
ringed with warm balsam-paraffin.
To make the slide permanent, ignore step No.13 and proceed to step No. 14,
(14} Slide is piaced on dry ice again for 1 to 8 h.
{(13) Cover slip is removed with a chilled razor blade.
(16) Slide is bathed in 95% ethyl alcohol for 5 min and excess alcohol
allowed to drain.
{17) Slide is transferred to absolute ethyl alcoliol for 1 min and excess
aleohol allowed to drain,
{18) A drop of euparal is placed on the tissue.
{19). A non-siliconized cover klip is applied to the tlssue and the excess
: * euparal is absorbed with filter' paper.
' (207 Mount is allowed to dry for 24 h before use.

27. TAGGING ADULT HOUSE FLIES FOR ESTIMATING _
POPULATION DENSITY BY THE ISOTOPE DII_.UTIQN METHOD

INTRODUCTION

' Estimations ‘of ingect populations ini certain dreag are importdnt since
they allow exact planning of activities for insect control, ecological studies,
ete, Tagging large numbers of individual flies with 2 radioactive tracer and
employing a marking-recapture method for- estimating density is a method
by which many problems can be solved. '~ *

PURPOSE

[ T - c S . "

Instead of a field experiment that requires much preparation and field
work, -this experiment uges larfge numbers of insects and special equipment
for training in these technignes by simulated- field -experiments ander
laboratory conditions., Adult house flies are convenient to use hecause they
enaure a good mixture of tagged and untagged insects through their activity.

MATERIALS B -

{1) Cage for holding 500 house f11es, -

{2) Large cubical fly cage (about 3 f1 X3 fi X 3 ft)

(3) About 500 newly hatched adult house.flies of mixed sexes, unfed,
with water supply. Count the flies to determine the exact number,

{4y Two days later, aboiut 500 newly hatched house flies of mixed sexes
but do not count the exact number. - S "

{5) Milk and sucrose solution.

{6) About 1 mec of P32 as sodium phosphate,

{7} Tweezers. e et

{8) Waxed cardboard cups. U L
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(9) Filter paper.
{10} Small fly traps.

PROCEDURE

1. Tagging the house flies

An exact known rumber of house flies (500) are provided in the smali
cage (filter paper on the bottom) with radicactive food. Milk, sugar solution
and P32 {total amount circa 25 mi) are well mixed in the cardboard cup, and
small pieces of styrofoam are placed in the feeding solution to prevent the
insecte from drowning.

After consumption of the feeding solution, add inactive milk or sugar
solution to the remainder of the radioactivity. Thus more P is available
to the flies.

Check after 24 h some captured individuals under the scaler for cpm.

Take out of the cage the radicactive—contaminated feeding cup, the filter-
paper that might have been comtaminated by excrement, ete., of the flies.
This has to be done fo prevent contamination of the unknown population.

2. Release of the labelled individuals in
& population of unknown density

The small cage is Introduced totally Into the big one containing about
500 newly hatched flies, Check for dead flies, take these out and subtract
their number, fogether with the flies that have been taken out for informal
measurements, from the number of individual tagged flies.

Cut with scissors several openings in the cloth of the small cage. Be
gure ithat there is a thorough mixture of the tagged and untagged flies.

3. Recaptures and measurements

The first recaptured samples should be takenusing iraps or a mechanical
agpirator or by hand after 4-5 h, about 200 specimens being in each sample,
Check individually for radioactivity.

Final recapture gamples (2 X 200 specimens) should be taken after 72 h;
check individually for radioactivity.

4, Calculstions of population density

Density is calculated using the formula of Bailey (on estimating the size
of mobile populations from recapture data)? as follows:

* piomerrila 38 (1951) 293.
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n- Ty

t+1

N = total number ih the whole population

T = the number of introduced tagged individuals
n

t

the number of recaptured specimens c o

the number of marked individuals in the recapturé sample,

(In calculations of the final recapture remembér to.subiract frora T the
number of recaptured marked individuale of the first recapture Y

Variance has to be calculated as follows:

g n-t - -
V=N The -

§. Final examination of the method

To obtain an idea of how to use the method, count by hand the population
remaining in the cage (after }ullz.ng with chlox‘oz‘orm} Add riummber of re~
capture samples. o

QUESTIONS
(1) ‘What are some'limiting factors in this technique? '

(2) What are some advantages of this technique over other marking
techniques? o

(3) What was the maximum variation between replicates?

28., EFFECT OF ANOXIA ON ..
RADIATION STERILIZATION OF INSECTS

INTRODUCTION
Inadequate supplles of oxygen during r-a.dmtzon ster:.].lzatlon of 1nsects
frequently result in incomplete sterilization and unpredictably erratic sterili-
zation, Amoxia can occur as a result of overcrowding in air-tight containers
for relatively long periods of time. When the condition of anoxia cccurs
cell division in proliferating tissues slows down.or comes to a halt,:a.cen—
dition which tends to nullify the sterilizing effects of radiation. - - --

.

PURPOSE.. . - . : o

The purpose of this experiment ie to show that insects in the state of
anoxia require larger dosages of gamma radiation to cause sterility than
insects with an adequate supply of oxygen.
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MATERIALS

{1} House fly pupae, one day from emergence {7500).
{2) Gas-tight containers (canisters, smmall jars, plastic bags).
{3) Cylinders of carbon dioxide, nitrogen and oxygen.
{4} Cages (15).
{5} Adult fly food and water.
(6} Petri dishes. {15).
{7} Filter paper same sgize as Petri dishes,
{8) Three binocular microscopes.
{(9) Three lengths of rubber tubing for gas.

{10y Plastic bags.

{11} Pressure-reducing valves.

PROCEDURE

Divide the class into three groups, one group for each gas. Divide the
fly pupae into 15 lote, Work with one gas at a time, Put fly pupae in un-
sealed gas-tight containers and put containers in plastic bag. Fill bag with
gas (5 litres/min for 5 min, and then 1 litre/min for 25 min). Remove gas
hose and close bag opening., Place lids on gas—tight containers without dis-
tarbing the gas concentration, and irradiate each of the five lots within a
group at 1000, 2000, 3000, 4000 and 5000 r respectively, as follows:

CLASS
Group 1 Group 2 Group 3
Lot Irradiation Lot Irradiation Lot Irradiation
(pupae) {r} (pupae) (r) (pupae} (r)
1 1000 1 1000 1 1000
2 2000 2 2000 2 2000
3 3000 . 3 3000 3 3000
4 4000 4 4000 4 4000
5 5000 5 5000 8 5000

After irradiation place pupae in cages with food and water and a properly
prepared label, gtating gas used and radiation dose.

Five days after irradiation the emerged flies should be egged. Place
the eggs on molst filter paper in Petri dishes and label. Twenty—four hours
after incubation count the hatched and unhatched eggs and determine the per~
centage of hatch.
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QUESTIONS

{1) Was the dosage response linear or exponential with each of the
various gasesa?

(2) Which gas caused the greatest depression of fertility? And which
gas caused the least?

{3} What are some ways to prevent anoxia when large numbers of
insects are being irradiated?

29, AUTORADIOGRAPHY

INTRODUCTION

Photographic emulsions are acted upon by radiation in a manner similar
to light and form a similar latent image. Jonizing radiation interacts with
the photographic emulsion to provide electrons leading to the reduction of
silver halides to metallic silver, which acts as a catalyst for further re—
duction of silver halides in its immediate vicinity during development.

In autoradiography the tissue section chromatograph or other biclogical
sample containing a radioactive substance is placed in close contact with a
photographic emulsion, After a given period of exposure the film is
developed, and the precise location of radioactivity in the sample may be
determined by the darkening pattern on the film.

PURPOSE

The purpose of this experiment is to study autoradiography as an entormo-
logical technique.

MATERIALS.

{1} A water-soluble compound containing a beta-emitting isotope
(H; P20, preferred).

{2) Two lots of about 500 adult house flies that have been starved for
10-12 h.

{3) Sucrose golution (about 10%).

{4) X-ray sensitive film (Eastman, no-screenj.

{5) Glassware.

(6) Cages.

{7 Cellulose tape,

(8) Glass plates the same size as X-ray film or slightly larger.

{9Y Forceps,
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PROCEDURE

. Add the labelied compound to the sucrose solution in amount to give
108 cpm/mil. (Approximately 1 ml for each batch of 100 flies will be

required.)

Place radioactive food in cages for 1 h. Af the end of the exposure
period remove the food from both cages. Kill the flies in one cage by freezing
and place 10% gucrose in the other cage.

Place 8 lois each containing 25 flies dorsum down on the sticky surface
of the cellnlose tape, Arrange the flies so that they will contact the X-ray
sengitive film, Tape the flies sternum down to the film. Place glass plate
on flies to assure good contact. Do not move film or glass plate.

At the end of 1, 3, 6 and 24 h remove two lots of flies from contact with
the X-ray film. Develop film as convenient.

Kill second lot of flies 24 h after exposure;, and repeat the exposure
technique as above,

QUESTIONS

{1} Which exposure peflbd ‘gave the clearest resolution? i

{2) Was the darkemng of the film linear or expenentlal with respect to
time?

{3) Had the flies fed uniformly? _ _

{4) Did the flies killed 24 h after feeding on radioactive food have as
much radivactivity as those killed immediately? Why? ‘Which lot
had the best distribution of radioactivity?
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