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FOREWORD 

The use of nuclear techniques, and in particular radioisotopes, is a vital 
part of pesticide research. Information on the metabolism or fate of pesticides 
in plants, animals, soil, water and non-target organisms is an essential part of 
the registration process for pesticides throughout the world. Radiolabeled 
pesticides are used extensively to obtain metabolism data to support registra-
tion application. Radiolabeled pesticides are frequently used in studies 
involving improved formulations of pesticides, to assist in developing standard 
residue analytical methodology including extraction and clean-up procedures, 
and in fundamental mode of action studies. 

This Manual is designed to give the scientist involved in pesticide research 
the basic terms and principles for understanding ionizing radiation: detection 
and measurement, its hazards, and some of the more common applications. 
Basic laboratory exercises are included. 

The applied part of the Manual contains a series of laboratory exercises 
which demonstrate the use of radioisotopes in pesticide research. The labora-
tory exercises are not all inclusive but do represent the types of experiments 
that are valuable in pesticide research programmes. 

The FAO and IAEA express gratitude to Dr. D.L. Bull, Agricultural 
Research Service, US Department of Agriculture, College Station, Texas, who 
wrote most of the applied laboratory exercises and several of the basic labora-
tory exercises. In addition, Dr. Bull critically reviewed the entire final draft of 
the Manual and assembled it into its present form. Dr. F.P.W. Winteringham, 
retired FAO Staff member of the Joint FAO/IAEA Division, and Dr. C.S. Helling, 
Agricultural Research Service, US Department of Agriculture, Beltsville, 
Maryland, also contributed to the Training Manual. A number of other 
scientists suggested specific ideas for various exercises contained within the 
Training Manual. 
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PART I. GENERAL INTRODUCTION 
TO EXPERIMENTAL WORK 

WITH ISOTOPES AND RADIATION 



SOME BASIC SYMBOLS AND UNITS 
FREQUENTLY USED IN THIS MANUAL 

Symbol 

Z 

A 

Ar 

M, MC a, M C a S o 4 

Na 

X 

t 

T 

C 

R (= C/T) 

Rb 

Rs 

e 

A* 

A 

S 

biol 

Description 

atomic number, i.e. proton number 

mass number 

relative atomic mass 

gram-atomic or gram-molecular 
mass 

Avogadro's constant (number) 

radioactive half-life 

radioactive decay constant 

time in general 

counting time (duration of ) 

accumulated counts in time T 

count-rate including background 
or blank 

count-rate of background or blank 

count-rate of sample 

counting efficiency = counting yield 

activity 

specific activity of a radioisotope 

or atoms % excess of stable isotope 

amount of tracee (substance 
being traced) 

biological half-life (physiological 
elimination) 

Dimensions and/or units 

unified atomic mass units (u) 

grams (g) 

NA =6.022X 10" mol'1 

time, e.g. years (a), days (d), 
hours (h), minutes (min), 
seconds (s) 

inverse time, i.e. s"1 

time, i.e. s 

time, i.e. s 

counts 

counts per second (counts/s) 

counts per second (counts/s) 

counts per second (counts/s) 

counts per 100 distintegrations 

becquerels (Bq), curies (Ci) 
(becquerels = disintegrations 
per second) 

activity per gram or mole 
(e.g. kBq/g, TBq/mol, mCi/g, etc.) 

mass (i.e. grams) or moles 

time, e.g. s 

effective half-life (including effects 
of physiological elimination and 
radioactive decay) 

time, e.g.. s 



PART I. GENERAL INTRODUCTION 
TO EXPERIMENTAL WORK 

WITH ISOTOPES AND RADIATION 

This part of the Manual is intended to refresh the reader's memory of 
various aspects of atomic physics and radiation measurements — those aspects 
that are basic to carrying out the experimental studies that form the subject 
of the Manual. In addition, the reader is given information on safety measures 
to be considered when working with low-activity radioactive materials both in 
the laboratory and in the field. An introduction to tracer methodology is followed 
by a discussion of certain specific techniques which, it is felt, will be of value to 
the reader in future practical studies. 

1-1. PROPERTIES OF RADIONUCLIDES AND RADIATIONS 

I—1.1. Atomic model. Radioactivity 

An atom is composed of a positively charged nucleus surrounded by shells 
of negatively charged (orbital) electrons.1 The nucleus contains protons and 
neutrons as its major components of mass. A proton carries a positive 
(elementary) charge, and a neutron has no charge. The nucleus has a diameter 
of the order of 10~ 1 4 m and contains almost the entire mass of the atom. 
The atom, including the.orbital electrons, has a diameter of the order of 
(10~ 1 0 m). 

The number of protons, Z, in the nucleus, which is characteristic of a 
chemical element, is called the atomic number (proton number). The atomic 
nuclei of a particular element may, however, not all have the same neutron 
number, N. Atoms that have the same Z, but different numbers of neutrons, 
are called isotopes (of the chemical element corresponding to Z) because they 
occupy the same place in the periodic chart of the elements. 

As the neutrons and protons represent the major part of the mass of the 
atom and each has an atomic 'weight', i.e. an atomic mass2, close to unity, the 

1 Many of the basic terms are included in a glossary for easy reference (Part VII). 
2 The unified atomic mass unit (abbreviation u) is defined as exactly 1/12 the mass 

of the nuclide l2C: 1 u = 1.66053 X 10"27 kg approximately [ 1 ]. 

3 
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mass number, A, which is equal to the sum of protons and neutrons," is the. 
nearest whole number to the relative atomic mass, A r - Thus: 

Z 4- N = A — A r in unified atomic mass units (see footnote 2) 

Nuclides (any species of nuclei) are described symbolically by the designation: 

2El or A E1 or element-A (for example jgFe or 5 9 Fe or iron-59) 

where El represents the chemical symbol for the element. 
The nuclei of some nuclides are not stable. One by one they disintegrate 

spontaneously, each nuclide at a characteristic rate, and they are called 'radio-
active'. In nature a number of unstable nuclides are known, and nowadays 
radioactive isotopes of nearly every element are produced artificially 
(e.g. in atomic reactors and by particle accelerators). The disintegration of 
radioactive nuclei is accompanied by the emission of various kinds of ionizing 
radiation. Radioactive nuclides are termed radionuclides, and other similar 
abbreviations are used (i.e. radioactive isotope -*• radioisotope, etc.). 

Radioactive nuclei, upon disintegration, may emit alpha (a) or beta (j3) 
particles as well as gamma (7) rays. Alpha particles are fast-moving helium 
nuclei (jHe), i.e. a combination of two protons and two neutrons. Beta 
particles are fast-moving electrons of either negative (/3") or positive (0 + ) 
charge. Gamma rays are electromagnetic energy packets (photons) of very 
short wavelength compared with that of visible light, but travelling at the 
characteristic speed of light. 

Natural isotopes of elements with low Z-numbers (except ordinary 
hydrogen) have approximately the same number of neutrons as protons in their 
nuclei (N = Z), and they are usually stable. As the atomic number of the 
element increases, the number of neutrons increasingly exceeds the number of 
protons with stability being maintained, but finally only unstable nuclei occur 
(above Z = 83, bismuth). Thus, the majority of radioisotopes in nature are 
found for elements of high Z-number with a neutron-to-proton ratio of the 
order of I5 :1. The emission of alpha particles is characteristic of these heavy, 
unstable elements. The alpha particle is a very stable nuclear form which is 
ejected as a single particle from the nucleus of the heavy atom when it 
disintegrates. An example of alpha decay is given by the following nuclear 
reaction: 

28286Ra -> jHe + 2 HRh + Q(energy) 

For Z less than 83 there appears to be a more or less well-defined optimum 
N: Z ratio for the stability of each element. When the number of neutrons in 
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the nucleus is excessive, the N-number tends to decrease by ejection of a 
negative beta particle (negatron) and a neutrino3 from the nucleus. This beta 
particle accompanies the transformation of a neutron into a proton: 

n -»• p + + /T + v (see footnote 3) 

An example is: 

ffNa->-?e+ ftMg + v 

An excess of protons in a nucleus may be counteracted by the ejection of a 
positron, i.e. a positive beta particle (regarding the definition of the energy 
unit MeV, see §1—1.5): 

1.02 MeV + p + -» n + + u 

An example is: 

30Zn ?e + | |Cu + v 
Here, 1.02 MeV (1.63 X 10~ 1 3 J) is the minimum energy required for j3+-emission 
and is equivalent to the rest mass of a positron plus an electron. An excess of 
protons in the nucleus may alternatively be reduced by the nucleus capturing 
one of its own orbital electrons, a process known as electron capture (EC) or 
K-capture since the electron is captured from the innermost or K-shell of 
orbital electrons: 

p + + e~ n + v 

An example is: 
IfSr +_?e fvRb + v 

EC is accompanied by the emission of a characteristic X-ray, most frequently 
representing the energy difference between an L and a K-shell electron in the 
element formed (a 'hole' in the K-shell being filled by an L-electron). 

After the ejection of an alpha or beta particle, or after EC, the energy 
level of the daughter nucleus may not be at its ground state. The excess 
energy of a nucleus thus excited is emitted in the form of one or more gamma 
photons. 

A neutrino (v) possesses energy, but no charge and practically no mass, and will 
therefore not be detected by any of the instruments used in isotopic tracer techniques. 
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The excited nucleus may, however, interact with an orbital electron in the 
decaying atom, whereby the electron is expelled from the atom at a given 
velocity and the expected gamma photon is not emitted. This process results 
in the combined emission of a fast electron and a characteristic X-ray, and is 
known as internal conversion (IC). The X-ray photon may in turn undergo 
IC, producing a so-called Auger electron. 

In some instances, two alternative modes of decay of the nucleus may 
occur. An example is seen for potassium-40 decay: 

{UK -»• _?e + joCa (/T decay, 89% of disintegrations) 

?gK + JJe Ar (EC, 11% of disintegrations) 

In the case of the EC mode a gamma photon is also emitted. 

Another example is 
3oZn -> + je + 29Cu (/3+ decay, 1.5% of disintegrations) 

3oZn + t«Cu (EC, 98.5%, of disintegrations) 

In this case, in 45.5% of disintegrations EC is followed by the emission of a 
gamma photon. 

A large nucleus such as 2 3 S U , either spontaneously or when it captures a 
neutron, will divide into two parts of approximately equal masses. This process 
is called fission and is accompanied by the release of neutrons. The primary 
fission products are unstable (excessive N), and each forms a series of radio-
active daughter nuclides terminating with a naturally occurring stable nuclide. 

An example is: 
2 ^U + J n ^ K r + »SSBa + 2jn 

Summarizing, radionuclides will emit particles and/or electromagnetic 
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 

/T-particle High-speed electron from the nucleus, negatively charged 
(3+-particle High-speed positron from the nucleus, positively charged 
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7-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 

IC electron Electron emitted as a result of the interaction between a 
7-ray and a valence electron 

Neutron Particle with no charge and a mass close to that of a 
proton. 

1—1.2. The equation of Einstein 

In almost every atomic or nuclear reaction a small quantity of mass is 
transformed to energy or vice versa. An example of the energy, Q, involved in 
an alpha decay is given as follows: 

2g|Ra -*• jHe + 2g$Rn + Q 
The Q of a nuclear reaction is related to the decrease in atomic mass in 

accordance with the general equation of Einstein: 

E = m c 2 

where E = energy release (in the above case Q); 
m = mass decrease; 
c = speed of light. 

Alternatively, Einstein's equation may be expressed either as: 

E = 931m 
where E = energy release in mega-electronvolts (MeV), 

m = mass decrease in unified atomic mass units, 

or as 

E= 5810m 

where E = energy release in attojoules (aJ = 10 "18 J). 
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1—1.3. Radioactive decay law. Specific activity 

The decay of radioactive atoms is comprised of individual random 
(unpredictable) events. However, if a sample contains a sufficiently large number 
of atoms of a radionuclide, their average statistical behaviour can be described 
by a precise law. The radioactive decay law is developed as follows: 

Let N be the number of radioactive atoms of a given radionuclide present 
at any time t. The change in N per unit time at any moment, dN/dt, is pro-
portional to the number of atoms present at that moment, or: 

dN = kN = — AN (1-1) dt 
where X is (numerically) the proportionality constant, termed the decay 
constant. The negative sign is used because the number N decreases with time 
and X is chosen to be positive. 

Rearranging Eq.(I—1) to solve for X: 

1 dN X = (1-2) N dt ' ^ 

Thus, the decay constant is the fraction of radioactive atoms decaying per unit 
time at any moment. 

Equation (I—1) may be integrated4 to give: 

N = N 0 e " X t (1-3) 
where N 0 is the number present at any starting time (t = 0), and N is the number 
remaining after a period of time t. (e is the base of natural logarithms and 
equal to 2.71828.. .) 

It can be seen from Eq.(I—3) that the decay of radioactive atoms is 
exponential with time. Also, the time for N 0 to be reduced to half its initial 
value is a constant, as shown below, independent of N 0 and t. 

Let N 0 be reduced to | N 0 in a period of time (t = Tp termed the half-life. 
Then, from Eq.(l—3): 

5N 0 = N 0 e - X T i ( 1 -4 ) 

4 The steps in this procedure are given in Part VI, Appendix VJ-5. 
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Hence: 
± = e" X T ^ or e X 1 > = 2 (1-5) 1 

Thus, taking the natural logarithm of both sides: 

XTi = In 2 = 0.693 (1-6) 

Therefore, since X is a constant characteristic of a given radionuclide, the same 
is true of T .̂ The dimension of T^ is given in time units, whereas the decay 
constant is indicated in reciprocal time units. 

Since the rate of decay, -dN/dt, is termed the radioactivity or, simply, 
activity, A*, of the sample, then according to Eq.(I-1): 

A*=XN (Rutherford's equation) (1-7) 

From Eq.(I—3), one therefore obtains: 

A* = A* e~ X t (1-8) 

Substituting X = (In 2)/T^ from Eq.(I-6) into Eq.(I-8), the following 
alternative equation is obtained: 

A* = AS ( ^ (I—8a) 

The half-life of a radionuclide may be determined graphically by plotting 
the disintegration rate (or a constant fraction thereof, as determined by a 
suitable counting instrument) versus time on log-linear graph paper. Referring 
to Eq.(I—8a), if the common logarithm (logarithm to the base 10) is taken on 
both sides, the result is: 

* * log 2 log A* = log At ~ - d r - t (I—8b) 11 5 

Therefore, a plot of A* (or count-rate) on the log co-ordinate versus time 
on the linear co-ordinate will be a down-grade straight line with a numerical 
slope of 0.301/T^. This is graphically illustrated in Fig.I-1. Ti can be 
calculated, for example, as one third of the time it takes for A* to fall to f A*. 

The special-unit of activity (radioactivity) has for many years been the 
curie (abbreviated Ci). This was originally defined as the radioactivity associated 
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A ON LOG SCALE 

1 A* 
2 o 

1 A* 

1 A* 
8 t ON LINEAR SCALE 

FIG.I-1. Decay curve of a single radionuclide (log-linear plot). 

with the quantity of radon in equilibrium with 1 g of radium (1910). The 
formal definition agreed in 1964, when the curie was accepted for use with 
the International System (SI), was: 

1 Ci = 3.7 X 10 1 0 disintegrations per second 
= 3.7 X 10 1 0 s"1 (exactly) 

Since 1976) a new unit of activity, the becquerel (Bq), has been defined as a 
derived unit of the SI: 

1 Bq = 1 disintegration per second 
= 1 s"1 

Hence 

1 Ci = 3.7 X 10'° Bq = 37 GBq (exactly) 
1 Bq = 27.027 pCi = 27.03 pCi 

The old special unit, the curie, is to be phased out in the next few years. The 
following list will assist in obtaining a feel for the interrelationship. 
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106 Ci 1 MCi 37 PBq = 3.7 X 1016 Bq 
103 Ci 1 kCi 37 TBq = 3.7 X 1013 Bq 
10° Ci 1 Ci 37 GBq = 3.7 X 1010 Bq 
10"3 Ci 1 mCi 37 MBq = 3.7 X 107 Bq 
10"6 Ci 1 nCi 37 kBq = 3.7 X 104 Bq 
~2.7 X 10~" Ci = ~ 27 pCi = 1 Bq = 10° Bq 

10 -12 Ci 1 pCi 37 mBq = 3.7 X 10~2 Bq 

In practice, a radionuclide will often be accompanied by variable quantities 
of one or more stable isotopes of that element. The stable form is called the 
carrier. Specific activity, A, is the term used to describe the ratio of radioactive 
atoms to carrier atoms. The specific activity is defined in general as the activity 
o f a particular radionuclide per unit mass of its element or compound. Common 
units of specific activity are microcuries per gram of substance (i.e. kilo-
beequerels per gram of substance).5 

The absolute (carrier-free) specific activity, A, ofa (carrier-free) radionuclide, 
i.e. the special case in which all atoms of the element present are of the same 
radioisotope, can be obtained from Rutherford's equation (Eq.(I—7)) by 
substituting N A , Avog"adro's constant 6, for N, the number of atoms: 

A0 = XN A (1-9) 

If X, the decay constant, is in reciprocal seconds ( s - 1 ) , is obtained directly 
in becquerels (i.e. disintegrations per second) per mole, or in curies per mole 
after dividing by the curie-to-becquerel conversion factor: 

ANA A0 (Bq/mol) = XN A or A0 (Ci/mol) = ^ ? x * Q l 0 (I-10a) 

The carrier-free specific activity per gram is obtained by dividing the appropriate 
form by the gram atomic mass of the radioisotope, M: 

XNA XNA - 4 o ( B q / g ) = — or ^ . ( C i / g ) = ( 3 - 7 x l o l 0 ) M d - l O b ) 

5 Counts per second per gram are also frequently used in experimental work. 
6 Avogadro's constant (or number), N A , is the number of atoms or molecules per mole 

of substance: NA = 6.022 X 10 2 3 mor ' . 



12 PART I. GENERAL INTRODUCTION 

It is worth bearing in mind that, from Eq.(I—6), X can be obtained from the 
half-life (expressed in seconds): 

w . In 2 0.693 
x (s ) = ~ = CI— I D 

T i T i 

An example of the production of radioisotopes that are carrier-free will 
be given in § 1—1.6.4. 

1—1.4. Principles of radiocarbon dating 

The method of radiocarbon dating, originally suggested by Libby, is based 
on two assumptions. The one is that, when living matter dies, the carbon atoms 
contained in the dead material do not exchange with carbon atoms (e.g. in C 0 2 ) 
outside the material. The other is that the specific activity of 1 4 C in nature 
has been in a steady state and has thus remained at an essentially constant 
value for many thousands of years (up to the detonation of nuclear weapons). 

Carbon-14 is continually produced in the upper atmosphere by the effect 
of cosmic rays on 1 4 N. Carbon-14 (frequently termed radiocarbon) is con-
verted to C 0 2 and enters the biosphere. On the other hand, l 4 C is continually 
decaying radioactively with a half-life of about 5700 years. The steady-state 
specific activity, A 0 , has been determined to be approximately 0.25 Bq per 
gram of carbon. 

Hence, for example, a tree that died t years ago had at: that time.(t = 0) 
a specific activity of 1 4 C equal to A0. If a piece of wood from that tree is 
found today (t years later) and the remaining specific activity, A, is determined 
by a special counter, then t can be calculated from the decay equation: 

A =A0(L2)t'Tk (1-12) 

For instance, if the value of A is found to be 0.063 Bq/g, i.e. disintegrations 
per second per gram, then the specimen is dated as being about 11 thousand 
years old (i.e. 2Tjp. 

1—1.5. The energy of radiations 

The energy unit most commonly used with regard to radiation is the 
electronvolt (eV). This is equivalent to the kinetic energy acquired by an 
electron (or any other singly charged particle) accelerated through a potential 
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32 P (I4d ) 

1.7 MeV 

52, 

l 37Cs (30 a ) 1.17 MeV 
92 % \ B ~ 

_ \ 137 Ba"1 (2.56 min)0.66 

IT <(10% I C ) 

137, 

1 3 N (lOmin) 

100 °/o -rO.18 

i 3 r 

-1.20 MeV 

6 0Co (5.26 a ) 2.81 MeV 

5 5 F e (2.6a ) 
0.22 MeV 

100°/o E C / ( 7 5 ° / o X -ray conversion 
c c / to Auge r e lectrons) 
5 5 M o ' 

2̂ Na (2.6 a) -2.84 MeV 

FIG.1-2. Decay schemes showing characteristic radiations and energies of six radionuclides.^cS'^ ^j2-) 
IT = Isomeric transition .(^D if fere n t types of the same nucleus are called isomers 
IC = Internal conversion of gamma photon. 
EC = Electron capture (K-capture). 

difference of one volt in a vacuum. This unit is used with SI and has been 
determined experimentally to be: 

1 eV= 1.602 19 X 10" 1 9 J (approximately) 
A commonly used multiple is mega-electronvolts (10 6 eV = 1 MeV). 

1 MeV s 1.6 X 10" 1 3 J 
The kinetic energies of the particles and photons emitted by radionuclides 

have characteristic values. The energies of alpha particles,characteristic . f 6 <\.\xjiA'\ 
gamma and X-ray photons are constant or discretef'The energies of beta ' ^owpfi-
particles ejected by a given radionuclide vary, however, from zero up to a 
certain maximum energy (Em a x ) that is available to the beta particles. This is < 
because a variable part of E m a x is carried away by a neutrino in every beta 
particle decay. Neutrinos cannot be detected by ordinary methods as they 
have no charge and essentially no mass. As a consequence, the beta particles 
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show a continuous spectrum of energies from zero to E m a x . The beta energies 
given in a table or chart of nuclides are E m a x -values . The average beta-
particle energy is usually about one-third of E m a x . Internal conversion 
electrons, on the other hand, are monoenergetic. 

The characteristic radiations and energies for a given radionuclide are 
often shown in the form of a decay scheme. Examples of the decay schemes 
of six radionuclides are shown in Fig.I—2. 

1—1.6. Interaction of radiation with matter 

1—1.6.1. Alpha particles 

The alpha particles ejected from any particular radionuclide are mono-
energetic. Their initial kinetic energies are of the order of several MeV and, 
since ionization potentials and bond energies are in the range 1 — 12 eV, the 
alpha particles are capable of causing many ionizations as well as electronic 
excitations of the atoms or molecules along their path. Ionization is complete 
removal of the valence electron, and excitation is raising electrons to higher 
energy levels in their orbits. Since the valence electron participates in any 
chemical bond of the atom, ionization destroys the integrity of that bond. 
The term specific ionization (SI) is used to describe the intensity of ionization, 
i.e. the number of ionizations occurring per unit path-length of a "particle. 
The specific ionization is directly proportional to the mass and charge of a 
particle and inversely proportional to its velocity. Since alpha particles are 
doubly charged and of comparatively heavy mass they have a high specific 
ionization. Hence alpha particles lose energy in matter relatively rapidly by 
these processes. As the alpha particle dissipates its energy along its path, its 
velocity decreases, and at zero kinetic energy the particle acquires two electrons 
from its surroundings and becomes a helium atom. The range, i.e. the distance 
that an alpha particle can penetrate into any matter (absorber), depends on 
the initial energy of the particle and the density of the absorber. The range of 
an alpha particle is relatively small and amounts to several centimetres in air 
and several micrometres (1 /Lim = 10"3 mm) in tissue for energies of the order 
of 1 to 10 MeV. 

Since all the energy of an alpha particle is lost in a relatively thin layer 
of matter, the LET (linear energy transfer) is high. 

1—1.6.2. Beta particles 

Beta particles lose energy in matter through ionization and excitation 
in the same way as alpha particles. The mass of the beta particle, however, 
is only 1/7300 of the mass of the alpha particle, and beta particles have only 
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FIG.1-3. Curve demonstrating the beta radiation as a function of absorber thickness. 
I = Intensity of transmitted beta radiation. 
B = Bremsstrahlung component (and gamma-ray component). 
R = Approximate maximum range of beta particles in absorber material. 

unit charge. They will, therefore, be scattered more, penetrate further into 
matter and produce a less dense track of ion pairs (i.e. electrons have a lower 
SI and LET) than alpha particles. The range of beta particles in matter is also a 
function of the initial energy of the particle and of the density of the absorber, 
but this range is not well defined because of the tortuous path (due to scattering) 
of the electron. The range of beta particles of 1 MeV initial energy is approxi-
mately 3 m in air and 4 mm in tissue. (See also Part VI, Appendix VI-4 . ) 

Partly owing to the fact that beta particles have a continuous spectrum 
of energies up to Em a x , their absorption in matter js_by_chance_approximately 
exponential with absorber thickness. Thus, when the beta.radiafipn"JranjJ" 
mitted~6y~an absorber is plotted on log-ljnear graph paper aŝ a function of the 
mass per uriitarea7 of the absorbing material, a fairly straight line is obtained 
over a""portion of tlie curye (Fig.I—3). 

The total transmission curve becomes almost horizontal, at R, which is the 
range of straight-pathed beta particles with an initial energy close to Em a x . ' 
Although all the beta particles are stopped by this thickness of absorber, there 
is still somt^tjjmsmission_of radiation, because the beta"particles interact^ with 
theatomsof the absorber giving rise to ,_the 

\ J 5 r e m ^ H l m j Q n addition, any gamma raysfwill contribute to this component. 
By subtracting this component (B) from the composite curve (I + B) the 
pure beta-transmission curve (I) is obtained. 

Positive beta particles or positrons lose their kinetic energy in matter 
in very much the same manner as negative beta particles. However, 
when the kinetic energy of the positron has been reduced to zero through 

7 „ Mass per unit area is a product of 
'thickness'''parallel to_ the lHcfdent radiation. Its units are: ' g/cm2 ; mg/cm^Tkg/m2 (SI). 
Variously called thickness, area density, surfacejlemsitj^^density thickness, etc. 
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PHOTOELECTRIC ABSORPTION 

1. GAMMA RAY COMPLETELY ABSORBED 
2. ELECTRON EJECTED WITH GAMMA RAY'S 

ENERGY MINUS BINDING ENERGY 

COMPTON EFFECT 

1. GAMMA RAY OF LOWER ENERGY 
PROCEEDS IN NEW DIRECTION 

2. ELECTRON IS EJECTED WITH 
THE ENERGY DIFFERENCE 

COHERENT SCATTERING 

GAMMA RAY SCATTERED AFTER INTERACTION 
WITH ORBITAL ELECTRON WITHOUT CHANGING 
W A V E L E N G T H A N D WHERE THE.SCAT.T,£fl6P -" 
PARTICLES BEAR A PHASE REELATIONSHIPTO ONE 
ANOTHER "(NEGLIGIBLE ENERGY CHANGE) 

PAIR PRODUCTION ABSORPTION 

1. GAMMA RAY A N N I H I L A T E D 
2. ELECTRON A N D POSITRON CREATED 

A N D SHARE G A M M A RAY'S ENERGY ' 
MINUS 1.02 MeV 

FIG.I—4a. Gamma-ray interactions. 

ionization and excitation, the positron undergoes annihilation with a nearby 
negative electron, giving rise to two characteristic annihilation photons of 
0.51 MeV (8.17 X 10~ 1 4 J) each. (In accordance with Einstein's equation, 
0.51 MeV (8.17 X 10~ 1 4 J) is the equivalent energy of the rest mass of an 
electron.) 

Absorption and scattering of beta particles are important in the measure-
ment of the activity of beta samples. Absorption and scattering will occur in 
the sample cover, the detector window, the walls of the shield, the intervening 
air, and in the sample itself (self-absorption). These effects will all influence 
the count-rate, self-absorption being the most important. (This is illustrated 
in Part V, basic exercises 4 and 5.) 

1—1.6.3. Gamma and X-ray photons 

Electromagnetic radiation is considerably more penetrating than particulate 
radiation of the same energy. This is because the photon must first undergo a 
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0.001 
100 

FIG.1-4b. Linear attenuation coefficients for gamma rays in water (the total Compton 
attenuation, ac = oa + aj,). 

special absorbing event, whereby either one or two 'secondary ionizing' 
electrons are produced, before any photon energy becomes dissipated. Gamma 
rays will be absorbed in matter as a function of the photon energy, as well as 
the:Z_and the density of the absorbing material (gamma rays, X-rays and 
annihilation rays differ only as to their origin, and they interact identically 
in matter). The following, illustrated in Fig.I-4a and described below, are 
the four types of attenuating event considered in the ICRU Report 19 [2]:8 

(a) Photoelectric absorption 
(b) Compton effect (absorption and scattering) 
(c) Coherent scattering 
(d) Pair-production absorption. 

8 This section has been revised to correspond with the concept of mass attenuation 
coefficient as defined in Radiation Quantities and Units, ICRU Report 19 [2]. The attenuation 
coefficient is defined as that fraction of particles (including photons) that experiences inter-
actions in traversing a given distance in a certain medium, where . . the term interactions 
refers to processes whereby the energy or direction of the indirectly ionizing particles is 
altered". 
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(a) Photoelectric absorption is predominant for relatively low-energy 
gamma photons and for absorbing material of high Z. The gamma ray interacts 
with a K or L electron of the absorber atom and expels the electron from the 
atom with a kinetic energy equal to the initial gamma-photon energy minus 
the binding energy of that K or L electron. Thus, an electron is ejected with 
kinetic energy, enabling it to produce ionizations and excitations along its 
path exactly in the manner of a beta particle. 

In Fig.l—4b, the coefficient for photoelectric absorption ( t ) is given for 
water as a function of gamma-photon energy, E-y. The absorption coefficient 
is a measure of the probability of absorption (average number of events 
per cm). 

( (b) Compton effect is the interaction of the gamma photon with an outer 
f electron of the absorber atom or with a free electron. Part of the initial kinetic 

energy is absorbed (transferred to the electron), and the photon is scattered 
off in a new direction at a lesser energy. The photon will eventually after 
multiple scattering be absorbed through the photoelectric effect. As can be 
seen from Fig.l—4b, the coefficient for Compton absorption ( a a ) is at a maxi-
mum in water for gamma rays of abouHD.5 MeV. The effect rises only slightly 
with increasing Z. The fast electron arising from a Compton event will produce 
ionizations and excitations again exactly in the manner of a beta particle. 

( c ) Coherent scattering is a process in which photons are scattered after 
interaction with orbital electrons. The electrons ret u r n J o J h e i r. o ri gin a fs t at e, 

t • thSre-is no changein photon energy, jind there is a relation in phase of the 
scattering from different electrons ofthe atom. Sayleigl^scattering is another 
name for this process. Such scattering is important only for low-energy 
photons (< 0.1 MeV) and high-Z materials. 

(d) Pair-production absorption may occur when the gamma photon has 
an initial energy of at least X_J0J^13_J). In this process, the 
gamma-ray photon interacts with the positive field of the nucleus of the 
absorber atom and is completely used up in producing a positroh :electron pair 9 

Since it requires 1.02 MeV (1.63 X 10~ 1 3 J) for the formation of the two 
electron rest masses, this is the energy threshold for the pair-production event. 
Any gamma-photon energy above the required 1.02 MeV is imparted "as kjnetic 
energy to the positron-electron pair. Both the positron and the negative 
electron cause ionizations and excitations along their respective paths. The 
two 0.51 MeV photons produced upon annihilation ofthe positron are sub-
sequently absorbed by a photoelectric event or a"combination of Comp'ton and 

9 When the term electron is used in this text, it can be taken to refer to the negative 
electron, unless otherwise stated. 
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photoelectric events. In Fig.I—4b, the absorption coefficient for pair produc-
tion is labelled as k. 

Considering the above processes (single, random e v e n t s ) , q hfiam.pLnif«)or 

energetic gamma rays is attenuated exponentially, as a function of thickness, x, 
o f the absorbing material. For a beam of intensity.I the change, in intensity 
per'unit"absorber thickness, dj/dx, is proportional to the intensity of the beam 
at that point Thus,_ ~ 

dl 0 - 1 3 ) dx 
Equation (1-13) is identical with the well-known Lambert-Beer law for 

attenuation of monochromatic light. The proportionality constant (u) is termed 
the total linear attenuation coefficient (Fig.I—4b). Exactly analogous to the 
radioactive decay constant, X, n is the fraction of the originaHntensity removed 
from the b_eam p e r u n i t linear thickness of absorber. Equation (1—13) is 
mathematically identical with the radioactive decay law (Eq. (1-1)) and may 

"Be integrated to give: 

I = I 0 e " / i X (1-14) 
Here, n, the total linear attenuation coefficient for gamma and X-ray photons is 
given by: . - - - ~ 

M = r + a c + a c o h + »c ( 1 - 1 5 ) 

where T is the photoelectric attenuation coefficient; 
a c is the total Compton attenuation coefficient (= a a + a b , see 

Fig.I—4b); 
CTcoh ' s the attenuation coefficient for coherent scattering; 
k is the pair-production attenuation coefficient. 

The numerical value of n is dependent on the gamma-photon energy (E^) 
and the type of absorber material. Figure I—4b illustrates the attenuation 
probabilities for water as a function of E ^ 

Again analogous to radioactive decay, the thjekness-at which_I is reduced 
to one-half its initial value is.termed the half-thickness or ha1f-valugJa^er (HVD 
XiTand one finds: 

In 2 0.693 
x = = ( I _ 1 6 ) 

an equation of a form similar to Eq.(I- l 1), see also Eq.(I-6). 
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Equation (1-14) may alternatively be expressed as follows: 

I = I o ( 5 ) x / x ^ (I—14a) 
an equation of a form similar to Eq.(I—8a). 

An understanding of the interactions of high-energy electromagnetic 
radiation with matter is necessary in considerations of shielding, dose calcula-
tions, and measurement of gamma, X and annihilation photons. 

/— 1.6.4. Neutron production and interaction processes 

Neutrons have no charge and, therefore, cannot ionize directly. However, 
they can produce ionization indirectly and are generally considered in 
discussions of ionizing particles. 

As mentioned previously, neutrons are produced by fission processes, and 
the most common sources of neutrons are nuclear reactors that control fission 
chain reactions. Neutrons can also be produced by small laboratory sources, 
and these sources will be discussed in greater detail in §1—6.1. 

Neutrons lose energy and interact with matter by the following 
processes: 

(a) Elastic collisions. Neutrons of high initial energy, fast neutrons, 
interact with other nuclei in billiard-ball-like collisions, losing a fraction of 
their kinetic energy per collision. By this moderation process they eventually 
reach an energy that is the same as that of molecules in thermal equilibrium 
with their particular environment. They are then termed thermal neutrons. 
The light elements, especially hydrogen, are the most efficient for this 
moderating process. 

A fast neutron undergoing an elastic collision with another atom or 
molecule will generally produce a fast-recoil ionized atom (e.g. a proton 
from hydrogen). This recoil ion will then cause ionizations and excitations 
along its path. 

(b) Absorption reactions. Examples are given below of the four principal 
types of absorption reactions. These occur predominantly with slow or 
thermal neutrons. 

(i) (11,7) reaction 

"Co + -> 27Co + 7 

This type of reaction is used to produce many of the artificial radionuclides. 
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In the example, the 6 0 C o produced cannot be chemically separated from the 
stable 5 9 Co in the sample, and this is an example of production of a non-carrier-
free radionuclide. 
(ii) (n,p) reaction 

^N + J n ^ C + ' H 

This is the reaction by which cosmic-ray neutrons produce 1 4 C activity in the 
biosphere. This reaction is also used to produce 1 4 C commercially and, since 
the 1 4 C can be chemically separated from the nitrogen compound in the sample, 
it is an example of the production of a carrier-free radionuclide. 

(iii) (n, fission) reaction 

"2 U + o n 36 Kr + *56 Ba + 2 o n 

This illustrates fission of 2 3 5 U into two fission fragments and two additional 
neutrons. 
(iv) (n, a ) reaction 

's B + o n 3 Li + 4 He + 7 

This is a reaction used to detect neutrons. 

1—1.6.5. Neutron activation analysis 
) 

If a stable element is exposed to a flux of neutrons there is a finite 
probability that a stable nucleus can capture a neutron to produce an isotope 

,.of_that element, with an increase of one "in the'massjumberT~As discussed 
above, this activation process.is.a.primary method of producing.artificial 
radionuclides. An example of such a capture reaction is: 

2 3 Na + 0 n 2 4 Na + 7 

often abbreviated 
2 3 Na (n,7) 2 f Na 

In general, such activation reactions are.most probable-with-thermaLor 
slow neutrons. The activation reaction is utilized in an analytical technique 
termed neutrofTactivation analysis described below. 
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Let n-p be the number of nuclei of a specified stable nuclide exposed to 
a flux, <t>, of thermal neutrons. Let a represent the cross-section per nucleuj or 
the probability of a capture reaction occurring. Then the rate of production 
of radioactive atoms will be: 

where a = cross-section (cm2 per nucleus) (see footnote 10); 
n T = total number of specified stable nuclei exposed; 
0 = thermal neutron flux density ( cm - 2 • s"1 ) . 

However, the radioactive atoms, N*, produced by activation will immediately 
begin to decay at their own rate, characterized by the T^ of the radionuclide 
produced. Therefore, the above equation must be modified to include this rate 
of decay. Thus: ~ 

net production rate = (rate of production) — (rate of-radioactive decay) 

This equation can be integrated to give the neutron activation equation: 

.where^A*^ a£tivity_prpduced_at erid^of irradiation period 
(Bq, i.e. disintegrations per second); 

X = decay constant of radioisotope produced ( s - 1 ) (see Eq.(I—11)); 
tiir = duration of irradiation period (s). 

Usually the technique is used to determine the number of atoms, n T , 
of a certain stable nuclide in a sample. If the flux, 0, irradiation time, t^ , and 
cross-section, a, are known, and the activity produced, A*, is determine^ this 
theoretically allows calculation of n T . Otherwise, a comparator technique can 
be used (i.e. simultaneous irradiation o f a standard with a known amount of 
the sample element), as is frequently done in practice. 

(1 -17 ) 

(1-18) 

A* = a n x 0 (1 - e ' A t i " ) (1 -19 ) 

10 Cross-sections are often given in a unit called a barn; 1 b = 10"24 cm2 = 10 28 m2. 
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With a nuclear reactor as the source of neutrons, the technique is extremely 

sensitive forjmall amounts of certain substances (e.g. selenium) that .cannot 
be analysed by conventional chemical methods. 

The element for analysis should have a high abundance of the reacting 
stable isotope. and (as seen from the neutron activation equation) this isotope 
should have a high cross-section, a. The half-life of the radioisotope produced 
should neither_be so short as to preclude measurement or so long as.to. preclude 
using the correspondinglyjong irradiation period needed. The detection limit 
for certain elements can be as low as a picogram (10~12 g). 

1 -2 . RADIATION DETECTION AND ASSAY OF RADIOACTIVITY 

The radiations which come from radioisotopes interact with all matter 
(gaseous, liquid or solid), causing chemical changes, ionizations and excitations 
as discussed previously. These effects are utilized in the various methods of 
detection and measurement of radioactivity. Of these reactions, the most 
commonly used are ionization in gases, orbital electron excitation in solids or_ 
liquids, and specific chemical reactions in sensitive emulsions. Commonly used 
detection methods employing these mechanisms are described below. 

In radiography, for example, ionizing radiations arejetected_by^their 
effect^_pliotograp_hic,.Xrray or nuclear emulsion^ 

In the ionization chamber, the_gas-flgw,detec.tpr,Jhe Geiger-Muller tube 
and the^neutron_detector, ions produced directly or indirectly by the.radiation 
are- collect edon . c h a rg e d. ele c t rode s. 

In solid and liquid scintillation counting,^emission photons (in the blue to 
" ultraviolet-region-j-formihejbasis of detection. 

Solid-state detectors, more properly called_ semiconductor radiation detectors, 
are crystals whose electrical conduction is altered by jhe absorbed radiation. 
Thgjr operation depends on their semiconductor properties, and. this_class_of 
detector has become o f g re a t. i m p o r t an c e j n _d o sjme t ry. 

Besides a radiation detector, a monitoring or measuring set-up includes one 
or more of the following electronic units: 

Power unit. "The primary source of power is either a battery or the mains 
supply. The detector potential requirements range from a few hundred to a few 
thousand volts, and good stabilization is generally necessary. 

Amplifier. The primary signal is often an electronic pulse or electric current 
that is too small for registering unless amplification is used. Furthermore, in 
proportional counting the amplification must be linear, i.e. the magnification 
factor must be independent of pulse size. 

Timing unit. This ranges from a stop-watch to an automatic unit which 
stops the detector at the end of a predetermined time interval or registers the 
time necessary for accumulation of a pre-set number of counts. 
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FIG.1-5. Block diagram illustrating an anti-coincidence unit used as an electronic shielding 
against cosmic radiation. 

|A O 

FIG.1-6. Block diagram illustrating a coincidence unit. 

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

Anti-coincidence unit. This electronic unit rejects pulses that arrive 
'in coincidence', i.e. both arriving within a very short time interval (e.g. 1 ;us). 
An anti-coincidence unit is used for so-called electronic shielding against cosmic 
radiation (see Fig. 1—5) and for pulse-height analysis. 

Pulse-height analyser. This consists essentially of two variable discriminators 
(a lower and an upper one), together with an anti-coincidence unit. With this 
auxiliary equipment, only pulses within a set pulse-height interval are registered 
A fuller description is given in §1—2.3 on solid scintillation counting. 

Coincidence unit. This unit rejects all single pulses but passes one pulse 
when two pulses arrive in coincidence (e.g. within 1 fis). A coincidence unit is 
generally used in conjunction with two scintillation detectors, in order practically 
to eliminate photomultiplier noise pulses (see Fig. 1—6). 

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 sensitive electric-current 
meter displaying dose rate, or even a recording potentiometer. 



1-2. RADIATION DETECTION AND ASSAY OF RADIOACTIVITY 25 
Historically, it might be noted that de Hevesy used a simple metal-leaf 

electrometer for his pioneer work, and since then a great deal of useful work 
in biological research has been done, and is still being done, with a Geiger-
Miiller counter, a stop-watch and a pocket dose meter or film badge. 

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

1-2.1. Autoradiography 

This method is a photochemical process and the one used by Becquerel in 
1 896 in the discovery of radioactivity. In autoradiography, ionizing radiations 
interact with the silver halide in photographic emulsions. When radioactive 
material is placed near a photographic plate or film, a blackening will be produced 
on development of the emulsion. The blackened areas constitute a self-portrait 
of the activity in the material. The intensity of the blackening (as determined 

- b y eye or with a densitometer) at a given place will be a function ofXhe_S_xPosure 

time amnhjyum)unJ_ of activity .in the .sample at-that place. It alsojs.a function 
of the LET (linear_energy transfer) of the.particular radiation. Gamma rays and 
X-raysJiave a low LET and are of little use.in autoradiography, becausej_he_. 

" photons from a given place in the sample material will penetrate throughout a 
largearea of emulsion, producing an almost uniform fogging on development. 
Conversely, a!pha.particles,and low-energy beta_paftjcl.es (3H, 14C, 35S, 45Ca), which 
have a high LET, are very effective. High-energy beta part ides.produce diffuse radio; 
grams owing to the relatively longpath-lengths of these partjclesJnmthe^niu|sion. 
The properties of the emulsion should be a compromise between fine grain to 
increase the resolution and high sensitivity to reduce .the exposure time. Usually, 
exposure times are long because, to obtain a goodjmage, an absorpjtiojf of_about 
l.p^_softbet ajtarticles is needed per square centimetre of emulsion. Thus, a 
thin histqlogical_section containing 1 to 10 Bq/cm2 (1 to 10 dis• s~''citT£_ 
= 27 to 270 pCi/cm2) will require several weeks exposure to show optimal 

^blackening. 

The method of autoradiography is particularly .suitable when the, distribution 
o'fa radioactive compound in biological materiaLis.to be studied. However, 
precautions should-be. taken .that there is no chemical or pressure effect, o.fjdie 
material on jhe 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, coniph^atjons 
with regard to the drying or pretreatment of samples, the transportof radioactive 
coTnpo~un3s~under moist conditions and the self-absorption.of.low-energy, particles 
in thejnological material may occur; film development conditions_will_also,affect. 
the image. Hence the interpretation of autoradiograms of biological material is 
not straightforward. 
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Autoradiography is frequently applied to the determination of the compo-
nents of a paper or thin layer chromatogram. 

Microautoradiography is useful.when the distribution of radioactive 
compounds in a microscopic section is 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. 

A more recent technique is the combined use of autoradiography and_electron 
microscopy, for example in the study of sub-cellular organelles labelled with 3H. 

1—2.2. Ionization detectors 

A number of detectors are based on the principle that, in an electric field, 
negative particles will move to a positive electrode and positive particles to a 
negative electrode. Charged particles which arrive at an electrode will give rise 
to an electronic pulse, which can be amplified and registered. Alternatively, the 
pulses may be merged to form an electric current, which again can be amplified 
and measured. 
~~ Alpha and beta particles an<yCT^lectrons-have.a..high specific ionization. 
Gamma and X-rays have a much lower primary specific ionization; but at least one 
fast electron will be released by each photoelectric effect or Compton scattering 
(or pair production if the energy is very high), and these fast electrons will ionize 
just as do beta-particles. Neutrons may also produce ions, directly (by collision) 
or indirectly (following nuclear absorption), as described in § 1-1.6.4 above. 
Detection by ionization of these kinds of radiation is based on the fact that 
atoms of a gas (in the detector) will become ionized when they are hit by the 
radiation particles or photons. The number of ionizations in the gas is a direct 
measure of the quantity of ionizing particles or photons (a, p, e, y, X or n) that 
reach the detector. When an electric field is created in the detector, the negative 
ions and/or electrons will start moving and, by hitting the positive electrode 
(anode), discharge. Likewise the positive ions will move toward the cathode. 

Five different types of ionization instrument will now be described. 

1—2.2.1. Electroscope 

In the electroscope or simple electrometer (see Fig. 1—7) 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 maximum (A), the amount of deflection being a function of the charge 
accumulated. When a radioactive source is brought near the detector, 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 decrease (B). 
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FIG.I- 7. Electroscope. 

This type of detector is commonly used as a 'pocket dose meter' and gives 
a measure of the accumulated, dose of external radiation (gamma,-X and.hard 
beta radiation) to which a worker has been exposed during.a certain .period. 

1-2.2.2. Gas-filled detectors with collector/cathode voltage bias 

Not all the ions will di3charge.on _the„eJectrode since, 
a certain numberjyill have re£ombinedj^efp.reJhey/ae^ 

- — I f a bias voltage is applied between the cathode and collector (anode),.the . „ fia=r» I II l|ir 1 "II II If I11 - J II l»ul|IMrillti).ifllil III"! 
lofses due to. recombinaUon in the volume, of. the.detect~or decrease tintii.jeyenUfr 

" aily, all the ions will^e discharged on the electrodes. If the bias,y.oltage4isJ_ 
further increased up to a certain.lhnit ,-thj number of ion paire jthat.dis.charge 

~wiinemai"rreonstant,j.e. each ionizing particle.or photon .that interajcjts will 
give risejo an electric pulse on the electrodes. Detectors operating injhisjnode 

— are termed ionizaUon_chambers. 
Figure 1—8 shows a plot of pulse size against bias voltage. Region I is the 

ionjzadonjchamber region. Curves are drawn for an alpha and a beta particle... 
traversing the sensitive volume of the detector. 

As the bias voltage is increased, the ions produced will mov£ tow.ards 
their respective electrodes with greater velocities^and at some voltage they*will 
gainlmfficienTkinetic energy to cause further ionization in the gas, called 
secondary ionization. This process is known as gas amplification, and the flood 
of ions produced is termed the Townsend avalanche. As a result of gas amplifi-
cation, each incident ionizing particle will lead to the formation of a relatively 
large electronic pulse. The pulse size produced increases rapidly with applied voltage. 
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FIG.1-8. Plot of logarithm of pulse size versus electrode voltage; I - ionization-chamber 
region; II - proportional region; III - Geiger-Miiller region; IV - region of continuous 
discharge. (The voltage corresponding to a given region varies greatly from one make of 
instrument to another.) 

When the bias voltage results in gas amplification (region II), the size of 
the pulse produced by a particle (at a given voltage) is proportional to the 
number of primary ion pairs formed by the particle in the initial event. This 
is termed the proportional region. 

In region III, the bias voltage is so great that the charge collected on the 
anode attains a maximum size independent of the number of primary ions formed. 
In this region, at a given voltage, all pulses are of the same size, irrespective of the 
number of primary ions, and this is termed the Geiger-Miiller (GM) region. 

In region IV (and to some extent in region III) the discharge in a GM tube 
would continue indefinitely if it were not stopped or quenched. For this purpose 
certain quenching-gas molecules are added to GM tubes to stop the discharge, 
for example, gaseous halogens such as chlorine. When they collide with positive 
ions, quenching gas molecules dissociate rather than become ionized themselves 
and, in this fashion, the discharge is stopped. The halogen gas atoms subsequently 
recombine. 

1-2.2.3. Ionization chamber gV+ro C 

When a detector is operating in region I (Fig. I—8) each ionizing particle or 
photon gives rise to an electric pulse on the electrodes. A constant stream of 
particles or photons gives rise to a continuous series of pulses, forming a weak 
electric current, which may be amplified and registered by an electronic circuit. 
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FIG.1-9. Schematic diagram of ionization-chamber circuit; B = voltage source (battery); 
R= resistor; C = capacitor; S = radioactive source. 

Such_detectors are termed i o n ' t h 
air. A typical measuring circuit is shown in Fig. 1—9. The final scale reading 
will then~fre a measure of the energy dissipated in the ionization chamber per ^ 

^uniTof j t im^^U^ioniz ing particles or photons. This kind of detection 
ij^£ujrient isjhus a_t/(:«e-ra?e meter. (A well-known version of this type of meter 
is aTacliatibn survey instrument known as the Cutie Pie.) When the walls of the 
ionization chamber are constructed o f air-equivalent material, the instrument 
can beused to measure absorbed dose of gamma or X-rays in air. There are 
also chambers having biological tissue equivalence. 

" A small, electrically-charged ionization chamber, held in place for instance 
by a finger ring, may be used to measure accumulated exposure dose^ An 
electronic vacuunvtube voltmeter is often necessary, to. measure thc_charge 
reduction, which is.propprtional to dose. 

1—2.2.4. Proportional counter 

Proportional counters operate in region.II (Fig. I—8), when secondary 
ionization has become important. The electrons that have arisen from primary 
ionization will_produce secondary ion pairs of the gas atoms-in.theJLQunter tube 
as they are accelerated towards the anode. Thispjoces^j^^ 
becomes increasingly important as the voltage differenc^betwe^JJie^electrodes 
.is_fu^|rji^TCased. The_n_naJ_P_uJ s e.,size-wi 11 _be_progoryo j i jd j^^g^ 
jnitialJ^izigg^^^Uple (as long.as all this energy is dissipated.in the.detector.), 
provided the applied voltage remains constant during the measurement. Usually 
the radioactive sample will be placed inside the detector, which will be transfused, 
by a gas at atmospheric pressure (gas-JTow counters). In this way particles of 
low energy,.such as the from 14C, may..be.counted.effective 1 y„(|windowless' 
c3mj.ing),^projjcied,su 
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1-2.2.5. Geiger-Muller (GM) counter 

When the voltage difference between the electrodes of the detector is still 
further increased, secondary ionization becomes predominant and each primary 
ionizjng event results in a discharge of a great number of electrons,(avalanche). 
At-this stage, .the large output pulsejsjndep.endent.ofJhg |gnergv of the initial 
particle or .photon, and a further increase of the high voltage does not appreciably 
aTteFpulse size or count-rate. Geiger-Muller counter detectors (GM tubes) operate 
at this high-voltage plateau. The discharges of secondary electrons initiated by 
one ionizing particle or photon would continue if the detector were of an open 
design, as in the gas-flow counter (atmospheric pressure). GM tubes operate at 
a reduced gas pressure (about one-tenth atmosphere) .and contain a,certain 
amount of quenching gas. Usually the closure of a GM tube is a very thin mica 
window (1—3 mg/cm2), and the filling gas is often a noble gas like argon with, 
for example, alcohol or halogen as the quenching gas. A certain number of 
molecules is dissociated during the quenching of a discharge with alcohof 
Therefore, the quantity of quenching gas in the GM tube decreases steadily, 
and consequently 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, because 
the atoms of the dissociated chlorine molecule recombine; the life of the tube-
is therefore determined by other effects, such as corrosion and leakage. / 

Energetic beta particles, electrons and gamma or X-photons emitted by 
radioactive liquids may be counted with a thin glass wall.Idip-counter' GM tube, 
which is immersed in the liquid, or with a specially designed liquid detector that 
consists of a cylindrical glass container around the GM tube. The radioactive 
liquid thus surrounds the GM tube in both cases. Particles of low energy can 
obviously not be counted in this way because of absorption in the wall ofjthe 
GM tube. 

Detectors operated in the Geiger-Muller region are very sensitive to beta 
particles, and very little additional amplification of the pulse is necessary to 
drive accounting circuit. In addition, they are almost jnscnsitivc to normal 
voltage fluctuations.^ Furthermore, they are relatively inexpensive. A simplified 
GM counter circuit is shown in Fig. I—10. 

The fact that some time is required to collect the flood of positive ions 
from each discharge, as well as for the quenching process to take place, implies 
that during this period the detector tube will be insensitive to other ionizing 
particles entering its sensitive volume. This period is 100 to 300 microseconds 
for GM tubes and is termed the dead time, td e a d . The time needed for a complete 
recovery of pulse size after the dead time is termed the recovery time, trec. The 
time required before a subsequent pulse will again be recorded in the counting 
system, termed the resolving time, r, lies between tdead and td e a d+t r e c ; as the 
voltage amplification system is made more sensitive, so t approaches td e a d . Since 
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FIG.I-10. Counter input circuit with a GM tube detector; C = capacitor; R= resistor. 

the dead time, and hence the resolving time, vary in a given tube, even from pulse 
to pulse, it is common practice to fix r at a value somewhat greater than tdead m a x 

electronically in the counting system. At high count-rates, counts will be lost 
owing to the inoperative period, of the Tenting.system,.and hence'Oesol'vingc. 
time correction must, .bejnade to obtain the^true counts,fipifl the figure registered. 

Let R be the observed counts of a GM counter collected in one second 
and r (fraction of a second) the resolving time of the counter. During one 
second, the counter will have been ineffective for Rr (fractions of a second). 
Therefore, R counts have really been registered (to a first approximation) in 
only (1 — Rr) seconds. The true count-rate, Rtme, is therefore (approximately): 

Rt™e = f Z ^ T d - 2 0 ) 

where all count-rates are in counts/s. 
A method for determining the resolving time of a counter is given in Part V, 

Exercise 2. Correction is normally not necessary unless the count-rate exceeds 
about 50 counts/^JE^uation (1-20) is only approximate, therefore it should 
not be used to make corrections that would be more than about lO% of R, 
otherwise it would be better to dilute the sample or to count.it at a greater 

^distance from the detector. 
GM counters are used most widely for the dete.ction.and.measurement_.gf 

beta partjcles. F ^ 
most of the photons will penetrate the gas without anyinteraction.._EerJheJ 

detection of beta particles on.glassware, benches or .trays (i.e. contamination) 
jnonitors are used;_ A monitor_consists of a GM.tube connected to a power 
_uni t^d^ou^rat£meter - . Often a_small loud-speaker is connected,to..the_ 
jrate meter, so that a noise..wilLwarn .the.opera tor when.the .tube-is.in- the..yic injty 
of a contaminated spot. 
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FIG.I- 11a. Scintillation detector. 
Total light to tube is nearly proportional to gamma-ray energy. If 1 electron ejects 5 from a 
dynode, 11 dynodes result in J11 electrons, i.e. about 50 million electrons output. 

PM AMP PM AMP PULSE-HEIGHT 
ANALYSER 

HV 

RECORDER 

FIG.I-1 lb. Block diagram of Nal(Tl) scintillation counter system. 

S = Gamma-ray source. 
DET = Nal(Tl) scintillation detector. 
PM = Photomultiplier tube. 
HV = High-voltage power supply. 
AMP = Linear amplifier. 

UPPER DISCRIMINATOR BIAS 

LOWER DISCRIMINATOR BIAS 

FIG.1-12. Block diagram illustrating a single-channel pulse-height analyser. 
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The necessary associated equipment for a GM counting system includes 
(besides the GM tube) a high-voltage supply, an amplifier, a recorder and a 
timer. This is illustrated in Fig. I—10. 

1—2.3. Solid scintillation counting 

A scintillator is a substance which emits a small flash of light when struck 
by a fast, charged particle. An example is (Ag)ZnS hit by an alpha ray. 

Solid scintillators (fluors) are particularly suited for the detection of 
gamma rays (besides X-rays and annihilation radiation) because of the high 
density and high-Z of certain solid crystals. The alkali halides, in particular 
Nal (activated with TI), have been the most useful. A typical scintillation crystal 
detector is shown in Fig. 1 -1 la, and a diagram of a counter system in Fig. I - l lb. 

When a gamma-ray photon is partially or totally absorbed in the scintillation 
crystal, at least one fast electron is liberated (it will be either a photoelectron, 
a Compton electron or pair-production electrons, depending upon.the absorbing 
event). These fast electrons cause excitation and ionization along their paths 
in the crystal. When the atoms, thus excited, return to their ground-state they 
emit light photons.with-an-intensity maximum in the violet, or near-ultraviolet 
spectral region. The total number of light photons emitted will be proportional 
to the amount of the gamma-photon energy that is lost in, and absorbed by, the 

- c r g t a r " 
The photocathode of a photomultiplier tube is.optically coupled to one 

Jace of thejcintillation crystaj, and the light photons produced in the crystal 
are internally"reflected untilJhey.rcach the photocathode. Here, by the 
photelectric.ef fec t, they release photoelectrons. The number of these 
photpelectrons again is proportional to the gamma-photon energy originally 
absoj^cd^in,,the,cry s tal.. 

In.thg.photomultiplier tube the photocathode is connected to a series of 
electrode stages ordynodes^each at a potential more positive than that of 
the^preceding stage. Thus, photoelectrons released from the.photocathode 
surface will beat traded to the first.dynode and will gain.sufficient kinetic 
energyj£Jiejease two_or,more secondary electrons from the surface of this 
jdj/node. This multiplication process occurs at each stage.and, at the end of 
ten or morestages. in a typical photomukipl ier tube, ajarge.num b e r j ^ 
will arrive at the anode. The size of this pulse of electrons will be proportional 
to the original gamma-ray energy lost in the crystal, the pulse is then 
amplified linearly and directed to a scaler or to a pulse-heighVanalyseir.11 

11 The pulse height (voltage level) is used to determine the lower and upper levels of 
discrimination for pulse analysis. The term pulse size is sometimes used synonymously, and 
sometimes for the area under a pulse, which is obtained using a computer program linked to 
the pulse-height analyser output. Jn this manual, the common (commercial) term, pulse-height, 
is used wherever voltage-level discrimination would be used in the measurement. 
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TOTAL ABSORPTION PEAK 

PULSE HEIGHT (PROPORTIONAL TO E a b s ) 

FIG.I-13. Observed gamma-ray spectrum of a radionuclide emitting mono-energetic photons. 
Eab = Gamma-photon energy absorbed by crystal. 

Incident gamma-ray energy distribution. 

A pulse-height analyser consists essentially of two variable discriminators 
(a lower and an upper one), together with an anticoincidence circuit. With this 
auxiliary equipment only pulses within a set pulse-height interval are registered 
(see Fig. 1—12). Such a unit, with only one set of discriminators, is called a 
single-channel pulse-height analyser. Instruments are also available allowing , 
collection of counts in more than one channel simultaneously. In a multi-
channel analyser the pulses are sorted according to their size by pulse height 
and stored in the.appropriate portion of an electronic memory. After counts 
have been collected for a period of time, the read-out of the .memory will be 
a gamma-ray spectrum of the radiation absorbed by the scintillation detector. 

The energy lost in the scintillation crystal by an incident gamma photon 
will range from zero to E^ depending upon the absorption event. For instance, 
the gamma ray can be absorbed by the photoelectric effect, or by a Compton 

"interaction followed by photoelectric absorption of the scattered photon, or 
by any combination of processes that lead to total absorption of the gamma-
photon energy within the crystal. If this occurs, then the output pulse will be 
stored in a location corresponding to the full E^-value. A typical monoenergetic 
gamma-ray spectrum is shown in Fig. 1—13 and the resulting peak is labelled as 
the total-absorption peak. If, however, the primary interaction in the crystal is 
of the Compton type and the scattered photon escapes from the detector, then 
the energy absorbed within the crystal will be less than E^. The range of 
possible Compton interactions results in a distribution of pulse sizes ('Compton 
smear'). This distribution is labelled as the Compton region in Fig. 1—13. 

The location of the total-absorption peak is characteristic of E ,̂ and is 
useful in identifying the corresponding gamma-ray emitter in any sample. The 
area under the total-absorption peak is proportional to the activity of that 
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radionuclide in the sample. The peak is actually broadened into a distribution 
due to (a) instrumental broadening and (b) statistical broadening as a result of 
the several conversion steps from gamma-photon absorption to final pulse. 

Pulse-height analysis is required when it is necessary to measure the V ^ 0 ^ 
activity of one gamma-ray emitter in the presence of one or more others. For 
most such experiments a single-channel or double-channel pulse-height analyser 
is sufficient. However, when one wishes to measure the amount of manyjracers 
or absorption peaks, such as in multiple tracer experiments or neutron activa-
tion analysis^ a multi-channel pulse-heighianalyser may be required. 

"Another distinct advantage of solid scintillation counting is the very, short 
resolving time of such systems. This enables high count-rates to be determined 
(up to about 1000 counts/s) without the necessity of resolving-time corrections. 
(Additional details of gamma-ray spectral analysis are presented in Part V, 
Exercises 7 and 8.) 

1—2.4. Liquid scintillation counting 

Liquid scintillation counting techniques have promoted the application of 
radionuclides in the biological and agricultural sciences because they have 
allowed much wider use of low-energy beta-particle emitters such as 3H and 
14C to be made. 

In this technique the sample to be counted is placed in solution, together 
with an organic scintillator (the detector material), in an organic solvent. Since 
each radioactive atom or molecule is closely surrounded by molecules of the 
scintillator, self-absorption preventing detection (see §1-2.7) is greatly reduced 
and the counting efficiency greatly increased. If the sample is insoluble in the 
organic solvent, it may often suffice to put it into uniform suspension. 

There are now many solute/solvent liquid scintillator systems in use. A 
very common one is PPO ( 2 - 5 diphenyloxazole) with toluene or dioxane as 
the solvent. 

The ionizing particles from the radioactive material cause excitation and 
ionization of the solvent molecules. These transfer their excitation energy to 
the PPO molecules which in turn fluoresce or scintillate, i.e. give rise to light 
photons on returning to their ground-state. The number of light photons 
emitted from the counting vial due to any one ionizing particle is proportional 
to the energy lost by that particle in the solution. 

The counting vial is optically coupled to a photomultiplier tube system to 
collect the emitted light. A block diagram of a simple liquid scintillation system 
is shown in Fig. 1—14. 

Normally, two photomultiplier tubes are used to collect the light emitted 
from the scintillation vial. This is done to increase the sample-to-background 
counting ratio as follows: After each single ionizing event, light photons will 
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REFRIGERATOR I 

FIG.I-14. Block diagram of a typical liquid scintillation, counter. 
S = Counting vial containing liquid scintillation solution and sample. 
PM = Photomultiplier tubes. 
Refrigerator = Refrigerating unit (optional). 
Coincidence = Prompt coincidence and sum circuit. 
Pulse-height analyser = Upper- and lower-level discriminator. 

normally be registered at both photocathodes simultaneously. The coincidence 
circuit (Fig. 1 — 14) is designed to produce one output pulse if it receives an 
input pulse from each of the two photomultipliers simultaneously (within 
about 1 us), i.e. in coincidence. Background or electronic noise pulses from 
either photomultiplier tube will seldom be in coincidence with those in the 
other, and will therefore be rejected. Thus, the ratio of true count-rate to back-
ground, and thereby the sensitivity, is increased. Since the size of the output 
pulse is proportional to the energy lost in the liquid scintillator, limited pulse-
height analysis is possible. It is limited (a) because of the shape of beta spectra 
and (b) because the pulse-height resolution is poor. However, it is generally 
possible to count, for instance, 3H and 14C simultaneously. 

The detector part of the system is often refrigerated to reduce thermally 
produced electron noise in the photomultiplier tubes. 

For certain high-energy beta emitters (E m a x > 0.26 MeV) it is often 
possible to employ so-called Cerenkov counting techniques using the liquid 
scintillation counter. In such cases, the radioactive sample need only be dissolved 
or suspended in water. An ionizing particle travelling through a medium (here 
water) at a velocity greater than the velocity of light in that medium produces a 
flash of Cerenkov light. The rate of production of the light flashes is proportional 
to the activity of the sample. Cerenkov counting techniques have proved useful 
with 42K, 24Na and other high-energy beta emitters. In particular, with this 
technique 32P can be counted in the presence of 33P without any interference 
from the latter (E m a x <0 .26 MeV). 
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One of the main sources of error in liquid scintillation counting is the 
'quenching' of light, often caused by compounds in the solution to be measured. 
This can be due to light absorption by coloured compounds or by certain 
chemicals. Since quenching commonly occurs, and its degree can be variable, 
it must always be considered. The three most important methods of correction 
are listed below: 

(i) Removal of coloured material. The solution may be filtered through 
activated charcoal or treated by an ion-exchange technique to remove the 
quenching agent. 

(ii) Channel-ratio method. In general, the net loss due to quenching is 
greatest for the most intense light flashes produced by the highest-energy 
particles. Therefore, when quenching occurs, the output pulse spectrum is 
shifted towards lower energy. If, by discriminator settings, the ratio of a lower 
energy part (channel) to a higher energy part (channel) of the spectrum can be 
obtained, then it is possible to observe the relation between counting efficiency, 
e, and channel ratio. This is done using a set of standards with a known constant 
amount of activity and measuring with increasing amounts of chemical quencher 
(i.e. increasing the channel ratio). A standard curve of e versus channel ratio 
can then be prepared and subsequently used to correct sample measurements for 
any decrease in count-rate due to quenching. However, this curve will not 
account for quenching due to coloured material. 

(iii) External standard technique.12 In some instruments a standard source 
may be moved into position near the vial counting position. Thus, the relative 
decrease in the standard count for each sample counting vial will be proportional 
to the amount of quenching material and will provide the quench correction to 
be used for that vial count. 

1—2.5. Semiconductor radiation detectors 
The art of particle and gamma-ray spectroscopy has been significantly 

advanced by the relatively recent development of semiconductor radiation 
detectors. A semiconductor is a crystal with very high resistance to the flow 
of electric current at low temperatures due to the confinement of electrons 
in the valence bands of the crystal. At high temperatures, however, electrons 
may escape from thejvalence band to the conduction band wherejhey are free 
to migrate and resistance is reduced, thus resulting in electronic 'noise'. In such 

12 An internal standard technique may also be used; however, it makes it necessary to 
handle each sample twice. 
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crystals the energy difference between the valence and conduction bands must 
be quite small, e.g. < 1 eV, as compared with the 2 - 1 0 eV difference commonly 
seen in insulators even at high temperatures. 

Radiation detectors can be made from semiconductor crystals by adding 
impurities which provide either electron acceptor or electron donor properties 
to the crystal. Tetravalent germanium, for example, may be doped with trivalent 
boron to produce a crystal with electron acceptor properties or 'holes' in the 
lattice which can be filled by nearby valence electrons, with only 0.01—0.1 eV 
being necessary to effect the transition. The new hole produced by this transi-
tion is filled in the same way, such that the 'holes' migrate in the valence band 
as electrons migrate in the conduction band. If germanium is doped with an 
electron donor impurity such as antimony, extra electrons are added to the lattice. 

In semiconductor radiation detectors a junction is formed between an 
electron-acceptor or p-type crystal and an electron-donor or n-type crystal. 
As a consequence, electrons from the n-type region flow across the junction 
and fill holes in the p-type region creating an electric field across the junction. 
The region near the junction, therefore, has a reduced number of both 'holes' 
and electrons and is called the 'depleted' region. 

By applying a voltage drop across this region the depleted region can be 
widened. If a charged particle or photon loses energy within this region, new 
electrons and 'holes' are formed and a pulse is generated. The depleted region, 
or sensitive volume, of the detector can be made even larger by a process called 
'drifting', where lithium is deposited on the surface of the p-type crystal. Such 
a detector is called a Ge(Li) semiconductor detector. 

The size of the voltage pulse from a Ge(Li) detector is proportional to the 
charge collected by the electrodes,which is proportional to the number of 
electron-hole pairs produced, and the number of pairs is proportional to the 
energy deposited. Thus the pulse is directly proportional to the energy deposited. 
The pulse size is not affected by the type of radiation depositing the energy. 

The energy necessary per electron-hole pair is only about one-tenth of that 
necessary for ion-pair production in a gas or solid scintillation detector. Thus 
the number of pairs collected in a semiconductor is approximately ten times 
that in a conventional detector absorbing an equal amount of energy. Since the 
percentage relative standard deviation of the signal is inversely proportional to 
the square root of the number of ion pairs collected, it follows that the range 
of pulse size will be much smaller for a semiconductor detector than for a gas-
filled or solid scintillation detector. Consequently the resolution of the 
semiconductor detector is superior. 

When spectral analysis is needed, such as in the evaluation of samples after 
neutron activation analysis, semiconductor detectors are extremely valuable. 
However, they have the disadvantage that they cannot be made as large as solid 
scintillation detectors and thus the counting yield is decreased. Also, in order to 
reduce electronic noise, they must be constantly maintained at very low tempera-
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tures requiring detector configurations in which good geometry (relationship of 
sample to detector) is difficult to achieve. 

1—2.6. Inverse-square-law effect 
A relationship met with in various branches of physics is that known as the 

inverse-square law. As applied to radiation, it states that the intensity of radiation 
emanating uniformly over the full solid angle (4 7r) from a point source in a vacuum 
decreases proportionally and monotonically with the square of the distance from 
the source. If I is the intensity of the radiation and d the distance from the point 
source, this can be expressed as: 

d-21) 

or 

k 
I = — (1-22) 

d2 

where k is the constant of proportionality. 
If distances d, and d2 correspond to intensities of ^ and I2, from Eq. (1—22): 

r = - 7 or I ,d 2 = I2d2 (1-23) 
h d? 

Hence it can be seen that if d2 = 10 d, , the intensity will have decreased 100 fold 
at d2 , i.e. a detector placed at 10 cm from a point source will see only 1% of the 
radiation seen by the detector placed at 1 cm. 

This indicates one method of reducing the count-rate from a source that 
may have too high an activity for the detection system. 

Since a point source is a theoretical concept, it is useful to note some 
practical requirements in making use of this relationship: 

(a) The radiation must not be focussed or collimated in any way. 
(b) A source can be considered as a point source if the detector is placed 

at a distance which is at least ten times larger than the largest dimension of the 
source, i.e. with a needle source of 1 mm dia and 1.0 cm long the detector would 
have to be placed at least 10 cm from the source ( < 1% error). 

(c) Since radioactive decay is a random phenomenon, counting statistics 
have to be considered. Simply summarized, the counting time must be sufficiently 
long in relation to source activity to make random fluctuations in decay negligible 
(see §1-2.8) . 

(d) Measurements are rarely made in a vacuum. The important consideration 
is that matter (gas, liquid or solid) that is between the source and the detector 
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should not attenuate the beam because of any kind of interaction (absorption, 
scattering, etc.) by more than \ % in practical counting. This will vary with type 
of radiation and with the medium (see §1—1.6). For example, air at atmospheric 
pressure will not affect gamma counting at typical experimental distances. 

1—2.7. Counting efficiency (counting yield) 

Practically every tracer experiment involves a number of samples containing 
radioactivity, and the assay of the activity of these samples is an integral part of 
the complete experiment. When a radioactive atom decays, often more than 
one particle or photon is emitted. For example, a 60Co nucleus emits either one 
beta particle and two gamma photons or occasionally one of each (see Fig. 1—2). 
However, metastable states excepted, a disintegration including the emission of 
particle(s) and/or photon(s) requires only 10"10s or less, whereas the resolving 
times of even the fast counters are of the order of 10"7s. Thus, no practical 
counter will have a counting efficiency, e (counts per disintegration), of greater 
than one. The efficiency of a given counter in assaying a given sample is 
defined as follows: 

_ count-rate of sample _ R - Rb 
disintegration rate in sample A* (1—24) 

where the efficiency, e, is in counts per second per curie or becquerel; the 
activity, A*, is in curies or becquerels, respectively; while R is the count-
rate of sample plus background (counts/s) and Rb is the background count-
rate (counts/s). 

In most counters the counting efficiency is considerably less than unity, that is 
to say, only a fraction of the total disintegrations in the sample are detected and 
registered by the counting system. With the exception of liquid scintillation count-
ing, the reduction in e is caused by the following: 

(a) Geometry factor. Events in the source are not 'seen' by the detector. 
This is a function of the geometry factor, i.e. the solid angle of the source/detector 
arrangement divided by 4 ir. For a small source close to the detector window the 
solid angle is about 2 n and the geometry factor about 0.5. 

(b) Air and window absorption. Particles, particularly alpha and low-
energy beta, and to a lesser degree photons, may be absorbed in the air or in 
the window or walls of the detector, never reaching the sensitive volume of the 
detector. 

(c) Self-absorption in the sample. Alpha and beta particles, and to a 
much lesser extent gamma photons, can be absorbed by the sample material in 
which the radionuclide is contained, and a significant fraction of the activity 
radiation will not be counted. This is a very important consideration for low-
energy beta particles. In consequence, the count-rate from a given sample will 
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SAMPLE THICKNESS (mg-cnf2) 

FIG.I-15. Count-rate as a function of mass per unit area ('thickness') 
for samples of constant activity concentration. 

not increase in proportion to its thickness. For a sample of a given area, as the 
sample thickness of constant activity-concentration material increases, the 
count-rate will tend towards a maximum (Fig. 1-15) . At thickness X (measured 
in units of mass per unit area, see footnote 7) the sample is considered to be of 
infinite thickness. A common method for assay of low-energy beta emitters 
using GM counting is to count all samples at infinite thickness. The count-rate, 
R x , is then proportional to the activity concentration in the sample. The value 
for infinite thickness of beta emitters is approximately equal to the range of 
beta particles in units of mass per unit area. 

(d) Scattering. Particles or photons may be scattered towards or away 
from the sensitive volume of the detector. This scattering occurs in the backing 
material of the sample holder, the walls of the shield, and the air between the 
source and the window. 

When it is necessary to know the value of e, it need seldom be determined 
by investigating each of the above effects individually. Instead, a calibrated 
standard, i.e. a source of known activity, prepared in the same way as the 
samples, is counted under the same geometry to determine e. 

Calibrated standards may be purchased from radionuclide suppliers. A local • 
standard may be prepared from the radioactive material to be used in the experiment. 
In the latter case, the count-rate of all experimental samples can be compared, for 
instance, as a percentage of the experimental amount of tracer activity administered 
(% of dose). In purely comparative investigations it is sufficient if e can be kept 
constant from sample to sample, and its actual value need not be known. 

In 1972, the ICRU published a report on the measurement of low-level radioacti-
vity [3]. It is of interest for users of this manual, and particular reference is made to the 
definition and discussion of a figure of merit (Ref.[3], § 1 - 3 ) which should be studied 
in connection with this and the following section (§1—2.8). 
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TABLE 1 -1 . NATURAL STANDARD DEVIATION OF ACCUMULATED COUNTS 

Accumulated counts 

(C) 

Natural standard 
deviation 

Natural standard 
deviationa 

as % of C 

100 10 10 

1 000 31.6 3.2 

10 000 100 1.0 

100 000 316 0.3 

1 000 000 1 000 0.1 

% < W = ( r f x 100)%-

1-2.8. Counting statistics (natural uncertainty) 

If a single radioactive sample is counted several times under identical 
conditions using a perfect counter, and the count is corrected for radioactive 
decay (or the decay correction is negligible) then the individual number of 
counts will be observed to fall in the neighbourhood of a mean value. These 
deviations are due to the random nature of the radioactive decay (§ 1—1.3). 
This phenomenon may be termed natural uncertainty, as opposed to normal 
technical uncertainty due to the operator or the apparatus. The understanding 
of these statistical effects is necessary in the consideration of experimental 
design and in the interpretation of counting results. 

Disintegration statistics follow closely the Poisson probability distribution 
law. As a special consequence of the Poisson distribution, the natural standard 
deviation (anat f;) of a registered number of counts (C), irrespective of the time 
it takes to accumulate them, is closely equal to the square root of that number, 
C, under the assumption that the duration of the counting is much less than the 
half-life of the radionuclide being counted. So, for C accumulated counts, to a 
close approximation: 

°nat ,C = v / C d - 2 5 ) 

Table I—1 gives the calculated natural standard deviation for some given 
numbers of accumulated counts. As can be seen from the table, although anat c 

increases as the square root of C, the natural uncertainty expressed as a percen-
tage of the counts decreases as C increases. 
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Referring to Eq. (1—25), if both sides are divided by the counting time, T, 
the result is the natural standard deviation of the count-rate, R, since R = C/T 
and T in this respect is constant. Thus: 

_ q n a t , C _ V ^ 
a n a t , R ~ X _ T 

However, since C = RT: 

When C becomes large ( > about 10), the Poisson distribution is closely 
approximated by the normal distribution. From the normal distribution, one 
standard deviation on either side of the mean value accounts for 68% or about 
2/3 of the total area under the probability curve. 

A useful rule of counting is to try to accumulate so many counts that the 
percentage natural standard deviation is 2 to 3 times less than the percentage 
technical standard deviation. If 10 000 counts, for instance, are accumulated, 
then from this single assay it can be stated that there is a 68% probability that 
the true mean C-value is within 10 000 ± 100, or in the range of 9 900 to 10 100. 
Two standard deviations (2a) account for approximately 95% of the area under 
a normal'distribution curve, and in this case it can be stated that there is a 95% 
probability that the true mean C-value is within 10 000 ± 200. 

The accumulated counts (C) collected in any counting interval are due to 
true counts of the sample (Cs), plus those from background (Cb). There is a 
significant radiation background in almost any location. This background comes 
from cosmic rays and cosmic-ray induced activity, such as 14C, and from 
naturally occurring radioactive materials in the earth's crust and elsewhere, e.g. 
226Ra, 232Th and 40K. The latter all have associated gamma rays. The cosmic-ray 
contribution varies with altitude, and the composition of the earth's crust, etc., 
varies with location. All radiation detector/counter systems have an associated 
background from the above sources and from electronic noise. The background 
count-rate is commonly reduced by shielding or by special electronic circuitry. 

Obviously, every sample count is made in the presence of a background 
count-rate for that particular system. The background will be a function of the 
type of detector, as well as shielding, location, discriminator settings, etc. 

The deviation of a background count is independent of that of a sample 
plus background count, so the appropriate uncertainty terms add as the sum of 
the squares. Therefore, the variance of the net sample count (Cs) is, since 

(1-27) 

Cs = C - C b : 

(1-28) 
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where a ^ = variance of net sample count; 

OQ = variance of sample plus background count; 

= variance of background count. 

The natural uncertainty of the net sample count then follows from 
Eqs (1-25) and (1-28): 

< W s = V t + C ; . (1-29) 

where anat)cs = natural standard deviation of accumulated net sample counts; 
C = the total of accumulated counts due to sample plus background; 
C b = the part of accumulated counts due to background. 

Similarly, it follows from Eq. (1-24) that the natural standard deviation 
(anat j^) of the net count-rate (Rs = R - R b ) of the sample is given by 

[R 
^nat ,R s =J7 + T 7 (1-30) 

where R = count-rate of sample plus background; 
Rb = count-rate of background; 
T = time used for counting sample plus background; 
T b = time used for counting background. 

In tracer experiments, the net count-rate of samples very commonly 
approaches, or is even less than, background count-rates. In order to divide 
a given total period of counting time between T and T b in such a way as to 
statistically minimize 0nat,Rs> the following formula may be used (by inserting 
preliminary values for R b and R, obtained during short periods of counting):13 

T b [Rb 
R ( I ^ 3 1 ) 

However, strict adherence to this criterion for optimum statistical partition of 
counting time is not critical in practice. 

13 Derivation of Eq. (1-31) is given in Part VI, Appendix VI—6. 
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1—2.9. Neutron detection and measurement 

Nearly all the interactions that neutrons undergo in matter are used in 
their detection and measurement. Fast neutrons by collision with other nuclei 
produce charged recoil nuclei which can cause ionization. Slow and thermal 
neutrons undergo absorption reactions to produce charged particles or induced 
radioactivity. 

The most common method of slow and thermal neutron detection is the use 
of a counting tube filled with boron trifluoride gas or lined with boron inside 
the tube. Ionization is produced in the tube gas by the nuclear reaction: 

'?B + Jn 2He73Li + y 

Both the alpha particle and the 3Li recoil nucleus produce ionization. The 
counter tube is generally operated in the proportional region to give discrimina-
tion from pulses that may be produced from interfering gamma rays. The tube 
can be used to detect fast neutrons by surrounding it with paraffin wax to 
moderate the fast neutrons to slow or thermal energies. 

A BF3 detector is used for the detection of slow neutrons in the deter-
mination of moisture content in materials. A source containing a mixture of 
239Pu and Be (or 241 Am and Be) provides fast neutrons which are moderated or 
slowed down by the hydrogen atoms in water. Thus, the count-rate of the 
tube due to slow neutrons is proportional to the water content. 

Activity induced in materials also is commonly used for neutron detection. 
An end-window GM tube with a piece of silver foil across the window may be 
used to monitor neutron radiation. The neutrons activate silver atoms to radio-
active isotopes which emit beta particles that are detected by the GM tube. 
After several minutes the count-rate of the GM tube is proportional to the 
neutron flux. 

1 -3 . RADIATION PROTECTION 

It is imperative that a knowledge of the safe use of radionuclides and radi-
ation be gained before they are applied as tools in research. Ionizing radiation is 
hazardous to all biological systems, but with proper considerations for health 
protection measures, the hazard to personnel or experimental systems can be 
reduced to a tolerably low level. 

The health physics involved in the safe use of radionuclides and radiation 
is discussed in some detail under three headings: 

§1—3.2. Protection of personnel 
§1—3.3. Control of contamination 
§1-3.4. Waste disposal 
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However, before considering these categories, an insight must be gained both into 
basic considerations involved in radiation protection and into units. 

1—3.1. Basic considerations and units 
The liberation of ion pairs by energetic photons is termed the exposure, X, 

and is defined as: 

dm 

where dQ is the absolute value of the total charge of ions of one sign produced 
when all the electrons (e+ and e _ ) liberated by photons in a volume of air of 
mass dm are stopped in air. In SI units, the exposure is measured in coulombs per 
kilogram, while the present special unit of exposure, the roentgen (R) is defined as: 

1 R = 2.58 X l(T4C/kg 

Using this definition the energy absorbed by one kilogram of air due to a total exposure 
of 1 R is equal to: 

2.58 X 10"4 C/kg air 
X 33 eV/ion pair X 1.6 X 10"19 J/eV = 3.5 X 1CT3 J/kg 

1.6 X 10"19 C/electron 

Using the factor 1 erg = 10"7 joules, it can be seen that the above value is identical to 
85 erg/g of air, which was the accepted value using the old system of measurements. 

To obtain some impression of the magnitude of such interaction, the follow-
ing approximate figures are of assistance. The charge on an electron is about 
1.6 X 10"19 C, and 1 cm3 of air at STP has a mass of around 1.3 mg; hence, one 
roentgen will produce about 2.1 X 109 ion pairs per cubic centimetre of air and, 
since release of an ion pair requires some 33 eV, about 1.1 J of radiation energy 
are absorbed per cubic centimetre of air. Thus, one roentgen will dissipate 
8.5 X 10"3 J/kg air. 

As discussed in §1-1.6, the energy of gamma rays absorbed per gram of 
various materials is a function of properties such as Z and density. Thus, the 
energy absorption per gram from exposure to 1 R will be slightly different for 
soft tissue, for water and for air, and it will be a function of photon energy. 
Further, for example, the energy absorption per gram of bone tissue from 
exposure to 1 R of X of gamma photons of energy below 0.01 MeV will be 2 to 
5 times that of soft tissue exposed to 1 R of the same photons. In general, there 
is no simple relationship between the energy absorbed per gram and the exposure. 
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The biological effect from a given type of irradiation is, however, pro-
portional to the energy absorbed per gram, and a unit of absorbed dose was, 
therefore, introduced. 

The unit of absorbed dose in SI is the gray (Gy), representing the absorption 
of 1 joule per kilogram of the irradiated material. The special unit of absorbed 
dose at present is the rad, use of which is being phased out during the period to 
1986. The interrelationships of interest are: 

1 Gy = 1 J/kg = 100 rad 

The dose absorbed by a material subject to a given exposure will vary with the 
nature of the material, depending to a large extent on the scattering power 
(electron density) of the constituent atoms. The units gray and rad may be used 
irrespective of the type of ionizing radiation being considered. 

It is clear, however, that radiation dissipating 1 Gy (100 rad) with a high 
specific ionization, i.e. a high linear energy transfer (LET), will have a greater 
biological effect on an organism than a different quality of radiation dissipating 
1 Gy with a low specific ionization. For example, alpha particles have a much 
higher LET than beta particles, and hence the biologically damaging effect of 
alpha particles will be greater than that of beta particles. This observation 
resulted in the use of a factor termed the Relative Biological Effectiveness (RBE), 
which was defined using the biological effect of irradiation with 200 keV X-rays 
as the basis for comparison: 

Absorbed dose due to 200 keV X-rays causing a specific effect 
RBE = - — (1-32) 

Absorbed dose due to other radiation causing the same effect 

Originally, the product of the absorbed dose in rads and the RBE were taken 
to give a value in rems (originally derived from the idea roentgen equivalent man) 
such that a figure of, say, 100 rems would represent the same biological effect of 
an irradiation, irrespective of the type of radiation used, i.e. the effect 100 rem 
beta rays = effect 100 rem gamma rays. This was to make it possible to sum such 
'effective absorbed doses' or 'weighted absorbed doses' resulting from different 
exposures to different radiations at different times, a matter of practical 
importance. The use of the term rem for such values is no longer applicable, 
and the product absorbed dose and RBE is termed 'effective dose' or 'weighted 
dose', still measured in grays, J /kg or rads. For example: 

De f f j(rad) = D, X RBE,; D e f f 2(rad) = D2 X RBE2 

Deff,tot frad) = D e f f l + D e f f 2 
(1-33) 
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TABLE I -2 . VALUES OF QUALITY FACTOR Qa USED 
IN DEFINING DOSE EQUIVALENT [7] 

Radiation Q 

X-rays, 7-rays, electrons and /3-rays 

Fast neutrons and protons up to 10 Mev'' 

a-particles from radioactive decay (for internal exposure) 

Heavy recoil nuclei 

1.0 

10 

10 

20 

a These values of Q are those chosen specifically for use in defining 
maximum permissible doses. 
k In the case of irradiation of the lens of the eye with particulate 
radiation of high LET, an additional modifying factor, N, must 
be used. N should be 3 when Q > 10. 

although the applicability of this idea must be proved for the biological system 
under investigation. 

The modern concept of dose equivalent, H, has been defined with regard to 
the human and his organs by the ICRP and ICRU [4] as follows: 

where D is the absorbed dose, Q is the quality factor of the radiation and N is the 
product of all other modifying factors. Q and N are dimensionless, and hence the 
dimensions of H are J/kg, as for absorbed dose. The use of dimensionally similar 
units for these two different concepts could have serious consequences in radiation 
protection etc., and, hence, either rem or J/kg (dose equivalent) should be used.14 

Hence 1 Sv, i.e. 100 rem, of one kind of ionizing radiation is, for radiation pro-
tection purposes, defined as having the same biological effect in man as 1 Sv or 
100 rem of another kind of ionizing radiation. In considering irradiation of the 
whole or part of the human body, the dose equivalent would be computed from 
the known or estimated absorbed dose, making use of the factors published 
by the ICRP [5] (see also Ref. [6]). Dose equivalents are additive for a given 
person or organ. Some data concerning quality factor, Q, are shown in Table 1 -2 . 
Apart from an exception noted in Table 1 - 2 , N is assigned the value unity for 
all radiations from external sources [2, 4, 7], 

14 The special name 'sievert', symbol Sv, was adopted in 1979 for the SI unit of dose 
equivalent, for use in radioprotection. Dimensionally: 1 Sv = 1 J/kg. 

H = QND (1-34) 
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TABLE 1- 3. APPROXIMATE VALUEa OF THE HALF-THICKNESS 
OF LEAD AS A FUNCTION OF GAMMA-RAY ENERGY (>0.2 MeV) 

E 7 

(MeV) 

Approximate half-thickness 
of lead shielding11 

(cm) 

0.25 0.25 

0.5 0.5 

1.0 1 

1.5 1.5 

2 to 4 2 

a The value will depend on the geometrical relationship between source and absorber. 
With a point source very close to the absorber, the radiation meets the absorber at a wide 
range of angles of incidence (broad geometry). The half-thicknesses in such a case will be 
different to those if the absorber is sufficiently distant for the incident radiation to be 
nearly parallel (in effect a collimated beam; narrow geometry). The half-thickness 
values could vary by 20 to 30% down or up from the values given in the table above, 
which are for intermediate geometries more normally met with in measuring and 
experimental practice. 

1—3.2. Protection of personnel 

The International Commission on Radiological Protection (ICRP) has 
recommended that the yearly dose to radiation workers must not exceed 5 rem 
per year. This is equivalent to an average rate of 0.1 rem per week; however, 
the ICRP recommendation does not stipulate any weekly rate [5, 6]. The yearly 
maximum of 5 rem applies to the dose (from both internal and external radiation) 
to the whole body, the gonads alone or the red bone marrow alone. 

1—3.2.1. External exposure 

Radiation dose to personnel must always be kept as low as possible. In 
the case of external exposure, this can be accomplished by an optimum combi-
nation of (i) shielding, (ii) increasing working distance from the source, and 
(iii) minimizing exposure time. Shielding of alpha emitters for external radiation 
is not required because the wall of the container or a few centimetres of air 
will absorb all particles. The same considerations generally apply to low-energy 
beta emitters such as 3H, 14C or 4SCa. High-energy beta emitters require only 1 
to 2 cm of low-Z material, such as polymethyl methacrylate'(Lucite, Perspex, 
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etc.) for shields.15 In the case of gamma rays, a high-Z material, such as lead, 
provides the best shielding. Table 1—3 gives approximate values of half-thicknesses 
(half-value layers) of lead for shielding against gamma rays. 

To obtain the approximate half-thicknesses of water, the corresponding 
half-thickness of lead may be multiplied by 10. (The density of water is about 
one tenth that of lead.) To obtain the approximate half-thickness of any other 
material, the necessary half-thickness of water is divided by the density of the 
other material. 

The photon-intensity attenuation factor, F, and the number, n, of half-
thicknesses (X^, see Eq. (I —14a)) are related as follows: 

c on • *°gio F F = 2 ' , i.e. n = (I 35) 
0.3 

Work with radioactive sources must always be performed with sufficient 
shielding for personnel. The calculated dose rate after shielding must always be 
checked with a dose-rate meter, preferably an ionization chamber type. Sources 
not in use should always be stored behind shielding and access to the sources 
strictly controlled. Warning signs such as the following should be used: 

Radioactive materials; external 
dose rates less than 2.5 m R h - 1 

K 6 . 5 X 10~7 C kg^' h"1) 

External dose rates 
2.5 to 100 mR h"1 

(6.5 X 10"7 to 2.5 X 10"5 C kg-' h"1) 

External dose rates 

CAUTION RADIOACTIVE MATERIALS 

CAUTION RADIATION AREA 

CAUTION HIGH RADIATION AREA exceeding 100 mR h 1 

(>2.5 X l O ^ C kg-' h"1) 

It is important that before beginning any work with gamma-ray emitters 
the researcher should know how great the radiation dose from the source will be. 
The gamma-ray dose constant T (in various units for 1 m from a point source) is 
given in Table 1—4 for various radionuclides. 

For point sources of activity, gamma-ray intensity is inversely proportional 
to the square of the distance (see §1—2.6). Thus, once the exposure dose is known 
at any one distance, it may be calculated at any other distance by the inverse-
square law. 

15 For strong beta-emitting sources the production of bremsstrahlung must be considered. 
Bremsstrahlung (braking radiation) is electromagnetic or photon radiation'emitted by a high-
speed electron as it is decelerated by the Coulombic field of atomic nuclei in high-Z absorbers 
(see Part VII, Glossary). 
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TABLE 1-4. GAMMA-RAY EXPOSURE DOSE LEVEL AT 1 m FROM 
A POINT SOURCE (T) FOR SOME SELECTED RADIONUCLIDES 

T fat 1 metre) Predominant 
Radionuclide 

(R h" per Ci) (R h ' per Bq) (C kg-' h"1 per Bq) 
gamma-photon energy 
(MeV) 

Na-22 1.2 3.2 X 1 0 " " 8.4 X 10"1 5 1.3 and 0.5a 

Na-24 1.8 4 . 9 X 1 0 " " 1.3 X lO"1 4 2.7 and 1.4 

Mg-28 
(+ equil. Al-28) 

1.6 4 . 3 X 1 0 " " 1.1 X 10"1 4 1.8 and 1.4 

K-42 0.14 3.8 X 10~'2 9.8 X 1 0 ~ " 1.5 

Cr-51 0.02 5.4 X 10"1 3 1.4 X 1 0 " 1 6 0.3 

Mn-54 0.47 1.3 X 1 0 " " 3.3 X 10 " ' 5 0.8 

Co-58 0.55 1.5 X 1 0 " " 3.8 X 10~15 0.8 and 0.5a 

Fe-59 0.67 1.8 X 1 0 " " 4.7 X 10"1 5 1.3 and 1.1 

Co-60 1.3 3.5 X 1 0 " " 9.1 X 1 0 " I S 1.3 and 1.2 

Cu-64 0.12 3.2 X 10"1 2 8.4 X 10"1 6 0.5a 

Zn-65 0.27 7.3 X 10~12 1.9 X 10" ' 5 1.1 
Se-15 0.20 5.4 X 10"1 2 1.4 X 10" ' 5 0.4, 0.3 and 0.1 

Rb-86 0.05 1.4 X 10" ' 2 3.5 X 10 " ' 6 1.1 
Zr-95 0.41 1.1 X 1 0 " " 2.9 X 10"1S 0.8 and 0.7 

1-131 0.22 5.9 X 1 0 " ' 2 1.5 X 10 15 0.4 

Cs-137 
(+ equil. Ba-137m) 

0.31 8.4 X 10" ' 2 2.2 X 10" ' 5 0.7 

Ta-182 0.68 1.8 X 1 0 ' " 4.7 X 10~15 1.2 and 0.2 

Au-198 0.25 6.8 X 10" ' 2 1.7 X 10"1 5 0.4 

Ra-226 
(+ equil. decay 
chain) with 
0.5 mm Pt cover 
for calibration 

0.825 2.3 X 1 0 " " 5.9 X 10 " ' 5 many different 

a Annihilation photons following 

It was seen in §1—2.6 that distance is a very important factor in minimizing 
dose. Consider a point source from which the gamma-ray exposure dose was 
i mR' h"1 at 10 cm. Any manipulations with the source by means of long forceps 
or tweezers would produce a negligible finger or whole-body dose. However, if 
the source were handled without tweezers, for instance with rubber gloves as the 
only protection, the radiation exposure dose at 1 mm distance would be 
10 000 raR-h'1 = 10 R h_1 to the skin of the finger tips. 

Reduction of exposure time is also important in minimizing dose. Mani-
pulations with sources should be performed rapidly but carefully. 

Monitoring of external dose can be accomplished by the use of personal 
dose meters [8]. These can be worn on the body, or attached to the hands or 
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wrists if necessary. They provide an integrated dose reading, i.e. a dose value 
summed over the total working period. Pocket dose meters (electrometers), film 
badges or solid-state thermoluminescent dose meters [9] are the most common 
systems currently in use. 

1—3.2.2. Internal exposure 

The internal hazards of radionuclides involve some distinctly different 
considerations. Beta emitters and particularly alpha emitters become extremely 
hazardous on entry into the body. The protection against internal contamination 
largely involves prevention of accidental ingestion, of inhalation or of skin 
absorption of radionuclides. The International Commission on Radiological 
Protection (ICRP) has calculated (i) maximum permissible body burdens of all 
the radionuclides and (ii) the maximum permissible concentrations in water and 
air that would produce such body burdens if chronic exposure conditions existed 
[5, 6]. The factors that determine the maximum permissible body burden of any 
radionuclide are: 

(a) Particle radiation energy, LET and radioactive half-life; 
(b) Absorption from the gastro-intestinal (GI) tract, lung tissue or skin into 

body fluids; 
(c) Distribution into body organs, i.e. selective concentration (e.g. 1311 in the 

thyroid gland); 
(d) Biological half-life, i.e. the time required for a given body burden to decrease 

physiologically by one-half. The combined effect of radioactive decay and 
physiological excretion is given by the relation: 

T i ,eff Ti,biol 

where T^ = radioactive half-life 
Ti eff = effective half-life 
T^ b i o l = biological half-life 

Factors (b) and (c) also depend on the chemical and physical form of the 
radionuclide. Solubility in body fluids will largely determine the absorption and 
transport of the radionuclide. 

The relative radiotoxicities of all known radionuclides are given in Part V I , 
Appendix VI—3, while some typical examples are shown in Table 1—5. 

1—3.3. Control of contamination 

Contamination of laboratory, benches, glassware and operators by radio-
nuclides must be avoided for two reasons: 
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TABLE 1-5. LIMITATION ON RADIOACTIVITIES IN VARIOUS TYPES 
OF WORKING PLACE OR LABORATORY3 [7] 

Radiotoxic i ty o f 
radionuclides 
(and examples o f each) 

Minimum 
significant quantity 
(jtCi) ( k B q l 

Working.place or laboratory required Radiotoxic i ty o f 
radionuclides 
(and examples o f each) 

Minimum 
significant quantity 
(jtCi) ( k B q l Type C Type B Type A 

1. V e r y h i g h 
( S r - 9 0 . P o - 2 l 0 . e t c . ) 

0.1 3.7 f 10 MCi or Itss 
(0 .37 MBq i.r less 

J 1 0 tiCi to 10 mCi 
\0.37 MBq to 0 .37 GBq 

j 10 mCi or more 
[0 .37 GBq or more 

2. High 
(Na-22. Ca-45, Co-60 , Sr-89,1-131, etc . ) 

1.0 37 f l 0 0 yCi or less 
|3.7 MBq or less 

f 100 ,uCi t o 100 mCi 
\3.7 MBq to 3.7 CBq 

Jl 0 0 mCi or more 
\3.7 GBq or more 

3. M o d e r a t e 
(C-14.P-32, S -35 ,K-42 .Zn -65 ,Br -82 , e t c . ) 

10 370 f l mCi or less 
] 3 7 MBq or less 

f l mCi to 1 Ci 
|37 MBq to 37 GBq 

Jl Ci or more 
\37 GBq or more 

4 Sl ight 
(H-3, Rb -87 ,e t c . ) 

100 3700 J 1 0 mCi or less 
\o .37 CBq or less 

J i o mCi to 10 Ci 
\o .37 GBq to 0 .37 TBq 

f lO Ci or more 
[0.37 TBq or more 

a Type C . Type B and Type A have the meanings normally used in the classification o f laboratories for handling radioactive materials. 
Type C is a good quality chemical laboratory. Type B is a specially designed radioisotope laboratory. Type A is a specially designed 
laboratory for handling large activities o f highly radioactive materials. In the case o f a conventional modern chemical laboratory 
with adequate ventilation and fume hoods , as well as polished, easily cleaned, non-absorbing surfaces, etc . . it would be possible to 
increase the upper limits o f activity for Type-C laboratories towards the limits for Type-B laboratories for toxic i ty groups 3 and 4. 

(i) Laboratory contamination can result in internal exposure of the laboratory 
personnel, and it may even be spread to areas where other personnel may be 
exposed. . 

(ii) Experimental results are likely to become uncertain. 

Control can best be achieved by regular maintenance of high standards. 
For this purpose, a number of staff should be appointed to the position of 
Radiation Safety Officer. The duties of this officer would include: 

(a) Determining the previous radiation exposure of all workers in the isotope 
laboratory and arranging for blood counts if the exposure is considered 
serious; 

(b) Maintaining records of exposure of staff to ionizing radiation and arranging 
for blood counts at six-monthly intervals if considered necessary; 

(c) Arranging for the regular distribution and examination of film badges which 
should be worn at all times by workers in radioisotope laboratories; 

(d) Taking delivery of all shipments of radioisotopes and supervising their 
storage; maintaining detailed records of all shipments so that their use 
and final disposal can be traced; 

(e) Maintaining records of all closed radiation sources; 
(f) Regularly monitoring all working areas for radioactive spillage; 
(g) Ensuring that all workers, especially those inexperienced in handling 

radioisotopes, observe the laboratory rules. 
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A number of laboratory rules must, therefore, be strictly adhered to: 

(a) Eating, drinking, smoking and application of cosmetics in the laboratory 
are strictly prohibited, as is combing of hair (because of the electrostatic 
charge induced). 

(b) Each person should wear a laboratory coat. This coat should be worn in the 
laboratory space where the experiments with radionuclides are done, but 
not in separate counting rooms or outside the area of radioactivity. 

(c) When there is a significant risk that the hands may become contaminated, 
thin surgical gloves or disposable plastic gloves should be worn. The surgical 
gloves have to be put on and taken off in such a way that the inside never 
touches the outside in order to prevent direct contamination of the skin. 
A detailed description of the procedure for putting on or removing gloves is 
given in Part VI, Appendix VI -1 . As soon as the risk for contamination of 
the hands is no longer present, the gloves should be removed, as they 
constitute a source of contamination of glassware, equipment, faucet 
handles, etc. 

(d) Pipetting or the performance of any similar mouth action is strictly prohibited. 
Syringes or propipettes must be used. 

(e) Protective eye glasses or shields are advantageous and should always be worn 
in high radiation areas of a radiochemistry laboratory. This will shield the 
lens of the eye from beta particles and will minimize eye injury in the event 
of a chemical accident. 

( f ) To prevent contamination of gloves, hands or equipment, paper tissues 
should be at hand and should always be used as a preliminary means of 
decontamination. After use, these tissues should be disposed of in foot-
operated waste bins or large drums. 

(g) All operations involving volatile materials, heating or digestion must be done 
under a fume hood. The air velocity (suction) at the hood face should be 
approximately 1 m/s. 

(h) Any operation in which radioactive dust may arise should be carried out in 
a glove-box in which slightly negative pressure is maintained. In the exhaust 
system a dust filter must be present to collect radioactive particles. These 
precautions are imperative in the case of alpha activity. 

(i) All operations should be carried out over shallow trays. The bottoms of the 
trays should be covered with absorbent paper. 

( j ) Storage bottles should be available for dumping of liquid waste (see Part VI, 
Appendix VI -2 ) . These bottles should contain a small amount of ion-
exchange resin to concentrate the activity. 

(k) Cross-contamination should be avoided by using glassware, tin openers, 
tweezers etc., for one particular radionuclide only. 
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(1) A thin-window GM survey meter should be available for contamination 

detection. In addition, it would be preferable to have an ionization-chamber 
survey meter for exposure dose measurements, 

(m) Frequent surveys of laboratory work areas, equipment and personnel should 
be performed with the GM survey meter to detect contamination. In the 
case of alpha emitters, 3H or other low-energy beta emitters, filter paper 
should be used to swab the suspected areas. The swabs should be counted 
with an appropriate detector, 

(n) Before leaving the laboratory the hands, clothing and shoe soles should be 
checked with a suitable survey instrument or swabbed, the swabs being counted. 

1-3.3.1. Decontamination 

Decontamination of the skin should first be attempted with soft soap and 
water, possibly with a soft brush. Care should be taken to avoid damaging the 
skin by excessive washing. Often washing with a carrier solution will aid in 
removal through exchange with the radioactive isotope. Obviously, the carrier 
solution must be non-toxic to the skin. 

Generally, the contamination of glassware, metal surfaces or painted 
surfaces which have been contaminated with radioactive material of high specific 
activity is greatly reduced by repeated washings with carrier solution. Stocks of 
carrier solution should therefore be present where contamination is likely to occur. 
A spreading agent may be very effective. Otherwise, materials may be decon-
taminated as follows: 

MATERIAL DECONTAMINATION SOLUTION 

Glass Either 10% nitric acid, or 2% ammonium bifluoride, 

Painted surfaces 

Aluminium 

Steel 

Lead 

Linoleum 

or chromic acid, or carrier in 10% hydrochloric acid. 

10% nitric acid, sodium metasilicate or sodium 
metaphosphate. 

Phosphoric acid plus a spreading agent. 

4N hydrochloric acid until a reaction starts, then a 
dilute alkaline solution, followed by water. 

Xylol or trichlorethylene to remove wax surface. 

Spreading agent and ammonium citrate or 
ammonium bifluoride. 

Wood and concrete Difficult to decontaminate. Partial or complete 
removal of the contaminated material will usually be 
the only effective method. 
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1—3.3.2. Special laboratory design features 

A laboratory in which work with radioactive materials is done should have 
facilities that: 

(a) Minimize the incidence and spread of contamination 
(b) Make possible rapid decontamination. 

These facilities are further determined by the nature of the work that is to 
be carried out. Three types of laboratory may accordingly be described (see 
Table 1 - 5 and Ref. [7]). Usually, a Type A laboratory will be associated with 
reactor operations or waste processing plants. For biological research. Type B or 
C laboratories will generally be adequate. 

A Type C laboratory may be any ordinary laboratory that has a good 
ventilation system and an exhaust hood. Floors and benches should have a 
surface that can be cleaned easily. 

If larger quantities of radionuclides are to be used, for example for the 
dilution of stock solutions or the preparation of labelled compounds, then a 
Type B laboratory will be required. 

The characteristics of a Type B laboratory may be listed as follows: 

(a) The laboratory room should preferably be separate from the counting 
room(s). 

(b) Ventilation of the laboratory should be sufficient to exchange the total 
room volume 12 times hourly. The air flow should be from least active to 
most active areas. The fan for each hood should be at the top of the vent 
duct so there is negative pressure throughout the vent duct. Multiple hoods 
should automatically be vented simultaneously at the same air velocity. The 
ventilation to the room should be separate from that to other rooms, 
particularly counting rooms. There should be a particle filter in each 
exhaust duct. 

(c) Shielded, lockable, separate storage areas should be available for highly 
radioactive sources. 

(d) To facilitate decontamination, benches should be covered with melamine laminate 
and floors with vinyl or linoleum, preferably without seams. Under no circum-
stances should uncovered wooden or concrete floors and bench tops be 
allowed. Furniture should be of non-porous material. 

(e) The GM survey meter, the hand and foot monitoring station and laboratory 
coat hooks should be located just inside the entrance to the laboratory. 

( f ) Water faucets should be of a foot or elbow-operated design to prevent 
contamination. 

(g) If possible, a shower for personnel decontamination should be located close 
to the laboratory. 
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(h) Drains should be located in the floor. 
(i) There should be no ridges and corners in which dust may accumulate and 

which are difficult to clean. 

1—3.4. Waste disposal 

Radioactive waste should be controlled and disposed of according to the 
recommendations of the ICRP and IAEA (see Part VI, Appendix V I - 2 ) . 
Generally, liquid waste should be stored in polyethylene containers and not 
disposed of into the sanitary sewer system through sinks. High-volume, low-activity 
liquid waste may be treated by ion-exchangers to reduce the volume. Solid waste 
should be placed in foot-operated bins. All waste containers must have the 
appropriate label as well as a label stating the date and quantity of each radio-
nuclide added. 

If possible, it is advisable to store all liquid and solid waste until the activi-
ties present have been reduced by radioactive decay such that it might be disposed 
of by usual methods. If this is not possible, as in the case of long-lived emitters, 
land burial may be necessary. In some countries a central organization is in 
charge of collection, storage and/or burial of radioactive materials. 

Waste disposal can be a serious problem, and if work with appreciable 
activity of long-lived radionuclides is expected, expert advice should be sought. 

1—3.4.1. Disposal of radioactive animals 

Radioactive animals should not be used for human food. Appropriate 
means of identification, such as ear tags, should be applied when the animal 
receives its first dose of radioactivity, and rules should be introduced to ensure 
that the animal is properly disposed of. It is taken for granted that the animal 
will be killed humanely - an intravenous overdose of barbiturate anaesthesia 
or saturated magnesium chloride will cause rapid death without the loss o f 
radioactive blood. The disposal of the carcass should then proceed as with 
other wastes, especial care being taken that the carcass cannot be eaten by 
dogs or feral animals. 

1 - 4 . TRACER METHODOLOGY 

The tracer method is a technique used to investigate certain characteristics 
of a population of specific objects such as molecules, organisms or other entities 
by observing the behaviour o f the tracer. The substance to be traced is generally 
termed the tracee. The criteria for an ideal tracer are that it must be chemically 
and physically indistinguishable from the tracee, at the tracer concentration 
used, and that the introduction of the tracer must not disturb the system. Both 
these criteria are almost perfectly met by radioactive or stable isotopic tracers. 
Isotopes have identical chemical properties (only slight mass differences), and 
they can be obtained in high specific activity or tracer abundance. Therefore, 
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the introduction of an isotopic tracer generally adds negligible mass to the system 
and does not disturb its kinetics. 

In principle a stable isotope can be used as a tracer just as well as a radio-
isotope. In practice, however, one radioactive atom is detectable, whereas 1012 

or more atoms of a stable isotope constitute the smallest detectable amount. 
Conversely, the stable isotope is better than the radioisotope in two respects, 
namely (a) there is no radiation hazard and (b) the life of the tracer is infinite. 
Generally, these advantages do not outweigh the supreme sensitivity of radio-
tracer detection. 

1-4.1. Pathway identification 

A most common use of an isotopic tracer is to follow the pathway of an 
entity in a chemical, physical or biological system. 

When the entity is, for example, an intact organism or an inorganic object, 
the radioactive label used may belong to any element. The choice of label will 
then be governed (a) by the ease of incorporation and attachment of the label and 
its stability of attachment, (b) by the ease of detection of its radiation, and (c) by 
the half-life (in order to be able to follow the label over the desired period of 
experimentation, yet not allow unduly long-termed contamination of the environ-
ment after the experiment is finished). 

When the entity to be studied (tracee) is an organic material or compound, the 
radionuclide must belong to one of the elements in the tracee. This often reduces the 
choice to 14C, 3 H or 15N plus perhaps 32P, 35S, 36C1 or 131I. The label may be incorpo-
rated into the tracee through biological growth, chemical synthesis or exchange 
processes. 

If the tracee is a mineral nutrient, the label should be an isotope of that 
element. In general, elements in the same chemical group, e.g. alkali metals, have 
similar chemical properties, but not sufficiently so for an isotope of one element 
to serve in general as the tracer for another element in the same group. 

If the tracer is introduced into the system, its identification in other parts 
of the system infers information about the possible pathways of the tracee in the 
system. A well-known example is the use of 14C-labelled glucose to observe the 
pathways and intermediates in the glycolytic cycle. Another example might be the 
migration of labelled insects and identification of their predators in an ecological study. 

1—4.2. Tracer dilution 

The tracer dilution technique has been very useful in determining the 
isotopically exchangeable mass of a substance in a system. The isotope dilution 
principle is: for a given amount of isotopic tracer, the specific activity (or 
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enrichment) at any time is inversely proportional to the total exchangeable mass 
of tracee mixed uniformly with the tracer at that time. 

This technique, introduced by de Hevesy, is particularly useful when 
quantitative separations are not possible or are too tedious for the systems under 
study. In addition, it is the principal technique used to measure the exchangeable 
mass in vivo. 

1—4.2.1. Derivation of equations 

Consider a closed system that contains an unknown amount, S grams (or 
moles), of a test substance. To this system is added a known amount of a radio-
active (or stable) tracer of initial specific activity (or initial atom per cent excess), 
A injt. Then, in the case of a radiotracer: 

A* 
^ i n i t = y (1-37) 

where A* = activity of the tracer (usually nCi or kBq, or corrected counts/s) 
s = known amount of test substance associated with the tracer added, 

i.e. the carrier. 

If the tracer is allowed to mix completely in the system, a final specific 
activity (or final at.% excess), A f m , is reached. In the case of a radiotracer: 

A ^ J ? ; _ d - 3 8 ) 

d - 3 9 ) 

Then in general, according to the isotope dilution principle: 

A jnit _ S + S 

^fin s 

In the case of a radiotracer, Eq. (1—39) may also be obtained by dividing 
Eq. (1-38) into Eq. (1-37). 

Solving for S in Eq. (1—39), we find: 

S = s ( 4 M - I \ (1-40) 
V^fin / 

where S and s are both in either grams or moles of substance. 
(Equation (1-40) is also valid for a stable isotopic tracer, if A stands for at.% 
excess, and s is the amount of test substance added as tracer.) 

Therefore, to determine S, only Aiin need be determined, as Amit and s are 
known. Quantitative separation of the tracee from the sample that has been 
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isolated from the system is not necessary because specific activity (or enrichment) 
is independent of sample size, recovery, handling losses, etc. However, it is a 
necessary condition that the tracer be homogeneously mixed with the tracee in 
the system. The fulfilment of this condition becomes very important in tracer 
dilution studies in vivo. 

Very commonly, s is negligible compared with S. This is the case with 
carrier-free or high specific activity radiotracers. By inspection of Eq. (1—38), 
if s is negligible with respect to S, then: 

A * 
s = — (1-41) 

fin 

and only the total tracer activity and the final specific activity need be known. 
A variation of the tracer dilution technique, called inverse tracer dilution, 

enables determination of an unknown amount, S, of an isotopically labelled test 
substance or tracee in a system, by the addition and mixing in of a known amount, 
s, of unlabelled test substance as tracer. Let A-mit and Afm be the initial and final 
specific activities (initial and final enrichments, i.e. at.% excess) respectively, in 
the tracee system. In the case of a radiotracer: 

where A* is unknown and S is sought, and (cf. Eq. (1—38)): 

A* 
A * > — s ( I ~ 4 3 ) 

Then, according to the isotope dilution principle, or by division of Eq. (1-43) 
into Eq. (1-42): 

dinit = l l i 
^fin S 

Solving for S in Eq. (1-44), we find: 

v-i 

(1-44) 

^ - l ) d - 4 5 ) 
^fin / 

where S and s are both in either grams or moles of substance. 
Therefore, the determination of the specific activities (enrichments) before 

and after the complete mixing in of s grams (or moles) of unlabelled tracer 
enables calculation of the amount of labelled tracee in the system. (Equation 
(1-45) is valid for a stable tracer, in the same way as Eq. (1-40).) 
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In general, if both the tracee and the tracer are labelled, it can be shown that: 

s + 

where A and / l s = initial specific activities (abundances) o f tracee and tracer 
respectively 

/4S + S = final specific activity (abundance) o f tracee and tracer 
mixture 

Equations ( 1 - 4 0 ) and ( 1 - 4 5 ) are easily deduced f rom Eq. ( 1 - 4 6 ) . 

1—4.2.2. Example of a closed system 

Consider the problem o f estimating the volume o f water in a vessel. This 
would be an example o f a closed system, since no water can enter or leave, i.e. 
there is no communication with the external environment. If s (ml) o f tritiated 
water, 3HOH, o f specific activity (juCi m r 1 or kBq ml - 1 ) , is pipetted into 
the vessel and allowed to mix, then the unknown volume o f water in the vessel, 
S (ml), can be. calculated directly by Eq. ( I - 4 0 ) 1 6 when the specific activity o f the 
mixture, ^4fin(jLiCi- ml - 1 or kBq m l - 1 , respectively), has been determined. 

1—4.2.3. Example of an open system 

Now consider the estimation o f the volume o f water in an animal. This 
would be an example o f an open system, presumably in the steady state with 
respect to water exchange with the external environment. In the steady state, the 
intake rate is equal to the outgoing rate and the exchangeable mass is constant. 
If A* (fxCi or kBq) o f very high specific activity tritiated-water tracer is injected into 
the animal and allowed to mix with the body water, then the water volume 
(total body water), S, can be calculated using Eq. ( 1 - 4 1 ) . The final specific 
activity, / l f i n (^C i ' ml - 1 or kBq ml - 1 ) , is determined by sampling plasma or urine 
after mixing is complete. However, the animal will have lost some fraction o f 
the initial activity, A * , via excretion during this mixing period. Therefore, the 
total activity excreted during the mixing should be collected and subtracted 
f rom A* . Equation (I—41) is then modified to : 

_ A * 

S = — — ( 1 - 4 7 ) 
Afin 

16 Although specific activity is expressed in this and the next example as juCi or kBq per 
ml of water, it is actually the mass of exchangeable hydrogen that is being determined. 
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where S is in ml, A * is usually in net /uCi or kBq, or in net (corrected) counts/s, and 
A| x c is the activity (in corresponding units) o f tritiated water excreted via all 
routes up to the time the sample containing A f m is taken. In an open system no 
true tracer equilibrium occurs. However, for most purposes Eq.(I—47) provides 
a close approximation o f the true answer. 

1—4.3. Tracer kinetics 

The principal difficulty in the tracer dilution technique is to ensure the 
uniform mixing o f tracer and tracee. To determine the degree o f mixing as a 
function o f time it is necessary to take repetitive samples f rom the system. Such 
data contain valuable information on the kinetics o f the mixing processes. It is 
such analysis as well as the response o f the system at tracer equilibrium that is 
treated by the field o f tracer kinetics. 

INTAKE 
RATE i I (TRACEE) 

OUTPUT 
RATE 

kS (TRACEE) 
kA*( TRACER) 

INTAKE I (TRACEE) 
RATE 4 IS (TRACER) 

OUTPUT 
RATE 

k S (TRACEE) 
k A* (TRACER) 

(A) AFTER A SINGLE INJECTION (B) 
OF TRACER 

DURING A CONSTANT 
INFLOW OF TRACER 

FIG.1-16. Schematic models of an open compartment (in tracee steady state). 
S = Tracee in grams (constant) 
A* = Radioactivity of tracee, e.g. in /uCi, kBq, or net (corrected) counts/s 
A 
I 
i 

g •l = Specific activity = A*/S, e.g. in juCi/g, kBq/g or counts-s" 
= Intake in grams of tracee per unit time 
= Input of tracer in pCi, kBq or counts/s, as appropriate, per unit time per gram of tracee 

in compartment 
= Output rate constant 

Mixing is assumed perfect, and mass of tracer, s, is very small compared with S. 
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Most biological systems are open, that is, there is exchange with their 
environment. Consider an open compartment as shown in Fig. 1—16. A compart-
ment is a subdivision o f a system in which the tracer specific activity, at any 
given time, has the same value everywhere within the boundaries o f the subdivision 
Thus, the tracer specific activity defines the boundaries of a compartment and the 
boundaries may or may not coincide with any chemical, physical or physiological 
boundaries. Mixing within a compartment is assumed to be rapid compared with 
the rate that tracer leaves the compartment. 

When the compartment is in the steady state with respect to the tracee, the 
intake rate is equal to the output rate, i.e.: 

I = kS ( 1 - 4 8 ) 

Therefore, the amount o f tracee, S, is "constant, but the tracer activity, A* , and 
hence the specific activity, A, may vary with time. (See caption to Fig. 1 — 16 for 
the symbol definitions.) 

14.3.1. Single injection of tracer into open compartment 

Consider now a steady-state, open compartment in which a single dose of 
tracer, A Q , has been injected and allowed to mix rapidly at zero time. Many 
compartments in nature are observed to follow first-order kinetics. That is (see 
Fig. I —16A): 

dA* 
= - k A * ( 1 - 4 9 ) 

dt 

or (dividing both sides by S): 

dA 
— = -kA ( 1 - 4 9 ' ) 
dt 

and on integration 

A=A0e~kt ( 1 - 5 0 ) 

where k is the first-order rate constant (and A 0 is Ajjj/S). Thus, the specific 
activity o f the tracer is observed to decline exponentially. 

A log-linear plot o f specific activity (after mixing) versus time would appear 
as in Fig. 1—17. 

The slope o f the line allows calculation o f k. Assuming that the tracer 
behaves exactly as the tracee, it is thus possible to calculate the output rate, kS, 
since S can be determined by tracer dilution (i.e. S = AQMO)-
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Exactly analogous to radioactive decay, the biological half-life T ^ b i o i may 
be determined graphically or from Eq. (1—51): 

As can be inferred from Eqs (1—48) and (1—51), the biological half-life is 
not a true biological constant but inversely related to the intake. If the intake 
rate increases by a factor o f two (and S remains constant), the biological half-
life decreases by a factor o f two, etc. 

If the tracer undergoes significant radioactive decay during the experiment, 
the observations as plotted in Fig. 1—17 must be corrected for this radioactive 
decay. If this is not done, an effective half-life will be observed, accounting for 
both radioactive decay and biological loss. Since these processes are independent, 
we can define an effective decrease rate constant: 

X e f f = X + k ( 1 - 5 2 ) 

where X = radioactive decay constant o f tracer 
k = biological rate constant 

both in similar units. For interest, Eq. (1—52) should be compared with Eq. (1—36). 

The effective half-life then is 

0.693 
T 4 , e f f = T — d " 5 3 ) 

A e f f 

1—4.3.2. Constant flow of tracer into open compartment 

Consider now the case when tracer, f rom zero time and onwards, is supplied 
to the steady-state compartment at a constant inflow rate (see Fig. I—16B, 
including the caption). Since a constant fraction o f the tracer present in the 
compartment will simultaneously be lost per unit time, the radioactivity in the 
compartment will increase f rom zero and approach a maximum value (kAJ^ax = iS). 
The differential equation describing this rate o f change is given by 

d A * 
= (intake rate) - (output rate) = iS - kA (1—54) 

dt 

or, dividing by S; 

dA • 
— = i~kA ( 1 - 5 4 ' ) 
dt 
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UJ 

O 
TIME ON LINEAR SCALE 

FIG.I-17. Logarithm of specific activity versus time in an open, steady-state compartment 
after rapid mixing of tracee and a single dose of tracer injected at zero time. 

FIG.I-18. Specific activity in an open, steady-state compartment following initiation of 
constant inflow of radioactive tracer. 

Since the specific activity, A, increases with time, the output rate, kA, will 
increase until it essentially equals the intake rate and d / l /d t = 0. At that time the 
tracer as well as the tracee within the compartment will be in steady state. 

Equation ( 1 - 5 4 ' ) can be integrated to give: 

0 1 2 3 4 5 6 7 
TIME (NUMBER OF 

BIOLOGICAL HALF-LIVES) 

A = - ( 1 -e-kt) 
k 

•kt d - 5 5 ) 

i.e. 

kA = i ( l - e~kt) kt ( 1 - 5 5 ' ) 
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In this case, a plot o f specific activity, A, versus time will be as shown in 
Fig. 1—18. The specific activity will reach half the steady-state value (/loo = i /k) 
in a time equal to T^ b i o j , three quarters o f this value in 2 b i o l ' s e v e n eighths in 
3 T i , b i o l . a n d s o o n -

The behaviour o f the tracee in such steady-state systems is commonly termed 
turnover. The turnover time or average lifetime, t, i.e. the average time a tracee 
atom or molecule spends in the compartment, is given by: 

_ 1 
t = I 

or 

( 1 - 5 6 ) 

t = 1 . 4 4 ( T i b i o l ) ( 1 - 5 7 ) 

The derivation o f Eqs ( 1 - 5 6 ) and ( 1 - 5 7 ) is given in Part VI, Appendix V I - 7 . 
It should be apparent that, once a tracer has mixed completely in a whole 

system, though the system probably will be composed o f many compartments, 
the behaviour o f the tracer will be as in a single compartment. 

1- 4.3.3. Closed two-compartment system (exchange) 

The general equations for a closed two-compartment model are not unduly 
rigorous and will be presented below. Consider the model as shown in Fig. 1 — 19. 

1 k 
sl m 1,8 2 
A; P 

2 s2 A* ?! 
a 2 

FIG.I-19. Closed two-compartment model (in tracee steady state) with S, A* and A defined 
as in caption to Fig.1-16. 
k 1 2 = first-order rate constant describing transfer of tracee or tracer from compartment 2 

to compartment 1 
l = first-order rate constant describing transfer of tracee or tracer from compartment 1 

to compartment 2 
p = rate at which tracee is exchanged, i.e. grams per unit time 



1-4. TRACER METHODOLOGY 67 

If compartment 1 is initially labelled, the following differential equations 
may be written: 

d A f S , d 4 , 
~ = 1 = P(A2-Ai) ( 1 - 5 8 ) 

dt dt 

dA2*_ S 2 d 4 2 _ " 
— = — — = p ( 4 , - 4 2 ) ( 1 - 5 9 ) 
dt dt 

Let A , 2 equal the difference in specific activities at any time, that is 

A l>2=Al-A2 ( 1 - 6 0 ) 

From Eqs ( 1 - 5 8 ) and ( 1 - 5 9 ) , it is then apparent that 

d 4 1 - d 4 2 = d A , , 2 = - p Q - + - ^ A 1 ) 2 dt ( 1 - 6 1 ) 

Equation ( 1 - 6 1 ) is observed to be a first-order differential equation, 
identical in form to Eq. ( 1 - 1 ) , and may be integrated directly to give 

. 1 1 1 S 
'?[ T + T l t ~p T I T 1 

A,|2 = 4 , ( 0 ) e \ s ' 2/ = 4 , ( 0 ) e S , S 2 ( 1 - 6 2 ) 

where S = S, + S2 and 4 , ( 0 ) has been substituted for A 1 2 ( 0 ) , in accordance with 
the condition that initially (t = 0) all the activity is in compartment 1. 

Now, since the system is closed, the total activity is constant. This can be 
expressed as 

S , 4 , + S 2 4 2 = S , 4 , ( 0 ) ( 1 - 6 3 ) 

If Eqs (1—62) and (1—63) are solved simultaneously, the following 
solutions are obtained: 

4 , ( 0 ) | 
A, = — \ S , + S 2 e s > s * / ( 1 - 6 4 ) 

4 , ( 0 ) S , | - " t V m 
A2 = 1 11 - e ( 1 - 6 5 ) 
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FIG.1-20. Specific activities in a closed, steady-state two-compartment system with 
compartment 1 initially labelled. 

FIG. 1-21. Log-linear plot of specific-activity excess versus time for closed two-compartment 
model in tracee steady state (exchange). 

Plots o f A, and A2 versus time are shown in Fig. 1 - 2 0 . 
Total tracee, S, may be determined by the dilution technique. Now, by 

inspection o f Eqs (1—64) and (1—65) for long times, i.e. when the tracer is 
completely mixed, A , and A 2 equal the equilibrium value: 

y4, (0)S, 
Aea= V d - 6 6 ) 

Therefore, one can solve for S, from Eq. (1—66), and then for S2 by difference 
from S. 
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FIG.1-22. A three-compartment open model (mamillary system). 
fci, 2 = first-order rate constant describing exchange of tracer or tracee 

from compartment 2 to compartment 1, etc. 

FIG.1-23. Specific activity in compartments ofa three-compartment open system,with 
compartment 1 initially labelled, a, = specific activity in compartment 1, a2 = specific 
activity in compartment 2, a3 = specific activity in compartment 3. 

From a log-linear plot o f Eq. ( 1 - 6 2 ) or (At - AaJ versus time (see Eqs ( 1 - 6 4 ) 
and ( 1 - 6 6 ) ) , the numerical value o f the slope, equal to —pS/2.3 S, S2 (see 
Fig. 1—21), may be used to calculate the transfer rate o f exchange, p. T o obtain 
transfer rates between compartments is the object o f most tracer kinetic 
experimentation. 

Finally, it should be noted that: 

p = k l i 2 ' S 2 = k 2 , r S i ( 1 - 6 7 ) 

which expresses the steady-state condition o f the tracee. 
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1—4.3.4. Open three-compartment system 

Consider the following open system as represented in Fig.I—22. A model 
having one central compartment with peripheral compartments is generally termed 
a mamillary system. If compartment 1 is given a single bolus o f tracer and then 
all compartments sampled as a function of time, the specific activity/time relation-
ship may look as shown in Fig.I—23. 

The specific activity in all three compartments would eventually reach the 
same value, indicating that the tracer bolus has mixed in the whole system. The 
continued decrease in specific activity can now be described by a single exponential 
k. The value 0.693/k can then be termed the biological half-life of the entire 
system. The curve a, can usually be resolved into a sum of exponentials (in the 
case o f three compartments it would be a sum o f three exponentials). Knowing 
by dilution the total exchangeable mass o f the system, S, + S2 + S 3 , the five rate 
constants shown in Fig.I—22 can be estimated. The mathematics for such an 
exercise are beyond the scope o f this discussion and the reader is referred to 
Refs [10] or [11] for solutions to such systems. 

1-4.3.5. Rate of flow determination 

A final example of the use of tracers can be termed translocation or rate 
f low studies. If a radioactive tracer is injected at one location, O, in a system and 
its appearance observed at another location, P, the shape of the injection pulse 
will have become diffuse because o f statistics and the number o f possible pathways 
between locations O and P (see Fig. 1 - 2 4 ) . 

If a known amount, A*, o f label is injected at location O and the concen-
tration of label appearing at P is measured as a function o f time, then a typical 
curve as shown in Fig. 1 - 2 5 may result. 

If no tracer is lost between O and P (only a labyrinth in between), and if the 
area under the curve in Fig. 1 - 2 5 can be determined (either graphically or by 
integration), then the flow rate, Q, in the system can be calculated, according to 
the so-called'Stewart-Hamilton principle, as follows: 

area under curve 

where Q is in millilitres per time interval(s), A * is the total radioactivity in ^Ci, 
kBq or counts/s. The area under the curve has dimensions of activity concentra-
tion X time, the units being chosen appropriately. Calculation of the f low rate 
by this method has been very useful in physiological circulation studies and can 
be adapted easily to natural systems. 
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FIG.1-24. Diffuse appearance of tracer at location 0 following pulse injection at location P. 

AVERAGE VALUE OF 
ACTIVITY CONC. 

TIME 

FIG.1-25. Schematic curve of tracer concentration at location P following single pulse 
injection at location O (see Fig.I-24j. 

1 - 5 . NITROGEN-15 DETERMINATION 

In the case o f nitrogen, the longest-lived radioisotope, 13N, has a half-life o f 
10 minutes only, and the use o f a stable isotope is consequently a necessity in 
most studies in which nitrogen is to be traced. 

Natural nitrogen consists o f two stable isotopes, 14N and 1SN, and the 
abundance, Ab, o f 1SN is approximately four l s N atoms in every 1000 nitrogen 
atoms, or, more precisely, A b N ! i 5 = 0 .365 atom per cent (at.%). Nitrogen 
enriched in 15N is commerrially available and is now widely used as a tracer. 
Th^'enrichment (i.e. the 15N at.% in excess o f 0 .365) is analogous to 'specific 
activity' in-the case o f a radioisotope. 

In the following," 1SN is used as an example. Similar considerations apply 
to other stable isotopes such as 1 8 0 and 13C. " — 
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1—5.1. Measurement o f isotopic abundance 

For many years very accurate determinations o f isotopic abundances have 
been carried out by mass spectrometry. More recently, a less expensive method 
employing photospectrometry has been developed. For 15N analysis in research, 
the method chosen will depend upon the experimental circumstances. 

1—5.1.1. Nitrogen-15 analysis by mass spectrometry 

When 14N atoms and 15N atoms combine at random to produce nitrogen 
molecules, three types o f molecules are formed. Let these be designated 28-N 2 , 
29-Nj and 30-N2 , according to their masses. 

The first step in 15N analysis by mass spectrometry is ionization by electron 
bombardment o f a slow stream o f gas molecules from the nitrogen sample. The 
N 2 ions thereby produced enter a vacuum, where they are accelerated through a 
high voltage and passed on through a magnetic field perpendicular to the 
trajectories o f the ions. In the magnetic field each ion travels along a circular 
path, the radius o f which is proportional to ^ /M (where M is the mass o f the ion). 
In this way, ions differing in mass are separated spatially. Finally, the various ion 
currents at appropriately positioned collectors are separately collected, amplified, 
and traced out by a recorder to give a mass spectrum in which nitrogen peaks are 
found at masses 28, 29 and 30. 

The calculation o f 15N abundance from the relative peak heights observed is 
described in §1—5.1.3. 

1-5.1.2. Nitrogen-15 analysis by photospectrometry 

This method is based on the isotopic shifts found in the optical emission 
spectrum o f molecular nitrogen. 

Sample nitrogen gas in a closed tube o f glass or quartz is discharged by the 
use o f a microwave generator. The light emitted is dispersed by a prism or a 
grating, and a suitable section o f the molecular nitrogen spectrum is recorded. 
For a given bandhead peak, separate peaks corresponding to 28-N2 , 29-N2 and 
30-N2 are obtained. 

1-5.1.3. Calculation of nitrogen-15 abundance 

If it is assumed that peak-height, H, in a mass spectrum or photospectrum is 
proportional to the number o f corresponding nitrogen molecules, then by 
definition 1SN abundance is given as follows: 

Htq.KT + 2HTO-N„ 
A b N . 1 5 (at.%) = 2 9 N 2 f - ^ - X 100 ( 1 - 6 8 ) 
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where HM_N 2 is the relative height o f the peak corresponding to N 2 molecules o f 
mass M. Assuming further that all 14N and 15N atoms pair randomly to form N 2 

molecules, it can be shown (see Part VI, Appendix VI—8) that: 

where K is the H28-n2/H29-n2 r a t i o . 
Equation ( 1 - 6 9 ) is applicable, for example, to the calculation o f the relatively 

low 15N abundances usually dealt with in agricultural research. 
In mass spectrometry the values obtained by means o f Eqs ( 1 - 6 8 ) or ( 1 - 6 9 ) 

are considered to be final, whereas in photospectrometry they must be taken as 
observed values, which need correcting by the use o f a calibration curve before 
true values are obtained. 

1 - 5 . 2 . Nitrogen liberation for lsN-analysis 

In most tracer samples the 15N-labelled nitrogen will be in some chemically 
bound form. Nitrogen in the gaseous form may be liberated from the sample by 
one o f three procedures, namely: 

(a) Kjeldahl-Rittenberg 
(b) Direct Dumas 
(c ) Kjeldahl-Dumas. 

( 1 - 6 9 ) 

TO VACUUM LINE 

FIG.I-26, Rittenbergflask. 
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1-5.2.1. Kjeldahl-Rittenberg procedure 

Following a traditional Kjeldahl wet combustion and distillation, the back-
titrated solution containing the NH4 salt is acidified and evaporated down to a 
few millilitres. An aliquot containing about 1 mg total N for mass spectrometry, 
or about 10 jug total N for photospectrometry, is placed in one side o f a Ritten-
berg flask (Fig. 1 - 2 6 ) containing an alkaline solution of NaBrO in the other side 
After evacuation o f air from the flask, the contents o f the two sides are mixed 
and N2 is liberated according to the reaction 

2NHJ + 3 NaBrO + 2 0 H " -»• N2 +"5H 2 0 + 3NaBr 

Before letting the N2 into the mass spectrometer or the optical discharge tube, 
the Rittenberg flask is cooled in liquid air (or nitrogen), whereby H 2 0 and other 
condensable impurities are frozen out. Unfortunately, CO is not frozen out, and 
its spectrum causes interference in both the mass spectrum and the optical 
spectrum of nitrogen. 

1-5.2.2. Direct Dumas procedure 

In this procedure oxides o f copper are used to perform a dry combustion 
of the sample at 5 0 0 - 1 0 0 0 ° C for a period o f time ranging (inversely to the 
temperature) from several hours to one hour. Above 600"C a quartz container 
is necessary. 

The combustion products (C0 2 , H 2 0 , etc.) other than N2 are absorbed by 
oxides of calcium and aluminium or they are frozen out by liquid air (or nitrogen). 
Again, CO is not frozen out and causes interference. 

In mass spectrometry the N2 is released from the combustion container by 
breaking it inside the evacuated inlet system of the mass spectrometer. 

In photospectrometry the discharge tube itself is used as the combustion 
container, so that no transfer o f the chemically liberated N2 is necessary. However, 
the following difficulties can be encountered: 

(a) Samples consisting o f plant or biological material are often difficult to 
combust completely in the discharge tube; 

(b) A representative sample that is small enough for photospectrometry can 
be difficult to obtain; especially, large items, e.g. whole plants, have to be sampled 
directly; 

(c ) Natural nitrogen from air adsorbed onto or in the sample will become 
mixed with the sample nitrogen and decrease its enrichment. 
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1—5.2.3. Kjeldahl-Dumas procedure 

This is a combination o f the procedures described above in which an aliquot 
o f NH4 salt taken from a Kjeldahl combustion is treated by the Dumas procedure. 

1 - 6 . NEUTRON MODERATION ANE) GAMMA-RAY ATTENUATION 
TECHNIQUES 

1—6.1. The neutron moisture meter 

1—6.1.1. Principle involved 

In 1932, Sir James Chadwick discovered that when alpha particles were 
allowed to fall upon a piece o f beryllium in contact with a paraffin block, 
protons could be detected at the surface o f the paraffin block. They were not 
detected when the paraffin was removed.. Chadwick deduced that neutral 
particles were formed by the alpha reaction on beryllium, and these were able to 
eject protons from the paraffin block by collision. These natural particles he 
named neutrons. Thus the interaction and moderation o f neutrons by hydrogen 
atoms was inherent in the discovery o f the neutron itself. However, neutron 
moisture meters, which are based on this principle, were developed only about 
30 years ago as an aid in speeding up soil moisture measurements during the 
construction o f airfields, roads and buildings. Extensively tested in this work, the 
use o f this technique was rapidly extended to soil moisture studies. 

Neutrons are usually classified according to energy or velocity. Although the 
boundaries between the various divisions aire ill-defined, a common classification 
o f the energy, E, o f neutrons is: 

Thermal E = 0.025-eV 

Epithermal E = 1 eV 

Slow 0.03 e V < E < 100 eV 

Intermediate 100 eV < E < 10 keV 

Fast 10 keV < E < 10 MeV 

High-energy 10 MeV < E 

As neutrons traverse matter (see §1—1.6.4) they lose energy in a series o f 
collisions and, like gas molecules, eventually come into thermal equilibrium with 
the surroundings. The term thermal neutron refers to a neutron in equilibrium at 
ambient room temperature. When in equilibrium, the neutron energies will have 
a Maxwellian distribution about the mean energy. 
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TABLE 1 - 6 . EFFECTIVENESS OF ELEMENTS IN SLOWING DOWN FAST 
NEUTRONS 

Elements 
Average number of collisions 
required for thermalization 
of 2 MeV neutrons 

Elements 
Average number of collisions 
required for thermalization 
of 2 MeV neutrons 

Hydrogen 18.2 Phosphorus 288 
Lithium 69.3 Sulphur 298 
Beryllium 88.1 Chlorine 329 
Boron 104.5 Potassium 362 
Carbon 115.4 Calcium 371 
Nitrogen 133.5 Titanium 442 
Oxygen 152 Manganese 504 
Sodium 215 Iron 514 
Magnesium 227 Cadmium 1028 
Aluminium 251 Uranium 2169 
Silicon 262 

Moisture measurements are based on physical laws governing the scattering 
and moderation o f neutrons. When a source o f fast neutrons is placed in a soil, 
the neutrons ejected f rom the source collide with nuclei o f the surrounding atoms 
and are scattered randomly in all directions. Each collision a neutron undergoes 
causes a loss o f part o f its kinetic energy. The scattering and energy reduction 
process continues until the kinetic energy o f the neutron approaches the average 
kinetic energy o f atoms in the scattering medium. At this lower energy level, 
the neutron is designated a slow or thermal neutron. The average energy loss by 
a fast neutron is much greater in collisions with atoms o f low atomic weight than 
in collisions involving heavier atoms. The average numbers o f collisions necessary 
to thermalize 2 MeV neutrons are given in Table 1—6 for certain atoms. The loss 
o f energy in a number o f collisions, depending inversely upon the atomic weight, 
is a measure o f the moderating properties o f the nuclei in a given medium. 

Table 1 - 6 shows clearly that hydrogen is the most effective neutron 
moderator in the soil as, on an average, only about 18 collisions are needed to 
thermalize a fast neutron; for other elements commonly present in soils, a much 
greater number o f collisions is required to achieve the same effect. If a source o f 
neutrons and a slow-neutron detector are placed side by side in the soil, a portion 
o f the neutrons moderated, mainly through collisions with hydrogen atoms, will 
be scattered back and detected. A relationship can thus be established between 
the soil moisture content per unit volume and the number o f slow neutrons 
arriving per unit time at the detector. 
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1—6.1.2. Neutron source . 

It is mostly the (a,n) reaction that is used to provide a neutron flux, for 
example: 

SHe + SBe fen + l\C + 5.6 MeV 

To use the short-range alpha particles to best advantage, a fine powder o f 
beryllium is intimately mixed with a somewhat smaller amount o f radioactive 
material, and the mixture is compressed to approximate a point source. Ra-Be 
is a very commonly used neutron source but has the disadvantage o f a high y/n 
emission ratio. 

When a scintillation crystal is used as the slow-neutron detector, the 
radiation source must either emit very low-energy gamma rays or none at all, 
otherwise adequate shielding is not possible (americium-beryllium or actinium-
beryllium sources are then used). 

1—6.1.3. Slow-neutron detectors 

Boron trifluoride detectors. The most widely used detectors are BF 3 tubes 
based on the following reaction: 

'gB + in -> ^Li + ^He + 2.78 MeV 

The following are important considerations if a high measurement eff iciency is 
to be obtained: 

(a) The detection tube is made relatively large in volume (50—100 cm 3 ) ; 
, (b ) To benefit f rom the large cross-section o f the isotope 10B (18% o f natural 

boron) , about 96% 10B-enriched BF 3 is used as the filling gas; 
( c ) Detection tubes are operated in the.proportional region (see Fig. 1—8) under 

sub-atmospheric pressure to benefit f rom (i) the small dead-time o f 
proportional counters (allowing for the measurement o f very high count-rates), 
(ii) a moderate gas amplification factor o f about 103, and (iii) the high alpha 
energy in discriminating between pulses resulting f rom neutron capture and. 
those arising f rom relatively strong gamma-ray intensities. 

Helium-3 detectors. Helium-3 detectors, based on the following reaction: 

|He + on 1p + 3 H + 764 keV 

were recently developed. They are operated in the proportional region. They have 
filling pressures up to 10 atm, and give much higher eff iciency in measuring 
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thermal and especially epicadmium neutrons (2 to 10 times greater than a BF3 

tube). BF3 detectors are somewhat better with respect to gamma-ray rejection. 
(Helium tubes are used in the neutron moisture meters produced by some 
manufacturers.) 

Scintillation detectors. A scintillation crystal of europium-activated 6LiI is 
also commonly used to detect slow neutrons, using the following reaction: 

|Li + J , n - ^ H e + ? H + 4 . 8 M e V 

The relatively small surface of a scintillation crystal through which the slow 
neutrons must pass for detection is partially compensated for by the higher 
efficiency o f detection. Because o f the high gamma sensitivity of a scintillation 
crystal, americium- or actinium-beryllium sources are usually used in this case. 

1—6.2. The gamma density probe 

Density probes use a gamma source, mainly of 226 Ra or 137Cs, and either 
GM tubes or a scintillation crystal for the detection o f the gamma photons, which 
are either backscattered from, or transmitted through, the medium involved in 
the measurement. The most commonly used instruments (depth and surface 
probes) are backscattering devices, as these are simpler to handle and cheaper in 
cost. 

The measurement of density is based on the known interaction o f gamma 
rays and the orbital electrons o f atoms (see §1 — 1.6.3). Gamma photons with an 
energy less than 1 MeV and emitted by a radioactive source that is placed in or on 
the soil will interact with the surrounding electrons by the Compton effect and/or 
photoelectric absorption. 

As the number o f electrons per unit volume o f soil (density) is increased, 
the Compton scattering power of the medium increases proportionately. With 
each scattering process, however, the gamma photon loses some o f its energy. 
Thus, although an increase in electron density o f the scattering medium increases 
the probability o f multiple scattering o f the gamma photon, the probability that 
the gamma photon will suffer photoelectric absorption before it can reach the 
detector is also increased. The combined effect o f these two probabilities is that 
a smaller number o f gamma photons will reach the probe as the surrounding 
material becomes more dense. 

Since the number o f electrons present per unit volume of material is 
approximately proportional to the density of the material, the number of gamma 
rays scattered back and detected per unit o f time is an inversely correlated 
measure o f density. 
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Since absorption o f gamma photons by hydrogen is about twice as high per 
nucleon as for nucieons o f other c o m m o n elements in soil, this would lead to an 
error in bulk density caused by variation in water content. However, this error is 
usually reduced in magnitude, either by a circuitry technique that discriminates 
against low-amplitude pulses coming f rom the detector, or by a judicious use o f 
lead screening to attenuate low-energy radiation reaching the detector. 

The density probe measures the wet density o f the soil. Therefore, the weight 
o f water should be subtracted if dry-density data are desired. 
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PART II. RADIATION BIOLOGY 

II-l. INTRODUCTION 

This part o f the manual provides the reader with some o f the fundamental 
concepts o f radiation biology. It is impossible in a short discussion to cover 
completely this rather complex field and for this reason only basic concepts will 
be covered as well as some o f the few generalities that are known about the subject. 
A suggested bibliography is presented at the end o f this part for those readers 
who are interested in fully developing their knowledge o f the field o f radiation 
biology. 

Radiation biology could be defined as the study o f the effects of radiation on 
living organisms. The term encompasses all types of radiation in the electro-
magnetic spectrum as well as particulate radiation. However, for the purposes of 
this manual the term will be restricted to the effects of ionizing radiation or those 
types of radiation which produce ionization within living organisms. 

The interaction between ionizing radiation and the cell begins with a purely 
physical transfer of energy to atoms and molecules, irrespective of their organi-
zation, and into living structure. Then follows a sequence of events, the nature 
of which depends on the absorbed dose and the chemical and physico-chemical 
composition of the irradiated material. The interactions that arise may be either 
excitations or ionizations or both. In the excitation process electrons o f atoms 
and molecules are raised to a higher energy level without being expelled. These 
excited atoms are more reactive chemically than atoms in the unexcited state, and 
the chemical bonds may be disrupted, leading to a break-up o f complex molecules. 
Generally speaking, the energy absorbed in the excitation process is not considered 
to be as important as that absorbed in the ionization process. In the ionization 
process one (or more) of the external electrons from an atom is (are) removed, 
leaving the atom as an ion with a net positive charge. The electron that has been 
removed from the atom can recombine with the original system, but more 
frequently the electrons move at random until they become attached to a neutral 
atom to form a negative ion,or are captured by a positive ion thereby releasing 
ionization energy. 

The major difficulty in understanding the mechanisms of cell death and 
destruction by irradiation is the lack of knowledge o f the sequential events which 
occur in complex systems. A multitude o f terms has been used by different 
investigators. Here we shall define two terms as follows: 

(1) Direct effects — those effects which are caused by ionizations 
contained within the biological macromolecule of interest or structure 
specified as being affected 
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(2) Indirect effects - those effects apparently caused in part by ionizations 
not contained or occurring within the biological macromolecule of 
interest or structure specified as being affected. 

In conjunction with these two terms others are utilized that tend to confuse 
the novice reader in the field. These are-terms associated with the models pro-
posed to explain dose effect relations. The simplest of these models is the hit 
theory which is based on the assumption that the observed effect is caused only 
by ionizations occurring inside the 'target'. According to this theory the effect 
is directly and quantitatively determined by the transfer of a certain amount of 
energy from ionizing particles to a critically important volume whose geometrical 
configuration is considered to be delimited from the rest of the cell, this being in 
effect the target. Another model is the theory of indirect hit, which postulates 
that the effect of radiation has an intermediary agent which produces the 
biological effect; an example is the radiolysis o f water which produces free radi-
cals, which in turn interact with the critical target. 

The oxygen effect is due to the efficacy o f oxygen which enhances the 
action of X and gamma radiation on most cells. The oxygen increases the free 
radical formation in water radiolysis and also makes available more oxidizing 
radicals. Oxygen must be present during the irradiation process and it can 
increase the lethal effectiveness of X and gamma radiation by a factor of 2—3. 
This particular effect has been utilized in the field of radiotherapy where tumours 
with a low oxygen tension or being partially anoxic are oxygenated to increase 
their sensitivity to ionizing radiation and thus to increase the probability of cure. 

11-2. RADIATION SENSITIVITY 

Radiosensitivity or radiation sensitivity can mean many things to many 
people unless they use the same basic criteria for comparison. The parameters 
most commonly used to determine radiosensitivity are cell death, mitotic inhibi-
tion, and impairment or loss of biochemical and physiological functions. When 
dealing with the radiation sensitivity of higher animals and plants, survival after 
radiation is usually chosen as the end point and the measurement most commonly 
used is that of LD S 0 / 3 0 , which means the lethal dose necessary to kill 50% of a 
given population in 30 days. 

There is one law of radiosensitivity which was described within ten years 
after the discovery o f the X-ray. In 1906 Bergonie and Tribondeau proposed a 
law of radiosensitivity based on work they had done with the germinal epithelia 
of rats. The law, most simply stated, specified that the most radiosensitive cells 
were those with the following characteristics: 
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(1 ) Highest metabolic rate 
(2 ) Ability to retain the dividing capacity for the longest time 
(3 ) Least differentiation. 

Although many exceptions to the law are known, the basic formulation is valid. 
Radiation sensitivity o f cells is now known to depend also on various other factors 
such as temperature, oxygen tension, hydration, ploidy, phase in the mitotic 
cycle, age, metabolic state, and particular animal strain or species. 

FIG.II-1. Schematic diagram of cell generation cycle. 

Figure II-1 illustrates a schematic diagram o f a cell generation cycle. It 
should be noted that the interphase period, which includes G ! , S, and G 2 , lasts 
much longer than the mitotic period where division occurs. The radiosensitivity 
varies considerably throughout the cycle, depending on the cell phase. A general 
pattern has emerged o f maximum radiosensitivity o f cells in mitosis (M) and 
maximum radioresistance o f cells in late S. It has also been shown that the 
G 2 period and early pro-phase are the most radiosensitive stages in the generation 
cycle o f many cells. Somatic mammalian cells, however, may show no dependence 
o f radiosensitivity on the division stage. There is still much that is not known 
about the G 2 period, and consequently the effects o f radiation in this unique 
phase o f the cell cycle cannot be defined at a molecular level at present. 

In considering radiosensitivity at the cellular and tissue levels a distinction is 
made between radiation-induced lesions leading to reproductive death and those 
leading to interphase death. In reproductive death, the cells survive for a relatively 
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TABLE II I. COMPARISON OF RELATIVE RADIOSENSITIVITIES OF 
VERTEBRATES, PLANTS AND INSECTS AS MEASURED BY LDS0 [4, 7 - 1 0 ] 

A. VERTEBRATES 

Species LDS0/30 D Species (kR) (mC/kg) 

Dog 0.319 82.3 
Goat 0.375 96.8 
Swine 0.390 100.6 
Man 0.450 116. 
Mouse 0.940 243. 
Rat 0.936 241. 
Rabbit' 0.890 230. 

B. PLANTS 

Species Common name LDso/6 months Species 
(kR) (mC/kg) 

Pinus eliotti Slash pine 0.375 96.8 
Podacarpus macrophylla 0.600 155. 
Zamia floridana Coontie 0.610 157. 
Juniperus conferta Shore Juniper 0.640 165. 
Araucaria excelsa 0.730 188. 

C. INSECTS 

Species Common name LDSO/24 h Species 
(kR) (C/kg) 

Periplaneta americana American cockroach 53 13.7 
Blattella germanica German cockroach 91 23.5 
Musca domestica House-fly 93 24.0 
Stomosys calcitrans Stable-fly 115 30. 
Culex quinquefasciatus Mosquito 140 36. 
Naupheta cinerea A cockroach species 143 37. 
Cimex lectularis Bed bug 155 40. 
Pediculus humanus humanus Body louse 175 45. 
Achaeta domestica Cricket 125 32. 
Lepisma saccharina Silverfish 98 25.3 

Rice weevil 203 52. 
Saw-toothed grain beetle 210 54. 
Red flour beetle 310 80. 
Cigarette beetle 195 50. 

Trogoderma inclusens Beetle 245 63. 
Black carpet beetle 345 89. 
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long time and may undergo several divisions or form giant cells. The synthesis 
o f nucleic acids and protein continues at a fairly normal rate over several gener-
ations. In contrast, interphase death may occur rapidly (possibly within a few 
hours) and is not associated with disturbances in cell division. Some o f the cells 
for which interphase death has been reported are small lymphocytes, mammalian 
and insect primary oocytes , certain classes o f primitive cells in the embryo and 
infant mammal, and insect ganglion cells. 

Many studies have attempted to derive predictions o f radiation sensitivity and 
to establish a biological indicator cell which would be o f value in making such 
a prediction. The rationale for such research was based on cellular radiation 
biology which indicated that if radiation-induced genetic damage is the primary 
lethal event in animal and plant cells, then there should be some relationship 
between the amount o f genetic material and some parameter o f cell inactivation. 
Sparrow and Evans [1 ] were able to show in plants o f the diploid species that the 
larger the nuclear volume the more radiosensitive the organism. This was later 
modified by Sparrow et al. [2] to the concept o f interphase chromosome 
volume (ICV) , which is the nuclear volume divided by the diploid chromosome 
number. Sparrow et al. [3] have shown that when ICV values and deoxyr ibo-
nucleic acid content per chromosome were compared with mutation rates per 
roentgen an increase in mutation rate per roentgen was highly correlated with an 
increase in both ICV and DNA per chromosome. Cromroy utilized the columnar 
epithelial cells o f the duodenal intestinal mucosa in mammals and the endothelial 
cells lining the midgut in insects for his biological cell indicators. Sparrow used 
the non-dividing, interphase nuclei o f the tunica and outer corpus layer o f the 
terminal meristem in plants. Cromroy selected as his parameters for measuring 
radiosensitivity either the L D s 0 / 3 0 d for mammals or LD50/24h or LD50/28CI for • 
insects. Cromroy 's research indicated that interphase chromosome volume did 
not serve as the best indicator for animals as it had for plants in Sparrow's work. 
Finally he used the mineral content o f insect species for his predictor formulas, 
which are summarized in several papers [4—6]. Table II-1 is taken f rom the 
work o f Cromroy [4, 7—9] and Conger and Cromroy [10] and compares the 
radiosensitivity o f mammals, plants and insects, based on the parameter o f 
species death at either 30 days ( for vertebrates), 6 months ( for plants) or 
24 hours ( for insects). 
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PART III. MENTAL EXERCISES 

(1) When the Z-number o f all nuclides is plotted against the N-number, isotopes 
of a particular element will be found on a horizontal line. This kind o f 
representation is usually given on nuclear charts. How can the decay pro-
ducts o f a particular nuclide be found after the emission o f one: 

(a) alpha particle? 
(b) (3-particle (electron)? 
(c) 0+-particle (positron)? 
(d) gamma ray? 
(e) X-ray after electron capture? 
( 0 electron after internal conversion? 
(g) neutron? 

(2 ) With the aid o f a nuclear chart, find the decay products o f 1 4C, 2 2Na, 4 0 K, 
9 0Sr and 238 U. 

(3 ) Calculate the weight o f 100 f i d (3.7 MBq) o f carrier-free 1 4C and 100 uCi 
(3.7 MBq) o f carrier-free 2 2Na (Ti_ of 1 4C and 2 2Na are 5730 and 2.62 years, 
respectively). 

(4) If a solution has a concentration o f 100 /uCi (3.7 MBq) o f carrier-free 14C 
per ml, calculate its molarity (Ti_ o f l 4 C = 5730 years). 

(5) A sample o f 6 0 Co has an activity o f 1 Ci (37 GBq) ; calculate its activity 
2 years later (Ti_ of 6 0 C o = 5 . 3 years). 

2 

(6) A radionuclide has lost 15/16 o f its original activity in 32 min; calculate 
the half-life o f the nuclide. 

(7 ) 137Ba is formed from 137Cs. How many curies and becquerels o f 1 3 7 Ba m 

will be formed from 100 mCi (3.7 GBq) o f 137Cs in exactly 1, 2 and 20min? 
(Ti . o f I 3 7 Ba m = 2 . 5 5 min). 

' ( b a 0 6 9 ' e ) D l u 9 ' 6 6 P U B ( b a 0 S S ' l ) l 3 U I 6 l ^ ' ( b H W 188) 8 '££ :wmsuv 
(8) Determine the daily decrement, in percentage o f the activity, o f any 3 2P 

preparation (Ti_ of 32P = 1 4 . 3 d). 
(9 ) A 24Na sample (Ti_ = 14.8 h) had a count-rate o f 400 counts/s. One hundred 2 

hours later it had a net count-rate o f 4 .40 counts/s. Roughly estimate the 
dead-time o f the GM counter. 

(10 ) The activity o f 1 4C in 8 g o f natural carbon sample including background 
was found to be 10.2 counts/min. The background o f the counter was 
4.5 counts/min and the counting yield was 5%. Neglecting the statistical 
deviation; calculate the I 4 C abundance in atom per cent (Ti . = 5700 years). 

(11) The background count-rate o f a GM counter system is 0.5 counts/s. A sample 
is counted giving a total o f 4 5 0 counts in 100 seconds. The background is 
counted for 30 seconds. Calculate the net count-rate o f the sample and the 
natural standard deviation as a percentage o f the net count-rate. 
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(12 ) A 0.1 mg sample o f pure 239Pu underwent a decay o f 2.3 X 106 Bq (dis-
integrations per second). Calculate the half-life o f this radioisotope. 

(13 ) Calculate the thickness o f lead shielding necessary to reduce the exposure 
dose in air to 2.5 mR h - 1 (0 .645 pC kg"1 h" 1 ) at 1 m from a 100 mCi 
(3.7 GBq) 6 0 Co source. 
Hint: Use Eq.(I-35) and assume the half-thickness o f lead for 6 0 Co gamma 
rays to be 1.3 cm. 
uio ST, :mmsuv 

(14) Indicate the increase or decrease in the number o f neutrons (N) and protons 
(Z ) and in the mass number ( A ) after the following nuclear reactions: 

(n ,p ) 
(n ,7 ) 
(n ,a ) 

(15 ) Scandium ( 4 5 Sc ) is to be determined by the activation method. Assuming 
the lower limit o f the determination to be 1 count/s at 10% GM counting 
yield, compute the smallest measurable amount o f scandium when the sample 
is subjected to a neutron flux o f 1012 c m - 2 s _ 1 f o r 2 h. Assume that the (n ,y) 
reaction is the most probable and that the shielding effect is negligible. The 
cross-section o f scandium is 23 b (23 X 10"2 8 m 2 ) . 

(16 ) What would be the specific activity o f phosphorus ( 3 ' P ) , having a cross-
section o f 0.2 b (0.2 X 10"2 8 m 2 ) , after irradiation by a neutron flux o f 
1012 cm~2 s - 1 for 1 h, 1 d and 10 d respectively? (Ti . o f 3 2 P = 14 d). 

(17 ) Calculate the energy absorbed by a 70 kg man who has received a whole-
body dose o f 700 rad (7 Gy) , an amount almost certain to be fatal. Assume 
the body to have the specific heat of water (1 .0 c a l g ^ d e g C " 1 or 
4.18 kJ kg"1 K " 1 ) and calculate the resulting temperature rise (1 joule = 
0.239 calories) using both the special and Sl-derived units. 
Do £-01 X Z / r s 3 i n o f o 6 t 7 
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PART IV. INTRODUCTION TO PRACTICAL WORK 

Nearly all laboratories engaged in studies o f pesticide metabolism use isotope 
techniques. Many other laboratories engaged in other types o f pesticide research 
also are equipped to use radioisotopes. Techniques involving radiolabeled pesticides 
are rapidly becoming as c ommon as spectrophotometry, chromatography, micro-
scopy etc. The advantages o f using radiolabeled pesticides, the availability o f 
commercial sources o f radiolabeled pesticides, and relatively inexpensive 
instrumentation have all led to this development. In many cases experiments 
using radiolabeled pesticides provide experimental data that cannot otherwise be 
obtained. It is important for the scientist starting to work with radioisotopes to 
fully understand that sound scientific design o f experiments including statistical 
and radiological safety considerations is necessary Disposal o f waste material 
containing radioactivity must be taken into account. 

I V - 1 . PRINCIPLES 

The unique advantage of radioisotopes is that their behaviour in a system is 
usually biologically identical with that o f their stable counterpart, but they can 
be identified easily by their characteristic radiation. The criteria o f an ideal tracer 
are that it is indistinguishable from the tracee in biological behaviour and that its 
introduction does not disturb the system. Radioisotopes uniquely fit these criteria, 
since their chemical behaviour is identical with the stable counterpart and a great 
number o f them can be produced in high specific activity. Since radiation can be 
detected with very high sensitivity, generally negligible mass as well as activity need 
be administered to the system under study. 

IV—2. BASIC CONSIDERATIONS 

There are several basic considerations inherent in tracer methodology which 
must always be borne in mind. At a first glance, the listing o f these may appear 
formidable. However, in practice, with proper experimental design and knowledge 
o f the limitations, reliable experimental data may be obtained. 

I V - 2 . 1 . Chemical effects 

Most radioisotopes are produced by methods that ensure a minimum o f 
interfering chemicals. However, the investigator should be sure that the radio-
isotope preparation used in experiments does not contain pyrogens, high concen-
trations o f salts, high acdity, toxic metals or, particularly, radiolabeled impurities. 

1 0 7 
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IV—2.2. Radiochemical purity 

It is very important in all tracer studies that the radioisotope solution does 
not contain radioisotopes other than the one under study. Such extraneous 
radioactivity may arise from impurities in the target material or from the chemical 
separation processes used. Gamma-ray spectrometry, particularly using high-
resolution detectors such as the semiconductor detectors, is an excellent method 
to check the primary solution for radioactive impurities. However, the half-life 
of the determined beta adsorption must be considered for pure beta emitters. 

An important problem of chemical state arises when carrier-free preparations 
are used, since the chemical behaviour at the extremely low concentrations that 
exist in carrier-free preparations may differ from that at ordinary concentrations. 
For example, the addition of a precipitating agent may not cause precipitation at 
carrier-free concentrations. Also, minute amounts of substances lost with trace 
impurities, and absorption on vessel walls or on suspended particles of dust and 
silica, may be a sizeable fraction of the total at low concentrations, whereas at the 
usual macroconcentrations these losses still occur but constitute a negligible 
fraction. In some solutions carrier-free tracers behave more like colloids than do 
solutes. Such particles o f colloidal dimension containing radioactive atoms are 
called radiocolloids and these may behave rather differently in biological systems 
than do true solutes. 

Another difficulty may arise from the decay of radioactive atoms to secondary 
radioactive atoms usually termed 'daughters'. Such parent/daughter relationships 
must always be considered when the radiation being measured originates from 
both the parent and the daughter. This is particularly true of the naturally occurring 
radioactive materials which commonly have many radioactive daughters resulting 
from a long-half-life parent (for example, see the decay scheme o f 226Ra). 

IV—2.3. Isotope effects 

In most biological tracer work it is generally assumed that all isotopes o f an 
element behave in an identical fashion. With the heavy elements this is generally 
a satisfactory assumption and any differences are certainly within experimental 
error. However, for the light elements, particularly hydrogen and carbon, it has 
been shown that biological fractionation of isotopes occurs, which is termed the 
'isotope effect'. There are many data documenting this effect in plants but 
relatively few concerning animals. Nevertheless, the investigator should be aware 
of such possibilities, especially in processes that are dependent upon mass, such as 
diffusion or reaction rates. 
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I V - 2 . 4 . Radiation effects 

It is essential that the experimental results should not be affected by any 
radiation received by the biological material and therefore the minimum amount 
o f radioactivity should be used. This procedure also minimizes possible personnel 
radiation exposure, contamination o f the laboratory and problems with waste 
disposal. It is very important that the investigator carefully calculates the proper 
activity o f radioisotope needed for each experiment. This will be based on 
factors such as the biological half-life o f the radioisotope and the counting yield 
o f the detection instrument. 

A factor of importance concerning biological effects o f radiation is that the 
radioisotope may be incorporated into a critical biological molecule such as DNA 
where the radiation dose effect may be increased. Also, there may be chemical 
bond breaks by the recoil atom after disintegration or effects o f transmutation. 
For example, consider a biological molecule that contains 32P tracer. At the time 
o f disintegration the phosphorus atom in the molecule will be transformed into 
a sulphur atom and this may have an effect on the integrity or the function o f the 
molecule. In practice this is rarely a limiting factor, since the sensitivity o f the 
method is so high that very small amounts o f radioactivity are necessary. The 
significance o f radiation effects can be determined by replicate experiments using 
graded levels of radioactivity. 

Another problem involving radiation effects is that o f radiation decomposition. 
It is known that many 14C-labelled organic compounds will undergo self-decomposition 
because of the radiation from 14C. This means that labelled organic compounds, 
especially those that are purchased commercially and may have been in storage 
for some time, should always be examined chromatographically before use to make 
sure that there are no appreciable amounts o f decomposition products present. 
Radiation decomposition can be reduced by several methods such as dissolution 
in a protecting solvent, adsorption on a solid matrix in a thin layer, conversion to 
a stable derivative, and storage under refrigeration and in a vacuum. 

IV—2.5. Exchange reactions 

Isotopic exchange is a special case o f exchange in which atoms in a given 
element interchange between two or more chemical forms of the element. In most 
metabolic studies radiotracers are used to provide information on the processes 
involved in the biological synthesis o f important metabolic compounds. If the 
radioisotope becomes incorporated in the metabolic product merely by exchange, 
which requires no energy production, then these experiments are o f no value in 
that there is no evidence for synthesis o f the product. Thus it is necessary to 
carry out studies that can show whether or not exchange has occurred. This can 
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be done by allowing the precursors and the product to react under conditions 
where the biological or energy-producing system is interfered with. For example, 
animal tissues are known to convert inorganic phosphate into phospholipid. This 
is probably not an exchange process because experimental observations showed 
that (a) inorganic phosphate does not exchange with the phosphate radical or 
phospholipid when sodium phosphate is shaken with a phospholipid solution, 
(b) homogenized liver failed to form radioactive phospholipid from inorganic 32P, 
and (c) respiratory inhibitors such as cyanide or carbon monoxide interfered with 
the formation o f the tagged phospholipid. 

It is also important to ensure that there is no loss by exchange of the label 
from the molecule under study. For example, it would be o f no avail to label the 
carboxyl hydrogen o f an organic acid with tritium because, as soon as this labelled 
acid were placed in the biological system, the tritium would readily exchange with 
the hydrogen o f the body water. On the other hand, a tritium label in an aldehyde 
group would be stable until the aldehyde were oxidized. 

IV—2.6. Radioisotope preparation and delivery of dose 

The investigator should have as much information as possible on the charac-
teristics of the radioisotope preparation, particularly with regard to chemical and 
radiochemical impurities that may be present. In metabolism studies it is essential 
that the radiolabeled chemical be as pure as practical and that any radiolabeled 
contaminants be identified. 

In metabolism studies it is preferable to administer the radiolabeled pesticide 
to the plant, animal, soil or water quantitatively. Thus at times the methods of 
application will be different from normal field application. However, it is important 
that the quantity of chemical administered be known precisely. 

Plants can be treated by applying the radiolabeled pesticide topically on 
leaves or stems, by injecting it directly into the sap stream, or via root systems by 
treating seeds or by growing plants either in treated nutrient solution or soil. 
Plants are normally held in a growth chamber, greenhouse or in the field following 
treatment so that conditions approximate normal growing conditions. In some 
situations field experiments are essential to obtain necessary data. Particular care 
must then be taken to ensure that contamination by radiolabeled chemicals does 
not occur. Treated soil in which plants have been grown in the field may have to 
be removed and disposed o f by standard radioactive disposal methods. 

In studies with animals treatment methods usually involve oral, dermal, 
intravenous, subcutaneous, intramuscular or intraperitoneal administration. 
Urine and faeces are usually radioactive and care must be taken to prevent 
contamination by these excretion products. 

Care must be taken with regard to the carrier or formulation o f pesticide 
administered to plants and animals and to a lesser extent with soil and water. The 
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carrier should not be toxic to the plant or animal at the quantity used since this 
will result in faulty data. The best procedure is to utilize known carriers that are 
commonly used in treating plants and animals. 

IV—2.7. Procedures with plants 

It is very important that normal healty plants o f a known chronological 
and physiological age and o f a known variety be used in pesticide research. The 
plants must be acclimatized to their holding conditions prior to treatment. The 
handling of plants in laboratory, greenhouse and field experiments should approach 
as nealy as possible normal field management. Disposal of radioactive waste from 
soil treatments must be taken into account. 

IV—2.8. Procedures with animals 

As with plants, it is important that normal healthy animals o f known 
chronological and physiological age and known strain be used in pesticide studies. 
Likewise, acclimatization to post-treatment holding conditions is essential. The 
handling and management o f these animals must be humane and at the same time 
must be as normal as possible. Disposal of large animals treated with radio-
labelled pesticides can be a difficult problem, and this must be considered when 
planning such a project. 

IV—2.9. Procedures with soil and water 

Studies o f the metabolism or fate o f pesticides in soils are no less demanding 
o f good experimental technique than studies involving plants and animals. It is 
essential that the soil type and its physical and chemical characteristics be 
identified. In the application of pesticides to soil, special care must be taken to 
mix the pesticide thoroughly with the soil; in the case o f a point source application 
without mixing, care must be taken to ensure that there is a large enough quantity 
o f soil to handle the quantity o f pesticide applied. Moisture content, micro-
organisms and pH will have a very significant effect on the physical and chemical 
transformation o f pesticides in soil. Thus, the experimental design must take these 
factors into account. Studies o f the fate of pesticides in water likewise require 
consistent well-designed experiments. Such factors as microorganisms, pH and 
sunlight are important in the degradation o f pesticides in water. These and other 
factors that have the potential to influence the degradation o f pesticides in the 
environment must be constant among replicates and planned in the experimental 
design. 
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IV—2.10. Handling of samples 

The proper collection of samples can be just as important as the reliability 
of the subsequent analysis. It is important that the sample should be truly typical 
of the material that it represents. 

In studies where the entire sample is not used it is essential that proper 
mixing be done and that appropriate aliquots be taken. For example, care must 
be taken to mix treated samples of dried, ground plant material or animal faeces 
thoroughly before sampling because successive increments may differ widely 
in the concentration of the pesticide used for the treatments or its derivatives. 
Such precautions are especially important during the period immediately after 
administration of the radioisotope. In radioisotope studies cross-contamination 
must be particularly guarded against because o f the extremely high dilutions that 
are often measured. Any radioactivity found at the site of administration may 
well have arrived there mechanically rather than metabolically. 

When fresh weights are used to calculate concentrations of a radiolabeled 
material the sample should be weighed, before any appreciable moisture loss has 
occurred. With small samples it is almost impossible to obtain accurate fresh 
weights. If drying is done, the materials should be dried in a well-ventilated 
oven at 6 0 - 7 0 ° C and, if dry weights are required, the samples can be finished 
at 110°C. In most cases, residue concentrations are based on the wet weight 
of samples. If samples cannot be analysed almost immediately after collection, 
they may be stored in dry ice. 

Depending upon the characteristics and amount of the radioisotope present, 
liquid samples may be assayed directly by liquid counting. With gamma-ray 
emitters it is possible to count solid samples directly. Where simultaneous 
chemical analyses or chemical separations are required it is frequently necessary 
to oxidize completely the organic matter of the sample. 

IV—2.11. Extraction procedures 

When conducting research with radiolabeled pesticides extraction of the 
radioactivity from plant or animal tissue or from soil or water is commonly done. 
Because o f t h e radioisotope tag it is relatively simple to determine whether the 
chemical containing the radioactive molecule is the parent material, or a toxic or 
non-toxic derivative. 

The quantity o f radioactivity on the surface o f a'plant can be determined by 
washing the treated area with the appropriate solvent or solvents to remove the 
pesticide and its degradation products. Solvents such as hexane, pentane, acetone, 
or ethanol are frequently used. The specific solvent will depend upon the pesticide 
involved. 
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Radioactivity that is inside plant or animal tissue can be recovered by various 
extraction procedures. One o f the more common methods is to grind a small 
amount o f the tissue with a pestle and mortar with sand and anhydrous sodium 
sulphate until a uniform, friable mixture is obtained. This preparation can then be 
extracted by using a Soxhlet apparatus or where appropriate by mixing the 
material thoroughly with a solvent using a shaking apparatus. 

For some experiments drying, grinding and radioassaying the material may 
be sufficient. Drying is normally done in an oven at about 50—80°C and 24 hours. 
Either a Wiley or a ball mill is frequently used for grinding the samples prior to 
radioassay. 

IV—2.12. Clean-up procedures 

After extraction, it may be necessary to remove interfering materials, such 
as fats, oils, waxes, colours etc., from the extract prior to radioassaying or 
identifying the structure containing the radioactive atom. A widely used procedure 
to remove fatty material is partitioning between acetonitrite and either hexane, 
ether or benzene. Colour can be removed by shaking the extract with activated 
charcoal. Another method frequently used is to filter the material through a 
small column o f Florisil. Paper and thin-layer chromatographic procedures can 
be used to clean up high specific activity extracts. When using gas chromatography 
graphy for residue analysis some type o f clean-up procedure is nearly always 
required. 

The clean-up procedure used will depend upon the interfering materials to 
be removed and the behaviour o f the pesticide and its metabolites towards 
various solvents and filtering agents. However, it is essential to establish that the 
clean-up procedure does not also cause a loss of some o f the radiolabeled product 
o f interest. 

IV—2.13. Identification of chemicals containing radioisotopes 

The identification o f a chemical structure containing a radioactive atom is 
commonly done by comparison with known standards, most frequently non-
labelled. Usually this is done with one or more chromatographic techniques. 
Column chromatography, paper chromatography, thin-layer chromatography 
(TLC) and gas chromatography (GC) are frequently used. All of these 
chromatographic procedures depend upon the relative affinity o f the chemical 
for the solvent and the solid material. Thus in column chromatography a column 
of Florisil eluted with hexane will separate materials based on their relative 
affinity for Florisil and hexane. The same basic principle holds for the other 
chromatographic procedures. Thin-layer chromatography, GC and high-performance 
liquid chromatography (HPLC) are the most commonly used techniques at the 
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present time. The advantage o f TLC is that it allows great flexibility in analyses 
but requires very little equipment. The advantage of GC and HPLC is that they 
can be utilized for both radiolabeled and non-radiolabelled pesticide studies and 
are very sensitive methods o f identifying pesticides. A useful fractionation tech-
nique involves the use of ion-exchange resins, e.g. for separation and isolation of 
acidic organophosphate metabolites in aqueous media such as urine. 

Spectral analyses (UV, visible IR) also are good methods for use in identifying 
pesticides and some of their metabolites. Mass spectrometry, nuclear magnetic 
resonance, and a combination o f GC plus mass spectrometry are frequently used 
for chemical identification. These methods require extensive clean-up procedures. 

The exercises of Part V describe specific procedures. These are not the only 
methods or necessarily the best ones, but they have been found adequate under 
given conditions. It is hoped that the user o f this Manual will hereby learn simple 
techniques to provide reliable data, and that the information will serve as a basis 
for modifications that will suit other specialized needs. 
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PART V. LABORATORY EXERCISES 

SECTION A. BASIC EXERCISES 

EXERCISE 1. THE P L A T E A U A N D OPERATING V O L T A G E 
OF A GM COUNTER 

Geiger-Muller counter assemblies in normal operation often show an appreciable 
variation in performance f rom one time o f measurement to another. It is thus 
useful to have a reference source by which day-to-day counting may be standardized. 
The half-life o f such a standard should be so long that no correction for decay 
need be made. A suitable reference source may be made from black uranium 
oxide ( U 3 0 8 ) . This combines the required chemical stability and long half-life 
(4.5 X 109 a). The oxide should not have been treated chemically for at least a 
year, during which time any significant daughter products removed by previous 
treatments will have again come to radioactive equilibrium. 

The disintegration scheme o f the mixture o f isotopes which forms natural 
uranium is complex, and it is advisable to filter out all particles except the beta 
particles o f 2.3 and 1.5 MeV from 2 3 4 Pa m . (The 2 . 3 - M e V beta particle is given 
o f f in more than 99% o f the disintegrations.) This may be done by covering the 
source with aluminium foil o f approximately 35 mg/cm 2 thickness. If this is done, 
the U 3 0 8 source may be used as an absolute standard. 

With this or a similar standard beta reference source the following properties 
o f a GM tube may be determined: 

(a) The starting potential and threshold voltage 
(b ) The characteristic curve o f count-rate versus tube voltage and the 

counting plateau 
(.c) The optimum operating voltage 
(d) The counting eff iciency e (i.e. counts per 100 dis). 

MATERIALS AND EQUIPMENT 

(1) Beta-emitting source giving about 100 counts/s (about 0.1 jzCi, i.e. 3.7 kBq) 
(2) Tweezers 
(3) GM counter and timer 

117 
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E L E C T R O D E B I A S V O L T A G E (V) 

FIG. V-l. Characteristics of a GM tube showing the relationship between count-rate and voltage. 

PROCEDURE 

(1 ) Obtain a source counting about 100 counts/s ( 5000 counts/min). 
(2 ) Put the source (on a planchet) into the planchet holder in the shield. Be 

sure that the high-voltage switch is turned o f f and at its minimum position. 
Turn on the master power switch and the instrument to ' count ' mode . Now 
turn on the high-voltage switch. 

(3 ) Increase the voltage slowly until the first counts are obtained. This voltage 
is called the starting potential. 

(4) Determine the count-rate with increasing voltage. A total o f 2000 counts 
f o r each voltage step is adequate. Increase the voltage in steps o f 25 or 
50 volts. 

(5 ) When the count-rate does not change appreciably as the voltage is increased, 
' the GM tube is operating in the plateau region. No further high-voltage steps 

should be attempted once it is noticed that the count-rate is again beginning 
to increase. This is termed continuous discharge, and above this voltage the 
counter will start to race and damage to the GM tube is likely to occur. 

( 6 ) Calculate the slope as percentage increase in count-rate per 100 volts and 
the plateau length (see F i g . V - 1 ) , V 2 - V j . The slope is: 

(R, — Ri)/Rw 
— — X 100 (% per 100 V ) 
( V a - V , ) / 1 0 0 

in which R w is the count-rate at the working voltage (see below). 
(7 ) As the counter ages, the threshold voltage ( V T ) tends to increase and the 

racing voltage V R to decrease. T o allow for this, choose the working 
voltage at V T + 75 volts or | ( V X + V R ) if the plateau length ( V 2 - V , ) 
is less than 150 volts. Occasional checks on the plateau characteristics 
o f a tube are necessary with age (number o f counts). 
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(8) At the operating voltage, if the disintegration rate of the standard source 

EXERCISE 2. THE RESOLVING TIME OF A GM COUNTER 

The resolving time, i.e. the time after each pulse that the GM tube (and 
counting system) does not register pulses, can be determined in various ways. The 
method by which a series o f samples o f increasing strength is counted is straight-
forward. From the difference between the expected count-rate as extrapolated 
from low count-rates and the observed count-rate, the dead time can be estimated. 

Let the true count-rate be R t r u e counts/s and the observed count-rate 
R counts/s. If the resolving time is r seconds, the counter has been inoperative during 
Rr seconds per second. R counts have therefore been registered in 1 - R r 
effective seconds. The corrected count-rate Rtme i s thus a s follows: 

If the R of a radioisotope of known half-life is plotted against time on 
log-linear graph paper, R ^ for the highest count-rates can be extrapolated 
from the R of the lowest count-rates, and T can then be estimated approximately 
with the aid o f Eq. ( V - l ) . (At very high count-rates, it may turn out that t 
is no longer constant but equal to some function of R.) 

Another approximation of the dead time r may be obtained by the method 
of twin samples, i.e. from a comparison of the count-rate of two samples counted 
together,with the sum o f the count-rates of each sample counted separately. Let 
^true,l > Rtrue,2> Rtrue,l + 2 a r )d Rtrue,b be the correct count-rates (background 
included) o f sample 1, sample 2, samples 1 plus 2, and a blank sample, respectively. 
Also let R 1 ; R 2 , R , + 2 and R b be the corresponding observed count-rates. Then 
by definition: 

Rtrue,1 + Rtrue,2 = Rtrue,1 + 2 + Rtrue,b 

and thus from Eq. ( V - l ) : 

is known, calculate the counting efficiency e at each shelf position in the 
shield. 

R (count/s) 
A* (Bq) 

X 100 

( V - l ) 

Ri R2 R1+2 Rb 
(V—2) 
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Since (R ; r ) 2 < 1, and i f R b r < R i 7 , the following approximations can be made: 

R 1 + 2 R , R 2 

or 

^ R , + R 2 R j + 2 Rb 

T ~ 2RJRJ 

since 

R ] + 2 — (R i + R 2 ) 2 

( V - 3 ) 
R; 2 R b 

— Rj + R? r and ^ r 
l - R j 1 1 1 - R b r 

Therefore, after substituting, one obtains: 

Ri + R2 R1+2 ^ b 
T ~ — ; ; — ; — ( v - 4 ) 

(V—5) 

MATERIALS AND EQUIPMENT 

(1 ) Laboratory neutron source, for example 5 Ci (185 GBq) Pu-Be source or 
a similar one 

(2 ) Coin o f appreciable silver content 
(3). Pure silver foil • 
(4 ) S topwatch 
(5 ) GM counter 
(6 ) S0 3 -H-type cation-exchange resin (e.g. Amberlite IR-120 or Dowex-50) 
(7 ) About 200 /zCi (7.4 MBq) o f 137Cs in solution 
(8 ) A conventional burette 
(9) EDTA solution (approximately 0 .3% adjusted to pH 1 1 - 1 2 with NaOH) 

(10) Plastic counting container 
(11) T w o beta-emitting sources giving about 200 counts/s (12 000 counts/min) 

(e.g. 4 0 2 Tb) 
(12) T w o blank (i.e. empty) planchets 
(13) Tweezers 
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P R O C E D U R E 

(1) Using the laboratory neutron source, activate a sample containing silver to 
a count-rate o f approximately 400 counts/s (25 000 counts/min) 
( 1 0 2 Ag + i n -»•108Ag). Within 3 minutes o f activation begin counting for 
periods o f 30 seconds, separated by intervals o f 30 seconds, and continue 
this process for 1 0 - 1 2 minutes. If more convenient, obtain 1 3 7 Ba m using 
the procedure described in Exercise 9. Place about 5 ml o f the 1 3 7 Ba m solution 
(i.e. about 400 counts/s = 25 000 counts/min) in a counting dish and cover 
with a plastic cap. Immediately start counting as above. 

(2) After half an hour determine the residual count-rate (background), then plot 
the count-rates corrected for background versus time on log-linear graph 
paper. 

(3 ) A straight line with its slope corresponding to the tenth-life1 is drawn through 
the last three or four points. From the small deviations o f the first few points 
from this straight line, estimate the resolving time o f the GM counter, using 
Bn r v _ n Mnt». Vorif™ that T 

insert an empty counting planchet. 
(2) After counting the first sample, remove the blank cup without touching 

the active sample. Put the second sample in the holder and count both samples 
together. 

(3 ) Remove the first sample and replace by a blank planchet without touching 
sample 2. Count sample 2. 

(4) Determine the background by counting with the two blank planchets in 
counting position. 

(5 ) Calculate T with the aid o f Eqs ( V - 4 or 5). 
(6) Repeat the complete r-determination three times and calculate the relative 

standard deviation o f the average value, r , according to the usual formula: 

S ( r - r ) 2 2 0 0 ^ 
n ( n - l ) 7 

where n = number o f replicate determinations. 
(7 ) Use an end-window GM tube survey meter to survey for personnel or 

equipment contamination. 

1 The time required for the radioactivity to decrease to one tenth of its initial value. 
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EXERCISE 3. COUNTING A N D SAMPLING STATISTICS 

In scientific experimentation, the standard deviation (calculated from repli-
cates) should always be given together with the results to permit assessment o f the 
uncertainty. 

When the standard deviation a is calculated from replicates, it automatically 
includes all sources o f uncertainty. 

When a series o f identical counts is made on a sample which is not moved 
between individual counts, assuming the counter functions correctly, the standard 
deviation o f the sum-count will be found to be an at = C 1 / 2 , where C is the sum-
count. This is a measure o f the natural uncertainty inherent in radioactive decay. 
Note that this type o f uncertainty can be calculated after a single counting. 
However, when the sample is moved between countings or a number o f identical 
samples are counted in succession, a larger figure is likely to be obtained than can 
be explained by natural uncertainty alone. This is because o f random irregularities 
in geometry and sample preparation. This form o f added deviations (including 
erratic counter performance) we will call technical uncertainty. An experimental 
evaluation o f these two types o f uncertainty will be made. 

MATERIALS AND EQUIPMENT 

(1 ) 32P solution o f approximately 1 / /Ci/ml (37 kBq/ml) 
(2 ) 0.1-ml pipette and pro-pipette (e.g. rubber bulb or syringe) 
(3) 25 counting planchets 
(4) Infra-red drying lamp 
(5) Tweezers 
(6) Geiger counter and timer 
(7 ) GM-type survey monitor 

PROCEDURE 

(1) Using the pro-pipette, pipette 25 samples containing 0.1 ml each. Dry each 
sample under an infra-red lamp. D o not allow the samples to boil or spatter. 

(2) Place one o f the dry samples in the planchet holder and make 25 countings o f 
2 min each, without moving the sample. Record the counts and make the 
following calculations: 

(a) The mean or average (C), i.e. the sum o f all the counts divided by the 
number o f observations (n) 

(b) The deviation o f each observation from the mean (A ) , i.e. (Ci - C) 
(c) The sum o f the deviations ( £ A ) . (This should be zero and should be 

determined as a check on the arithmetic.) 
(d ) The mean deviation from the average ( A ) 
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(e) The square o f each deviation ( A 2 ) 
( 0 The sum of the square o f deviations ( £ A 2 ) 
(g) The corrected mean-square deviation (corrected for small numbers o f 

observations), i.e. 2 A 2 / ( n - 1) 
(h) The total standard deviation (a) which is the square root o f the corrected 

mean-square deviation, i.e. a t o t = \ / 2 A 2 / ( n _ 1) 
(i) The probable error P (P = 0.6745 a at the 50% confidence level) 
(j) The probable percentage error, i.e. 100 P/C%. 

Show that the observations follow a Poisson distribution by making the 
following statistical tests: 

(a) Calculate the square root o f the mean value (\^C) and show that it is 
approximately equal to the standard deviation (a) 

(b) Show that the ratio o f the mean deviation to the standard deviation, 
i.e. A/a , is approximately 4 /5 , i.e. 0.797 

(c) Count the number of times that the deviation, regardless o f sign, is 
greater than the standard deviation and show that this occurs in 
approximately a third o f the observations 

(d) Similarly, show that the deviation is greater than twice the standard 
deviation in about one observation in twenty (4.6%) 

Now count all 25 samples for 2 minutes each. Calculate the standard deviation 
and compare it with the value obtained above. 

EXERCISE 4. EXTERNAL ABSORPTION OF BETA PARTICLES 

The absorption o f beta particles in matter is very nearly independent o f the 
atomic number o f the absorbing material, provided the thickness is expressed in 
mg/cm2 (thickness X density). Beta particles have a spectrum o f energies ranging 
from zero to a maximum value for each particular radionuclide. Phosphorus-32 
emits only beta particles with a maximum energy o f 1.7 MeV and an average 
energy o f 0.7 MeV. The thickness o f matter that can absorb all incident beta 
particles is called the 'range' and this is determined by the maximum energy 
particles. However, only a small fraction o f the beta particles from any source 
have this maximum energy and the range is therefore not sharply defined. For 
32P the range is approximately 800 mg/cm2 (8 kg/m2 ) . 

A transmission curve o f 32P beta particles through aluminium is to be 
obtained in the present experiment. A simplified method to determine the beta-
particle range and energy is also demonstrated. 
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MATERIALS AND EQUIPMENT 

(1 ) Source containing about 0.2 juCi (7.4 kBq) 32P (about 200 counts/s) 
(2 ) Source containing about 8 /uCi (296 kBq) 32P 
(3) Blank source container 
(4 ) Tweezers 
(5) Set o f aluminium absorbers 
(6 ) Holder to accommodate absorber between source and detector (about 

5 cm apart) 
(7) GM counter and timer 
(8 ) GM survey meter 

PROCEDURE 

(1) Prepare a 32P sample containing approximately 0.1 jiCi/ml (3.7 kBq/ml) 
by pipetting 100 ju 1 onto a planchet and drying under an infra-red lamp. 

(2) Prepare a second sample by pipetting 100 /il o f a 32P solution containing 
about 50 juCi/ml (1.85 MBq/ml ) onto a planchet and dry as above. 

(3 ) Count the low-activity source in the GM counter. Obtain at least 170 counts/s 
(10 000 counts/min). Place an aluminium filter o f about 20 mg/cm 2 between 
the counter window and the source and count again. 

(4) Continue counting at increasing absorber thickness until a count-rate o f 
about 3.5 counts/s (200 counts/min) is obtained. 

(5) Repeat steps (3) and (4 ) above, using the high-activity source, and calculate 
the average ratio between low and high-activity source count-rates. (Note : 
resolving-time corrections must be made for the high-activity source counts 
and the background must be subtracted in the case o f the low-activity source 
counts.) This ratio can be used to transform the low-activity source count-
rates into the high-activity source count-rates. The high-activity source 
cannot be counted at zero or low absorber thicknesses. 

(6) Continue counting the high-activity source with increasing absorber thickness 
until an almost constant count-rate is obtained. The count-rate now is due 
to bremsstrahlung or continuous X-rays produced by interaction o f the beta 
particles with the aluminium nuclei. 

(7 ) Plot the observed and calculated net count-rates o f the high-activity source 
on the log co-ordinate versus absorber thickness on the linear co-ordinate. 
(To the absorber thickness add the window thickness o f the GM tube and 
the air thickness, in m g / c m 2 , f rom GM tube window to source.) 

( 8 ) Extrapolate the bremsstrahlung component to zero absorber thickness and 
subtract this contribution from the net count-rate. Plot the corrected curve. 

(9 ) Determine by inspection the point at which the uncorrected transmission 
curve appears to intersect the bremsstrahlung curve. This point corresponds 
to the range o f 32P beta particles and should be approximately 800 mg / cm 2 . 
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A simplified method o f determining the beta-particle range is based on the 
determination of the fifth half-thickness of absorber. The half-thickness is the 
thickness of absorber required to reduce the count-rate by a factor of two. The 
fifth half-thickness is the amount required to reduce the count-rate by a factor 
of 32. The fifth half-thickness has been found empirically, in most cases, to be 
approximately equal to half the range of the maximum-energy beta particle. 

/ 
(1) From the corrected curve, determine the thickness of absorber that was 

required to reduce the count-rate at zero absorber by a factor of 32. 
Multiply this value by two and determine how well it estimates the range 
of 32P particles. 

(2) How well does the initial portion of corrected curve approximate a straight 
line? 

(3) Use the end-window GM survey meter to survey for personnel or equipment 
contamination. 

EXERCISE 5. SELF-ABSORPTION AND SELF-SCATTERING 
OF BETA PARTICLES 

It is often necessary to measure the radioactivity of sources that contain 
appreciable amounts o f solid material. This introduces errors from self-absorption 
and from source scattering. Self-absorption decreases the expected count-rate 
and is most important with low-energy beta emitters whose maximum energy is 
less than 0.5 MeV. Scattering tends to increase the count-rate and is most noticeable 
with high-energy beta emitters. (The effect of self-absorption and self-scattering 
also exists with gamma-ray emitters, but is usually negligible since gamma radiation 
has a greater penetrating power.) A third source of error when voluminous samples 
of varying thickness are involved may be called self-geometry, i.e. the top of the 
sample is relatively closer to the counter as the sample thickness increases. The 
combined effects o f self-absorption, self-scattering and self-geometry normally 
result in a lower count-rate than expected. 

The principal method used to correct for self-absorption is based on the 
assumption that the absorption of beta particles is an exponential function o f 
absorber thickness. (To verify this, observe that in the previous experiment the 
absorption was closely approximated by an exponential function over the first 
decade or two.) Therefore, assume that the decrease in count-rate per unit sample 
thickness is proportional to the sample thickness or 
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SAMPLE THICKNESS (mg/cm2) 

FIG. V—2. Count-rate as a function of thickness for samples of constant specific activity for 
a soft beta emitter. 

da* 

dx 
_ * - / u a ( V - 6 ) 

where a* = transmitted activity (per cm 3 sample) f rom depth x below the 
surface o f the sample 

x = sample layer thickness ( cm) 
/I = linear absorption coeff icient (characteristic o f E^ m a x and density 

o f sample material). 

Equation ( V - 6 ) can be integrated to 

a * = a * e " ^ (V—7) 

where ajj = number o f beta particles per cubic centimetre o f the sample. 

The (total) transmitted activity A * f rom a sample o f cross-sectional area £ 
and thickness X is then obtained by integration from top to bottom o f the sample 
as fol lows: 

A = 

X 

r j ; g e - M x d x = 
a ^ O - e - " * ) A * ( l - e " " x ) 

(V—8) 

Finally, defining a self-absorption factor f as the ratio between observed 
(i.e. self-transmitted) activity and theoretical zero-absorption activity Aq, one has 

(1 - e - ^ ) 
A / A j = f = 

IxX 
(V—9) 
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MASS OF S A M P L E 

FIG. V-3. Curve plotted to determine an estimate of the 'true' count-rate per unit mass by 
extrapolating the experimental line to zero mass of sample. 

1.0 • 

O Jij 0.8 • 
Z -I 
O < 0.6 -
P > 
O UJ 0.4 • < 3 
u_ I- 0.2 -

0« 
M A S S 

FIG. V-4. Calibration curve for self-absorption. 

where n may be taken as the mass absorption coefficient (characteristic o f 
E0max alone) and X as mass per unit area (mg/cm 2 ) . The factor f may be used 
to correct mathematically observed count-rates for self-absorption. 

If it is impossible t o prepare infinitely thick samples, the fol lowing adaptation 
may be used. 

If the data f or Fig.V—2 are replotted as count-rate per unit sample mass 
versus sample mass, a curve as in Fig. V—3 will result. 

The curve is extrapolated to zero mass to obtain the estimate o f the 'true' 
count-rate per milligram. This is assigned the value 1, and the value at each sample 
mass is calculated as a fraction o f the 'true' value. These fractions are plotted against 
sample mass to give a calibration curve for self-absorption in samples o f intermediate 
thickness (see F i g . V - 4 ) . 

The total activity o f a sample o f unknown concentration and intermediate 
thickness may be determined by : 

(a) Weighing and counting the sample; 
(b) Determining its specific activity; 
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(c ) Determining from a graph, such as F i g . V - 4 , the fraction o f the sample 
activity that will be counted; 

(d) Dividing the apparent specific activity by the above fraction to obtain 
the specific activity; 

(e) Total activity = mass o f sample X specific activity. 

The following experiment will demonstrate these methods. 

MATERIALS AND EQUIPMENT 

(1 ) Eight 1 -in planchets 
(2) Filter apparatus 
(3) Eight 1-in glass filter papers 
(4 ) 50, 100, 150, 250, 400 and 500-^1 pipettes, 1 and 2-ml pipettes 
(5) Solution o f N a 2 1 4 C 0 3 (approximately 3 mg/ml and 0.05 jxCi/ml (1.85 kBq/ml) ) 
(6 ) BaCl2 solution 
(7 ) Tweezers 
(8) GM counter and timer 
(9) GM survey meter 

I N F R A - R E D LAMP 

G L A S S C Y L I N D E R 

SPR ING OF RUBBER 
B A N D 

F ILTER PAPER 

S I N T E R E D G L A S S 
F I LTER ST ICK 

SUCT ION 

FIG. V—5. Exploded view of filtering assembly. 
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PROCEDURE 

(1) Place the following measured aliquots of a known stock solution o f radio-
active sodium carbonate in six centrifuge tubes: 50, 100, 150, 400 and 500 //l, 
and 1, 2 and 5 ml. 

(2) Precipitate the radioactive carbonate by the addition of excess BaCl2 solution. 
(3) Filter the samples on pre-weighed I-in filters and wash three times with 5 ml 

of distilled water (F ig .V-5 ) . Air-dry. Fix the precipitate with 1 ml o f 
collodian solution to prevent spread of contamination. Be sure that the 
samples are thoroughly dry. 

(4) Weigh the samples. Place in planchets and count. 
(5) Count the background with an empty planchet in the counter. 
(6) Prepare curves from background-corrected counting data as described in 

Part I, i.e. count-rate versus sample mass; count-rate/mg versus sample mass; 
and fraction o f true count-rate versus sample mass. 

(7) Calculate the value o f fi', the mass-absorption coefficient. For 14C it should 
be approximately 0.28 cm2 /mg. (i' can be determined from any point at 
infinite thickness, since at infinite thickness x becomes large, therefore 

(8) Use the end-window GM survey meter to survey for personnel or equipment 
contamination. 

EXERCISE 6. SOLID INTEGRAL SCINTILLATION COUNTING 

The following solid scintillation crystals are used to detect radiation: 
Alpha particles: ZnS (activated by silver) spread as a thin layer, 10—20 mg/cm2 

Beta particles: anthracene, trans-stilbene 
Gamma rays: Nal (activated by thallium at about 0.1% concentration) 

By far the most important application o f solid scintillation crystals is in the 
detection and measurement o f gamma rays. Scintillation detectors have three 
distinct advantages over GM tubes for the measurement of gamma rays: 

(a) Higher detection efficiencies (20 to 40 times) 
(b) No significant resolving-time corrections up to about 1700 counts/s 

(105 counts/min) 
(c) The output pulse-height is proportional to the gamma-ray energy 

absorbed in the crystal; therefore, gamma-ray spectrometry is possible. 

Nal is hygroscopic and is encased in an air-tight metal can. The detectors 
are single crystals and should be protected against mechanical shock or tempera-
ture changes. The crystal and photomultiplier tube combination is generally sealed 
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in an air-tight metal case and shielded by lead in the counting position. In spite 
of shielding, the background o f a scintillation counter will generally be considerably 
higher than that o f a GM counter. This is due partly to electronic noise, but mostly 
to the high efficiency o f Nal(Tl) for background gamma rays. A lower-level pulse-
height discriminator is used to reject noise pulses, since they are generally of smaller 
pulse-height than pulses due to the photons being measured. 

MATERIALS AND EQUIPMENT 

(1) Nal(Tl) scintillation crystal - photomultiplier detector assembly 
(2) Single-channel pulse-height analyser and scaler 
(3) High-voltage supply 
(4) Gamma-ray sources of 137Cs, 6 0Co and 133Ba, approximately 0.1 /uCi 

(3.7 kBq) each 

PROCEDURE 

(1) Read the instruction manual o f your counter and modify the directions 
below to meet the requirements o f the particular counter. 

(2) Set the lower-level discriminator at 5% o f maximum. Set the differential-
integral switch at integral or disengage the upper-level discriminator. The 
scaler will now count all pulses exceeding the lower-level setting. This is 
termed integral counting. 

(3) Set the amplifier gain controls to their minimum value. 
(4) Insert one o f the above sources in the counting chamber. 
(5) Increase the high voltage to approximately 600 V and turn the scaler to 

the count mode. 
(6) Increase the amplifier gain until the scaler begins counting. 
(7) Keep the gain constant and begin recording the count-rate with increasing 

high voltage. Increase the high voltage in steps of 50 V to a maximum of 
1500 V (serious damage to the photomultiplier tube will otherwise result). 

(8) Repeat counting the background only. 
(9) Repeat with the other two sources. 

(10) Plot the above data as counts/s versus high voltage on four or five-cycle 
log-linear graph paper. 

(11) Using one o f the three sources, increase the gain o f the amplifier by a factor 
of two and repeat steps ( 7 - 1 0 ) above. What shift do you note? What 
change in photomultiplier tube voltage is equivalent to a gain o f two in 
amplified gain? 

(12) Leave the gain the same as in (11) but increase the lower-level discriminator 
by a factor o f two. You should obtain the original curve for your source. Why? 
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(13) If the activities of the three sources are known, plot the counting yield 
(counts/gamma ray) versus energy in the highest-counting flat portion of 
your curve. The geometry should be essentially the same for all sources. 
Explain the variation in counting yield versus source gamma-ray energy. 
(Be sure to consider the number of gamma rays per disintegration from the 
decay schemes as well as the half-life and age o f the source.) 

(14) Set the high voltage at the value corresponding to the start of the plateau 
for the 6 0Co curve. Use the 6 0Co source and, with the lower-level discrimi-
nator set at 2 V , measure counts with increasing discriminator setting until 
the count-rate reaches the background. Plot the integral curve. Explain the 
inflections o f the slope o f this curve. 

(15) What settings would you use to measure 6 0Co in the presence o f 137Cs? 

EXERCISE 7. SOLID DIFFERENTIAL SCINTILLATION COUNTING 

This procedure is used when radioisotopes may be present that will produce 
counts not related to the isotope being studied. Differential counting is particularly 
important when it is desired to determine accurately the amount o f two or more 
isotopes present in a sample or if it is necessary to reduce the background to a 
minimum. 

MATERIALS AND EQUIPMENT 

As for Exercise 6 

PROCEDURE 

(1) Read the instruction manual o f your counter and modify these directions 
to suit the capability o f the machine you are using. 

(2) Place 137Cs in the well o f the crystal. Set the gain or attenuator control 
to its mid-point. Set the high voltage as low as possible and place the control 
switch so that both the lower and upper discriminators are operative. 

(3) Since 137Cs has a 0.662. MeV gamma emitter, we shall want to set the mid-
point o f the window at 662 so that, when calibrated, the full-scale calibration 
of the ten-turn potentiometer is 1.0 MeV or 1000 keV. For this, set the 
lower discriminator at 657 (consider that the ten-turn potentiometer has 
1000 divisions full scale) and the upper discriminator at 667. The window 
has now ten divisions (10 keV). This is a 1% window (10 /1000-100) . 

(4) Counting with a long-time setting on the timer, turn the high-voltage control 
up, gradually increasing the voltage. When the first counts appear on the 
scaler, proceed more slowly. By turning the high-voltage control knob back 
and forth, try to estimate the point where a peak count is found. 
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(5) When an approximate peak is found, start counting at short time intervals 
(0.1, 0.2 min, etc.) and find the high-voltage setting that gives the peak count-
rate. When this is found, the machine is calibrated so that the discrimi-
nator potentiometers read from 0 to 1 MeV, with one division equal to 1 keV. 
Lock the high-voltage control and do not disturb it during this period of 
operation. 

(6) To reset for counting a particular gamma energy of less than 1 MeV, only 
the lower and upper discriminators need to be adjusted. For example, to 
count a 0.51 MeV gamma ray with a 10% window (10% of 1000= 100 units 
or 100 keV), the mid-point o f t h e window must be 510. Since the window 
is to be 100 units wide, this means 5 1 0 - 100/2 and 510 + 100/2, or 460 to 
560, as the settings on the lower and upper discriminator, respectively. This 
would translate into a setting that accepts any gamma energy from 0.46 to 
0.56 MeV. The window width is a variable determined by the operator. 

(7) If energies greater than 1 MeV are desired, the gain control can be manipulated. 
For example, by reducing the gain to one-half its original setting the calibra-
tion of the discriminators is increased by a factor of two. In the above case 
the full-scale calibration would be 1000 units = 2.0 MeV (1 unit = 2 keV). 
The settings of 460 to 560 on the lower and upper discriminator, respectively, 
would now accept gamma energies of 0.92 to 1.12 MeV. Note that the high-
voltage setting must be unchanged! Place an appropriate gamma emitter in 
the well of your counter and verify the function of the gain control. 

(8) If it is wished to expand the scale, the gain control can also be used. If the 
gain is doubled from the setting originally used,the calibration is now changed 
from 0 - 1 MeV to 0 - 0 . 5 MeV. The settings of 460 and 560 would allow 
counting of gamma energies from 0.23 to 0.28 MeV. 

(9) Separating the counts of two or more gamma emitters is a simple extension 
of the above system. When possible, one channel is set to count the gamma 
radiation of the highest-energy emitter without interference from the lower-
energy emitter. The lower channel is set to count the characteristic peak 
energy of the second isotope. However, some counts collected in the lower 
channel will be those of the higher-energy isotope. There is a constant ratio 
that can be determined for particular settings of the counts of the higher-
energy isotope in its own channel to its counts in the channel set for the 
lower-energy isotope. By multiplying the counts of the higher-energy isotope 
in its channel by this factor the counts for this isotope in the lower-energy 
channel can be determined and subtracted from the total count in the lower 
channel to give the counts for the lower-energy isotope. If both channels 
contain counts from both isotopes it will be necessary to determine the 
amount of 'cross-over' o f each isotope into the other channel and to use 
simultaneous equations for solution. 
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EXERCISE 8. ESTIMATING THE EFFICIENCY OF A GAMMA COUNTER 

It is frequently desirable to convert counts per minute to millicuries or 
becquerels or to some proportion of the dose of nuclide given. By definition, 
1 mCi is equal to 37 MBq (= 37 X 106 dis/s = 2.22 X 109 dis/min), and the con-
version o f count-rates to millicuries or becquerels requires information on counting 
yield, i.e. the relationship between disintegration rate and the registered count-rate. 
As the yield will vary with such factors as self-absorption, scattering and quenching, 
it is important to measure the counting yield under the same conditions that apply 
to experimental measurements. The efficiency o f the counter can be measured 
by counting standard preparations of known activity (prepared by the manu-
facturer of the counter) containing radionuclides o f long half-life. This is a 
valuable check on the counter itself, but for many purposes it does not duplicate 
the counting conditions o f the experiment, and other counting standards must 
be prepared. 

For practical purposes it is generally satisfactory to assume that the amount 
o f radionuclide recorded on the container when dispatched from the reactor is 
accurate. The activity present at a later date can be calculated from knowledge 
o f the decay rate o f the radionuclide. With this information, counting standards 
of known activity can be prepared. 

MATERIALS AND EQUIPMENT 

(1) Log-linear graph paper 
(2) 24Na as dispatched from reactor or other suitable short-lived gamma emitter 
(3) Pipettes and safety bulbs 
( 4 ) 2 X 1 0 0 m l v o l u m e t r i c f lasks 
(5) Counting tubes 

PROCEDURE 

(1) On log-linear graph paper plot the activity against half-lives, e.g. starting 
with 100% of the original activity on the y-axis and plotting the decay for 
five half-lives on the x-axis. Draw a line through the points. 

(2) From information on the 24Na label, calculate the number o f days since 
dispatch from the reactor. 

(3) Calculate the number of half-lives, using the known half-life o f 24Na of 
15 hours. 

(4) From the graph, read the remaining proportion of the original dose. 
(5) Accurately measure sufficient 24Na so that, when diluted to 100 ml, it will 

contain 1 - 2 /uCi/ml (37 to 74 kBq/ml). 
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(6) Dilute 3 ml of this solution to 100, ml and pipette triplicate 3 ml samples 
into counting tubes. Count for 5 minutes. 

(7) Deduct the background reading obtained by counting 3 ml water. 
(8) Calculate the activity that should have been present as Bq per 3 ml. 
(9) Calculate the counting yield as 

counts/s per 3 ml y = 
Bq per 3 ml 

(where x Bq per 3 ml = 27.03 X 10"12 xCi per 3 ml). 

(10) If it is assumed that a certain volume of the standard solution was administered 
to an animal, the concentration observed in a sample taken from the animal 
can be expressed as per cent of dose per millilitre of sample. This is calculated 
from the formula 

(Note: This calculation can be applied when the standard and sample are 
both counted either at the same volumes or at infinite thickness.) 

EXERCISE 9. RAPID RADIOACTIVE DECAY 

The primary purpose of this exercise is to investigate the general law of 
radioactive decay in one short laboratory period. 

For 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 half-life becomes complex when the time 
which is required to obtain sufficient counts to give a desired accuracy is long 
compared with the half-life of the isotope. If the disintegration rate at a certain 
time t is called A*, the count-rate, being proportional to the disintegration rate 
(i.e. activity) may be expressed as 

Concentration (% dose/ml) = 
count in sample X 100 

dose X dilution factor X standard count 

R t = eAt* (V—10) 

where e is the counting yield. 
The disintegration rate, however, changes with time according to: 

A t * = A j e " X t (cf. Eq.CI-8)) ( V - l l ) 
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FIG. V-6. Curve showing the exponential decay of the activity of a sample as a function of time. 

where Aq = the disintegration rate at zero time; 
X = disintegration constant = 0.693/T^; 
t = time elapsed since zero time. 

If the substance is decaying rapidly during the measurements, i.e. if the 
duration o f counting time T is similar in magnitude to T i , then the disintegration * 1 

rate A t + T at the end o f the counting period will be significantly lower than at 
the beginning: 

The decrease in activity o f a sample (expressed, e.g., as number o f radio-
active atoms N) during the counting time T is shown in Fig.V—6. 

The observed count-rate R is the average over the counting period T. 
R and the sample activity at the beginning o f the counting period Rt are related 
as fo l lows: 2 

A * _ A * -\(t + T) 
A t + T ~ A o e ( V - l 2) 

R = e A * = ^ ( N t - N t + x ) = | [ N t ( l - e - X T ) ] XT (V—13) 

since, f rom E q s ( I V - 1 4 and 15): 

N t + x = N t e - X T (cf . E q . ( l - 3 ) ) (V-14) 

2 If the counting time T is not greater than , the relation R( — Rt + i.T (Le. 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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Hence, as A* = XNt: 

(V—15) 

Thus, using Eq. (V—10): 

R t ( l - e ~ A 1 ) 

XT 

-XT 
R = ( V - 1 6 ) 

where 

0.693 

and Tjj and T are in seconds. 

With the aid of Eq. ( V - 1 6 ) the ratio of R t to R 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 R t : R is constant. 

In the following experiment, Eq. (V—16) will be used to correct the count-
rate of 137Bam. Barium-137m is the metastable isomer of 131Ba, and it emits 
0.66 MeV gamma photons. 

REAGENTS AND MATERIALS 

(1) S0 3 H type cation exchange resin (e.g. Amberlite IR-120 or Dowex 50) 
(2) About 200 fiCi (7.4 MBq) of 137Cs 
(3) A conventional burette 
(4) EDTA solution (about 0.3% adjusted to pH 11 - 1 2 with NaOH) 
(5) Plastic counting container 
(6) Stop-watch 

PROCEDURE 

(1) Saturate 50 g of resin with Na+ by leaving it overnight in 10% NaCl solution. 
Put a glass-wool plug at the bottom of the burette, and fill it half way up 
with resin. Run 1 litre of distilled water upwards through the resin to 
remove 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 ofthe resin column. 
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(2) Lower the surface o f the EDTA solution to the top of the resin and apply 
the l37Cs. Elute the column repeatedly with EDTA solution at 10 min 
intervals until the amount of 137Bam coming through each time no longer 
increases. At each elution the 137Bam concentration in the effluent will 
be maximum after about a half or a third of the 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 137Bam in a plastic counting con-
tainer; start counting immediately, using a scintillation (well-type) detector. 

(4) The counting should be carried out at 1 min intervals for a duration of 
1 min counting time and a total running time of 30 min, without removing 
the sample container. 

(5) At the end of 30 minutes from the start of counting, the 137Bam remaining 
in the liquid will be much less than 1% of the.original quantity, and most 
of the count-rate observed above empty-container background results from 
some 137Cs leached by the EDTA effluent. 

(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 137Bam , against time on log-linear graph 
paper. Deduce the half-life of 137Bam from this plot. 

(7) Use Eq. ( V - 1 6 ) to obtain the net count-rates at the beginning o f each 
counting period, and plot these corrected values of net count-rate against 
time on log-linear graph paper. 

EXERCISE 10. INVERSE-SQUARE LAW AND ATTENUATION 
OF GAMMA RAYS 

/ 

The intensity o f the rays emitted from a source of radiation can be reduced 
in the following two ways, (i) by increasing the distance from the source o f radia-
tion, and (ii) by increasing the attenuation in the path of the rays. 

A. INVERSE-SQUARE LAW 

For a point source the radiation intensity is inversely proportional to the 
square of the distance if no intervening matter is present between the source and 
the target. This is usually referred to as the inverse-square-law effect and applies 
to all electromagnetic radiation. The intensity at a distance d from a point source 
(or other source whose dimensions are small in comparison with d) is thus given as 

Id = k/d2 

where Id = intensity at d cm distance, 
k = proportionality constant (see Part I, §1-2.6) . 
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MATERIALS AND EQUIPMENT 

(1 ) 6 0 Co source, approximately 5 - 1 0 fiCi ( 0 . 1 9 - 0 . 3 7 MBq) 
(2) Nal(Tl) scintillation counter system 

PROCEDURE 

(1 ) Apply the operating voltage previously set in Exercise 7 for the scintillation 
counter. 

(2) Determine the background count-rate. 
(3 ) Determine the count-rate as a function o f distance from the source. Increase 

the distance until the background count is obtained. 
(4 ) Plot the net count-rate versus the distance on log-log graph paper, and 

draw the best straight line through the points. 
(5 ) Determine the slope o f the line and explain the reason for discrepancies, 

if any, between the result and the inverse-square law. 
(6) Calculate the exposure dose-rate in m R / h at 1 metre from the source. 

B. ATTENUATION 

The attenuation by matter o f a collimated beam o f monoenergetic gamma 
photons is exponential. The attenuation o f gamma rays from 6 0 Co which emits 
gamma photons o f two characteristic energies (1.17 and 1.33 MeV) will be 
investigated. 

MATERIALS AND EQUIPMENT 

(1) 6 0 Co source, approximately 5 - 1 0 ^Ci ( 0 . 1 9 - 0 . 3 7 MBq) 
(2) Nal(Tl) scintillation counter system 
(3 ) Lead shielding 
(4 ) Absorber set, preferably lead 
(5) Micrometer for measuring absorber thickness 

PROCEDURE 

(1) The previous experimental set-up is used except that the distance between 
the sample and counter is now kept f ixed. The source should be collimated 
by lead shielding. 
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(2 ) Determine the count-rate o f the sample without adding any absorber between 
source and counter. 

(3) Determine the count-rate after placing one layer o f lead absorber between 
source and detector, and keep on repeating with increasing the thickness o f 
the absorber by adding more layers. 

(4 ) Remove the source completely and determine the background (with all 
layers o f absorber in place). 

(5) The net count-rate f rom the sample is taken as a measure o f the radiation 
intensity, and this is plotted against linear absorber thickness on log-linear 
graph paper. 

(6) Determine the half-thickness o f lead for 6 0 Co gamma rays and compare 
with the table value (Part I, § 1 - 3 . 2 . 1 , Table 1 - 3 ) . 

(7) Explain any discrepancy between the results and the simple exponential law 
(i.e. not a straight line when plotted on log-linear graph paper). 

EXERCISE 11. LIQUID SCINTILLATION COUNTING: 
DETERMINATION OF OPTIMUM COUNTER SETTINGS 

Liquid scintillation counting has the advantage that the sample is dissolved 
in the liquid organic fluor and there is no self-absorption o f the beta (or alpha) 
particle. For this reason, liquid scintillation counting is the method o f choice 
for counting low-energy beta emitters. Both 3 H and 1 4C, the two most important 
radiotracers in biological research, emit only beta particles o f very l ow energy. 
Organic fluors also exhibit a very short decay time o f the fluorescence produced, 
and resolving-time corrections are not necessary. In addition, liquid scintillation 
counters can be adapted to sample changers which allow automatic counting o f 
large numbers o f samples. 

The general description o f a liquid scintillation counter is found in Part I, 
§1—2.4. The following experiment is designed to illustrate its use, including 
methods to correct for 'quenching'. A n optional exercise demonstrating Cerenkov 
counting is also presented. 

MATERIALS AND EQUIPMENT 

(1 ) Liquid scintillation counter, refrigerated or at ambient temperature (similar 
to Packard Instrument Co. Model 314 EX series) 

(2 ) Liquid fluor system: 
Toluene 0.5 litre 
PPO (2-5 diphenyloxazole) 4 g/l 
POPOP (1,4-bis-2-5 phenyloxazoloyl ) 0.05 g/l 
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PPO is the primary solute. POPOP is termed a secondary solute and is used to 
shift the fluorescence spectrum of PPO to longer wavelengths for better 
matching to the spectral response of photomultiplier tubes. This procedure 
increases the counting yield and is generally used in measurement of 3H 

(3) Benzoic acid-7-14C dissolved in toluene: approx. 0.02 jiCi/ml (0.8 kBq/ml); 
benzoic acid-3H dissolved in toluene: approx. 0.1 /uCi/ml (3.7 kBq/ml); 
other available compounds of 14C and 3H soluble in toluene can also be used 

(4) Chloroform 
(5) Sample counting vials 

PROCEDURE 

(1) Take sufficient time to read the instrument instruction manual and become 
thoroughly familiar with operating controls. 

(2) Fill the sample counting vials with equal measured volumes of the liquid 
scintillation solution (15 ml). (Pipette accuracy is not necessary.) 

(3) Pipette 100 /d of the 14C solution into one vial. 
Pipette 100 jul of the 3H solution into one vial. 
Use one vial containing only the liquid scintillation solution as a 
background vial. 

(4) For a dual-channel instrument: 
Set the lower discriminator of channel A at 10% of scale. 
Set the upper discriminator of channel A at 50% of scale. 
Set the lower discriminator of channel B at 50% of scale. 
Set the upper discriminator of channel B a t 0 0 . 
Channel A will now record all pulses with pulse heights between 10 and 50% 
of scale, and channel B will record all pulses with pulse heights between 50% 
of scale and 

(5) Determine the background count-rate Rb in both channels as a function of 
increasing high voltage. Begin at about 600 V. 

(6) Determine the count-rate of each sample in both channels as a function of 
increasing high voltage. At one particular voltage the count-rate in channel A 
will be approximately equal to the count-rate in channel B. This voltage will 
very closely correspond to what is known as balance-point operation. At 
this point, a decrease in counts from channel A due to quenching will be 
offset by additional counts from channel B due to quenching. Balance-point 
operation provides a condition of high counting yield and at the same time 
a minimum sensitivity to quenching. The balance-point settings will not be 
the same for the two radionuclides. 

(7) Determine the apparent counting yield (y) at the balance-point settings for 
each radionuclide. At this point the extent of quenching (if any) in the 
benzoic acid standards is not known. 
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EXERCISE 12. PREPARATION OF SAMPLES FOR 
LIQUID SCINTILLATION COUNTING 

Since water and toluene are not appreciably miscible, the aim is to form an 
emulsion to bring the beta particles into intimate contact with the primary and 
secondary scintillators. 

REAGENTS AND MATERIALS 

(1) Scintillator mixture: 
Toluene (S-free) containing 4 g/1 diphenyl oxazole and 0.1 g/1 dimethyl; 
POPOP mixed with Triton X-100 in proportions o f 2 to 1 

(2 ) Same scintillator mixture as under (1 ) , but without addition o f Triton X-100 
(3) 20 ml glass vials + caps 
(4 ) Pipettes 
(5) 14C sodium acetate solution (0.1 jiCi/ml or 3.7 kBq/ml) 
(6) Plasma 
(7 ) Three test tubes 

PROCEDURE 

(1 ) Pipette 1 ml 14C sodium acetate into two test tubes. 
( 2 ) Add 9 ml water to one test tube (solution A ) and 9 ml plasma to the other 

(solution B) ; mix well. 
(3) Pipette into three counting vials 1 ml each o f solution A , solution B and 

water (background). 
(4) T o each vial add 4 ml water and 15 ml scintillator mixture (1) . Cap vials 

and shake well. 
(5) Repeat steps (3 ) and (4) , this time adding 15 ml o f scintillator mixture (2) . 
(6) Set up the counter as in Exercise 11 and count the samples for 1 minute each. 
(7 ) Subtract appropriate background counts from the counts o f solutions A and B. 
(8) On the basis o f 1 nCi (37 kBq) = 37 X 103 dis/s (2 .22 X 106 dis/min), estimate 

the counting yield for all solutions, as in Exercise 11. 
(9) Repeat this exercise with tritiated water. Use a solution containing 0.5 ^Ci/ml 

(2 kBq/ml) 3 H and alter the settings on the scintillation counter appropriately. 

EXERCISE 13. QUENCH CORRECTION 

It is incorrect to compare the count-rates o f two biological samples unless 
it is certain that they are counting at the same eff iciency. As quenching is quite 
variable, it is unlikely that the same counting efficiency will be observed even 
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between samples present in the same medium. The measurement o f quenching 
entails estimating counting efficiencies and the use o f the relationship: 

counts/s 
becquerels = disintegrations per second = X 100 

M eff iciency (%) 

There are at least three methods o f estimating counting eff iciency, i.e. 
(1 ) the internal standard method, (2 ) the channels ratio method, and (3) the 
external standard ratio method. These methods are illustrated by the following 
exercises. 

A. THE INTERNAL STANDARD METHOD 

In this method, each sample is counted; then a known amount (0.1 ml) o f 
radioactivity is added to each and the samples are recounted. The counting 
efficiency is calculated as: 

difference in counts/s 
Counting efficiency = X 100 

Bq per 0.1 ml added 

The activity o f the sample (in Bq) is then calculated. These calculations can 
also be made using curies as the measure o f activity. 

This method is most accurate but laborious and renders the sample useless 
for later counting. 

REAGENTS 

(1 ) Haemolysed plasma or dark-coloured urine 
(2 ) 14C sodium acetate solution (0.1 /xCi/ml or 3.7 kBq/ml) . 
(3) Tritiated water (0.5 /xCi/ml or 18.5 kBq/ml) 
(4) 14C n-hexadecane (0.2 /iCi/ml or 7.4 kBq/ml) 
(5) 3H n-hexadecane (0.2 MCi/ml or 7.4 kBq/ml) 

PREPARATION OF SAMPLES 

(1) Pipette 1, 2, 3 and 4 ml plasma or urine into four test tubes and dilute to 9 ml. 
Pipette 9 ml water into a f i fth test tube. Prepare a duplicate series o f test 
tubes in the same way. 

(2) T o each test tube o f the first series add 1 ml 14C sodium acetate; to each test 
tube o f the second series add 1 ml tritiated water. 

(3 ) Mix the contents o f each tube thoroughly. These solutions will be used in 
this and the following two exercises. 
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PROCEDURE 

(1) Pipette into each o f five counting vials 1 ml from each of the 14C-series test 
tubes. 

(2) Repeat the procedure of step (1) with the 3H-series test tubes. 
(3) Into two counting vials pipette 0.1 ml 14C n-hexadecane and 3H n-hexadecane. 
(4) Into one counting vial pipette 1 ml water (background). , 
(5) Add to each vial 4 ml water and 15 ml scintillator mixture 

(2:1 POPOP: Triton X-100 as in E xercise 12). 
(6) Count each sample for 1 minute and subtract background counts. 
(7) To the five counting vials of the 14C series, accurately pipette 0.1 ml 14C 

n-hexadecane. To the vials of the 3H series, pipette 0.1 ml 3H n-hexadecane. 
(8) Recount the samples and again subtract background counts. 
(9) Estimate the counting efficiency as indicated above. 

B. THE CHANNELS RA TIO (CR) METHOD 

The spectrum of a beta-emitting isotope will shift to lower energy values 
(downscale) on quenching. Hence, if the spectrum is divided into two parts 
(dual-channel instrument), the ratio o f the lower part to the upper part will 
increase with quenching. By counting a selected series of quenched samples to 
cover the range of efficiencies in the unknown samples a graph relating the channels 
ratio to the counting efficiency can be produced. When an unknown sample is 
counted and the channels ratio calculated, the counting efficiency may be read 
from the graph. (Note: this technique has limited value when the samples have 
low count-rates, as the channels ratios may be subject to large errors.) 

PROCEDURE 

(1) Prepare two sets of samples, one containing 14C and the other 3H, as outlined 
in Exercise A. 

(2) With the 14C machine standard, set the two channels so that one gives 
approximately half the counts of the other; for instance, with 14C the 
channels might be set to read between 5 0 - 1 0 0 0 and 3 5 0 - 1 0 0 0 . 

(3) Count the samples and subtract the background counts for each channel. 
(4) Calculate the channels ratio for each sample. 
(5) From the known amount of activity present in each sample calculate the 

efficiency of counting in the 5 0 - 1 0 0 0 channel. 
(6) Prepare a graph relating counting efficiency to channels ratio. 
(7) Reset the counter with a 3H machine standard and repeat steps (3) to (6) 

with 3H samples. 
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C. THE EXTERNA L STANDARD RA TIO (ESR) METHOD 

This method depends on the observation that the gamma irradiation of a 
sample in a counting vial and scintillator blank solution with an external gamma 
source produces Compton electrons; these have properties similar to beta particles 
emitted by the 14C or 3H in the counting vial and are quenched to approximately 
the same extent. 

A series of samples covering a wide range of quenching is prepared. After 
each sample is counted, a gamma source is automatically brought alongside the 
counting vial and a one-minute count recorded. The counter automatically cal-
culates a ratio of two parts of the spectrum of the Compton electrons, and this 
ratio can be related to the counting efficiency of the series. 

This method has the advantages of speed and of being applicable to mixtures 
of two isotopes. However, the Compton electrons do not behave exactly as the 
weaker beta particles in a sample. The ESR method is also affected by the volume 
of the sample being counted, and it is difficult to maintain a constant geometry 
between the gamma source and the sample. 

PROCEDURE 

(1) Use the same sets of samples as prepared in Exercise A, together with another 
sample containing 20 ml scintillator mixture. 

(2) Count all samples. After each count, bring the machine gamma source into 
position and record the counts and ESR. 

(3) Assuming that the scintillator blank solution is counted with 100% efficiency, 
calculate the efficiency o f counting the plasma or urine samples. Prepare 
a graph relating ESR to counting efficiency for 14C and for 3H. 

EXERCISE 14. REDUCING THE EFFECTS OF QUENCHING 

Quenching of samples is generally associated with colour or with the presence 
of organic matter. Reduction of the effects of quenching can be achieved in many 
ways. These include: (1) removal of colour by oxidation, (2) removal of inter-
fering organic material by 'wet oxidation', and (3) extraction o f the molecules 
under study by conversion to a volatile gas during combustion in an atmosphere 
o f oxygen. These methods are illustrated in the following exercises. 

A. COLOUR REMOVAL 

As colour is generally the main factor inducing quenching, the removal of 
colour also reduces quenching. The simplest such procedure involves oxidation 
with peroxides. 
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MATERIALS AND EQUIPMENT 

(1) Plasma showing some haemolysis or containing an indicator such as phenol red 
(2 ) I 4 C sodium acetate (0.1 fiCi/ml (3.7 kBq/ml) ) 
(3) 3 H water (0.5 /zCi/ml (18.5 kBq/ml) ) 
(4) Scintillator solution (2:1 POPOP:Triton X-100) 
(5) Counting vials 
(6) Pipettes 
(7) Benzoyl or hydrogen peroxide 
(8) Test tubes 

PROCEDURE 

(1 ) Pipette 9 ml plasma into each o f two test tubes. A d 1 ml 14C to one tube 
(solution A ) and 1 ml 3 H solution to the other tube (solution B) and mix well. 

(2) Set up the following counting vials: 
5 ml water (background) 
1 ml solution A + 4 ml water 
1 ml solution A + 1 ml benzoyl peroxide + 3 ml water 
1 ml solution B + 4 ml water 
1 ml solution B + 1 ml benzoyl peroxide + 3 ml water. 

(3) T o each vial add 15 ml scintillator solution and shake well to mix. 
(4) Count all samples and estimate the counting efficiency by the channels ratio 

or external standard ratio methods (Exercise 13, B or C). 

B. WET OXIDATION 

Interfering substances sometimes must be removed by more severe oxidizing 
conditions than those provided by hydrogen peroxide. Such conditions, provided 
by a mixture o f nitric and perchloric acids, are particularly suitable for estimating 
isotopes such as phosphorus-32. This exercise involves not only wet oxidation but 
also Cerenkov counting. This method o f counting takes advantage o f the ability o f 
high-energy beta emitters such as 32P to produce in aqueous solutions 'Cerenkov 
light', which can be measured in scintillation counters and which makes the use 
of scintillation fluids unnecessary. 

MATERIALS AND EQUIPMENT 

(1) 32P solution (1 /iCi/ml (37 kBq/ml) ) 
(2) Sheep faeces, ground with pestle and mortar 
(3 ) T w o 10 ml measuring cylinders 
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(4) Kjeldahl flask and digestion rack 
(5) 100 ml digestion mixture: 

10 parts concentrated nitric acid: 4 parts perchloric acid 

PROCEDURE 

(1) Weigh 1 g faeces into the first measuring cylinder and the Kjeldahl flask. 
(2) Pipette 1 ml 32P solution into each. 
(3) Fill up the volume in the measuring cylinder to 10 ml with water. 
(4) To the Kjeldahl flask add 20 ml digestion mixture. Boil on the Kjeldahl 

digestion rack for approximately 2 hours until only a few millilitres remain. 
(5) Cool the contents of the flask. Transfer it quantitatively to the second 10 ml 

cylinder and fill up to volume. 
(6) Transfer the contents o f both cylinders to counting vials, using 5 ml additional 

water to rinse the cylinders. 
(7) Prepare a standard by pipetting 1 ml standard solution plus 14 ml water 

into a counting vial. 
(8) Prepare a water blank in a fourth vial. 
(9) Count for 10 minutes in a liquid scintillation counter using Cerenkov 

radiation (threshold 0.3 MeV). 
(10) Subtract the background readings from the other three counts, and determine 

the effectiveness of wet oxidation in reducing quenching. 

C. OXYGEN FLASK COMBUSTION 

In this method the isotope, usually 14C, 3H or 35S, is oxidized by combustion 
in an atmosphere of oxygen. The resulting gas is dissolved in a scintillator solution, 
transferred to a counting vial and counted. 

MATERIALS AND EQUIPMENT 

(1) One 2 litre Buchner flask with neoprene stopper and 5 cm neoprene tubing 
on the side-arm 

(2) Hoffman screw clamp for the side-arm 
(3) Platinum gauze basket for the sample, attached to sealed glass tubing inserted 

through neoprene stopper 
(4) Oxygen 
(5) 14C sodium acetate solution (33 kBq/ml) 
(6) Plasma 
(7) Scintillator solution: 

Toluene containing 0.6% PPO and 0.1% bis-MSB (p-bis-ortho-methyl-styryl 
benzene):ethanolamine:methanol (10:1:9) 
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PROCEDURE 

(1) Prepare two counting solutions by adding 1 ml 1 4C sodium acetate each to 
9 ml water and to 9 ml plasma. 

(2 ) Pipette 0.1 ml of each solution into counting vials and add 20 ml scintillator 
solution. 

(3 ) Pipette 0.1 ml o f each solution onto paper tissue and dry in an oven at 
50°C for 10 minutes. 

(4 ) Attach a filter paper wick to the dried sample and place it in the platinum 
gauze basket. 

(5 ) Close the side-arm o f the Buchner flask and flush the flask with oxygen for 
30 seconds. 

(6 ) Working in a fume cupboard, light the wick and plunge the basket into the 
flask, pushing the stopper in firmly. Wait 5 minutes after complete ignition 
for the flask to cool . 

(7 ) Introduce 15 ml o f scintillator solution quickly through the side-arm and 
swirl the flask until the gases are absorbed. 

(8 ) Transfer the contents of the flask to a counting vial with 5 ml scintillator 
solution. 

(9 ) Count all samples and compare. 

EXERCISE 15. EXTRACTION OF TRITIATED WATER 
FROM BIOLOGICAL M A T E R I A L 

The principle o f extraction o f tritiated water is distillation under reduced 
pressure. The biological material is placed in a vessel which is connected to a 
vacuum pump. Vapour discharged from the biological material is condensed at 
the other end of the vessel, which is placed in a freezing mixture. 

MATERIALS AND EQUIPMENT 

(1) Thunberg tubes modified by having the end o f the stopper expanded into 
a 50 ml bulb ( F i g . V - 7 ) 

(2 ) High-vacuum pump and tubing to connect to Thunberg tubes; high-vacuum 
grease 

(3 ) Large vacuum flask 
(4) Pasteur pipettes and suction bulbs 
(5) Polyethylene tubing to fit the tips of the pasteur pipettes 
(6) Acetone/solid C 0 2 freezing mixture 
(7) Biological material containing tritiated water 
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FIG. V-7. Modified Thunberg tube. 
A - tube for placement of biological material; 
B - side-arm for connection to vacuum pump; 
C - expanded side-bulb for collection of condensed water. 

PROCEDURE 

(1) Place an appropriate amount of labelled biological material in a Thunberg 
tube. 

(2) Grease the stopper and assemble the apparatus with the hole in the stopper 
in line with the side-arm. 

(3) Attach the side-arm to the vacuum pump and rapidly evacuate the apparatus. 
(4) Turn the stopper so that the hole is now at a right angle to the side-arm and 

disconnect from the vacuum pump. 
(5) Place the side-bulb of the apparatus in the freezing mixture keeping the bio-

logical material in the tube at ambient temperature. 
(6) After the biological material has become completely dry, transfer the con-

densed water in the side-bulb to a dry-storage tube using the pasteur pipette. 
(7) Prepare and count the water sample in the liquid scintillation counter as in 

Exercise 12. 
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EXERCISE 16. CERENKOV COUNTING IN A LIQUID 
SCINTILLATION COUNTER 

Cerenkov counting can be a very useful counting procedure for many beta-
emitting isotopes whose beta emissions exceed 0.26 MeV. Its major advantages 
are that sample preparation is greatly simplified, the cost of the counting solution 
is minimal, and chemical quench has no effect on the system. While it is not as 
efficient in detecting the emitted betas as liquid scintillation counting using a 
'cocktail' containing fluors, the efficiency usually exceeds several-fold that which 
can be obtained with a GM counter and, in addition, the procedure is not disturbed 
by factors such as self-absorption and scatter. The purpose o f this exercise is to 
introduce a Cerenkov counting procedure and to demonstrate quench correction. 
Since the number of light photons produced by a beta emission resembles that of 
tritium in a liquid scintillation cocktail containing fluors, the best procedures for 
counting will be those which produce the best results for tritium. 

MATERIALS AND EQUIPMENT 

(1) Standard radioactive solution of 42 K or 32 P, or any other relatively energetic 
beta emitter. The solution should contain a known amount of activity per 
millilitre; this can approximate 0.01 pCi/ml (0.4 kBq/ml) and can be in an 
aqueous solution 

(2) Liquid scintillation counter with two independent channels (A and B) 
(3) A yellow dye. This can be an indicator, food dyes, a solution of a chromatic 

salt, etc. 
(4) Concentrated acid or base 

PROCEDURE 

A. Determination of counting efficiency 

Fill a counting vial with 20 ml of water and add 100 jil of the standard radio-
active solution to it. In another vial place only 20 ml of H 2 0 to serve as the back-
ground. Set the lower discriminator of one channel as low as possible and the 
upper discriminator as high as possible. Using the gain control (or the attenuator, 
depending on the machine), determine the balance point, i.e. the setting o f the 
gain control (or attenuator) that gives the maximum number of counts within 
the window. Count the sample and the blank. From the count-rate obtained 
and the known number o f fiCi (kBq) in the sample determine the counting 
efficiency. How does this compare with GM counting? How does it compare 
with liquid scintillation counting using a fluor? 
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B. Preparation of a quench correction chart 

(1) Place 20 ml of water in nine counting vials. One of these is to be capped 
and labelled (on the cap) as the blank. To each of the remaining eight vials 
add 100 /il of the standard radioactive solution. Label these from 1 through 8. 
Vial No.l is capped and is considered the 'unquenched' sample. To vials 
Nos.2 through and including 7, add the yellow dye. Do this in a stepwise 
fashion - the least dye into vial No.2 and increasing amounts into the other 
vials. It is not desirable to have a very intense colouration in this series. 
Vial No.2 should be only slightly different in its colour from vial No. l . 
Vial No. 8 is to be saved for additions of base or acid. 

(2) Using standard No. l , place both channels of the liquid scintillation counter 
at balance point. Determine the count in each channel. Then adjust the 
upper discriminator of channel A so that the count is reduced to 30% of 
the original count. For channel B adjust the lower discriminator so that 
the count is reduced to 70% of its original count. 
Now place the colour quench series in the counter and count all of the 
samples, including the background. Using the count-rate in channel A and 
the channels ratio (A/B), prepare a quench correction curve. For the efficiency 
evaluation, use the unquenched member of the series (No . l ) as 100% and 
express the others in relation to this sample. How can you use this chart to 
correct for colour present in a sample? 

(3) Effect of chemicals on quenching: Count sample No.8 at the settings deter-
mined for the quench correction curve. To this sample add one drop o f 
concentrated base or acid and count again. Add two drops and count again. 
Each time determine the count-rate and the channels ratio. What is the 
effect o f chemicals on quenching? 

Discuss the possible uses of Cerenkov counting in your research programme. 

EXERCISE 17. TRACER DILUTION CHEMISTRY 

One of the important advantages of using a radioactive substance in quanti-
tative analysis is that a quantitative isolation o f the compound to be determined 
from a material is unnecessary. A simple isotopic dilution analysis of the phos-
phorus concentration in an unknown solution by comparison with a solution of 
known phosphorus concentration will be conducted in this experiment. The radio-
isotope technique illustrated by this experiment is advantageous in any situation 
where a normal quantitative determination of the test substance is not feasible 
for some reason. 
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REAGENTS AND MATERIALS . . 

(1) Solution containing 0.20 mmol P per ml solution 
(2) Unknown phosphorus solution ( o f the order o f 0 .1M) 
(3) Solution containing 32P at an activity o f about 0.1 ^Ci/ml, i.e. 3.7 kBq/ml 

(carrier-free or o f known phosphorus concentration) 
(4) Fiske's reagent (13 g MgO, 175 g citric acid, 330 ml 25% NH 4 OH in water 

to give one litre solution) 
(5) 25% N H 4 O H . .. 

PROCEDURE 

(1) Mark six 100 ml beakers as U j , U i , U 2 , U 2 , K and K' , and pipette into them, 
respectively, the following aliquots: 

U ^ U i 5 ml unknown 
U 2 , U 2 20 ml unknown 
K, K' 5 ml o f 0.20M H 3 P 0 4 solution 

(2) Pipette accurately 1 ml o f active phosphate solution into each beaker and 
mix thoroughly. 

(3) Add slowly 10 ml o f Fiske's reagent and 10 ml o f 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 o f the precipitates into weighed and marked counting 
cups. The amount o f thick slurry o f the precipitate transferred from the K 
beakers should be roughly mid-way between the amounts from the U! and 
U2 beakers, respectively. 

(6 ) Dry the thick slurry under an infra-red lamp, trying to make the surface even. 
(7) After cooling, weigh the cups plus precipitates, and determine the weights 

o f the precipitates alone. 
(8 ) Count the activity, using a GM counter. 
(9) Express the specific activities o f phosphorus in the solid samples in counts/s 

per millimole. 
(10) Calculate the molarity o f the unknpwn phosphorus solution. 

QUESTIONS 

(1) Do the values obtained for U! and U2 come out the same? 
(2) What difference does it make to the calculation o f unknown phosphorus 

concentration if the activities o f the samples are expressed as counts/s per 
milligram o f precipitate? Explain. 

(3 ) Can the unknown phosphorus concentration be determined from the weights 
o f the precipitates alone? 
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EXERCISE 18. THIN-LAYER C H R O M A T O G R A P H Y 

The objective o f this exercise is t o demonstrate the use o f thin-layer 
chromatography for qualitative and quantitative analyses o f pesticides. 

Thin-layer chromatography (TLC) represents a powerful too l for use in 
studies o f radiolabeled pesticides. The technique is highly versatile for use in 
separating, identifying and quantifying complex mixtures o f radioactive products 
formed during the transformation o f a radiolabeled pesticide in different media. 
This analytical procedure offers the advantage o f high sensitivity and specificity, 
usually without the need for extensive purification o f samples. Preparative T L C 
is an invaluable technique used to isolate quantities o f specific resolved products 
in a form that is o ften sufficiently pure for use in other types o f analyses such as 
mass spectrometry, gas chromatography etc. 

With TLC the stationary phase, which usually is an active solid such as silica 
gel or alumina mixed with a binder, is slurried in a solvent and then deposited in 
a thin layer on a glass plate or other support. The surface o f the slurried mixture 
is smoothed to a specific uniform thickness, and then the plate is dried to remove 
the solvent. At the end o f this process the adsorbent is bound firmly in a thin 
layer to the surface o f the glass plate. Preprepared plates are commercially available 
and, although expensive, their use can often result in a substantial saving in time. 

A solution containing the pesticide(s) o f interest is applied as a spot to the 
lower end o f the plate and the solvent permitted to evaporate. The bot tom end o f 
the plate is then immersed in a reservoir o f solvent contained in a sealed tank. 
The solvent migrates by capillarity along the thin layer o f active solid, carrying the 
pesticide(s) and/or transformation products with it at different rates. When the 
solvent front approaches the top o f the plate, the chamber is opened and the 
plate is removed, the location o f the solvent front is marked, and then the plate 
is dried. The locations o f the spots on the plate are determined by spraying with 
different colour-producing reagents, by visualization under UV light when 
fluorescent indicators are incorporated with the adsorbent, or, in the case o f 
radioactive materials, by autoradiography or use o f a radioehromatogram scanning 
device. The advantages o f T L C are that it is rapid, the preparation o f solvent 
mixtures is highly flexible, and the properties o f the stationary phase can be 
varied over a wide range by the choice and pretreatment o f the active solid. 

This exercise will introduce: ( 1 ) methods o f preparing T L C plates, ( 2 ) the 
selection o f solvent mixtures for use in developing plates, (3 ) the use o f T L C in 
analysing pesticide mixtures, and (4) autoradiography o f TLC plates and the 
identification o f resolved radioactive materials. 

MATERIALS AND EQUIPMENT 

(1 ) Applicator (Desaga/Brinkmann standard model or equivalent, Brinkmann 
Instrument, Inc., Westbury, N Y ) 
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(2) Chromatography tank and accessories for 5 X 20 and 20 X 20 cm plates 
(Arthur H. Thomas Co., Philadelphia, PA) 

(3) Stainless steel desiccating cabinet (Desaga/Brinkmann or equivalent) 
(4) Drying rack to accommodate ten 20 X 20 cm plates (Desaga/Brinkmann or 

equivalent) 
(5) liners for chromatographic tanks (cut 2 pieces of heavy absorbent paper and 

bend into L-shape to fit tank) 
(6) Mounting board (Desaga/Brinkmann standard model or equivalent) 
(7) Disposable micropipettes of assorted sizes (1 — 10 /zl) 
(8) 5 X 20 and 20 X 20-cm glass plates (corners and edges should be smooth, 

and all should be of the same thickness) 
(9) 250-ml spray bottles with self-contained propellant 

(10) Template (Desaga/Brinkmann standard labelling model, or equivalent) 
(11) Ultra-violet light sources: 

(a) For exposing plates: Four germicidal lamps, 15 W, 46 cm long mounted 
in a cabinet ca. 25 X 25 X 50 cm 

(b) For exposing and viewing plates: Chromato-Vue, Model C-3, with long 
and short wave UV lamps (Ultra-Violet Products, Inc., San Gabriel, 
CA, or equivalent) 

(12) Pesticide grade solvents: Eluotropic series of n-hexane, heptane, cyclo-
hexane, carbon tetrachloride, benzene, chloroform, diethyl ether, ethyl 
acetate, acetone, ethanol, methanol; also, acetic acid, acetonitrile, 
methylene chloride, petroleum ether 

(13) Dark room with developing equipment and solutions; X-ray film and 
exposure holders 

(14) Radiolabeled pesticides (i.e. 14C-ringlabelled samples o f aldrin, dieldrin, 
carbaryl, parathion, etc.); others as available 

(15) Technical grade samples o f aldrin, dieldrin; parathion, 4-nitrophenol; 
carbaryl, 1-naphthol; others as available 

(16) TLC grade silica gel G, with and without fluorescent indicator (precoated 
plates with a similar adsorbent may also be used if available) 

(17) Special chemicals needed for colorimetric spray reagents: KOH, diethylene 
glycol, p-nitrobenzenediazonium tetrafluoborate, AgN03 , 2—phenoxyethanol, 
H 2 0 2 (30%) 

PROCEDURE 

Preliminary preparations 

(1) Prepare several plates o f both sizes coated with 0.25-mm layers o f silica gel • 
(with and without fluorescent indicator). 
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(2) Prepare acetone solutions (1 jug/jul) of 14C-labelled samples of parathion, 
carbaryl and aldrin, and non-labelled samples of parathion, 4-nitrophenol, 
carbaryl, 1 —naphthol, aldrin and dieldrin. 

(3) Prepare the following colorimetric spray reagents. 

(a) For chlorinated hydrocarbons: Dissolve 0.1 g AgN0 3 in 1 ml of I I 2 0 
and mix with 10 ml of 2—phenoxyethanol. Dilute to 200 ml with 
acetone, add 1 drop of 30% H 2 0 2 , and store in a brown bottle. (Plates 
are sprayed and then exposed to the germicidal lamps until spots appear.) 

(b) For carbaryl: (1) Prepare a IN solution of alcoholic KOH, (2) stir 
a solution of 10% diethylene glycol in ethanol with sufficient 
p—nitrobenzenediazonium tetrafluoborate for saturation (ca. 25 mg/ 
100 ml). This solution should be made fresh every 3 days. (Plates 
are sprayed first with solution 1, dried, and then sprayed again with 
solution 2.) 

Solvent mixtures 

One method of selecting a solvent mixture for the TLC resolution of a 
pesticide and its theoretical metabolites is to test their mobility when developed 
in individual solvents with different polarities, and then use that information to 
formulate suitable solvent mixtures. The solvents listed in step 12 of the 
MATERIALS section represent an eluotropic series; that is, they are arranged in 
order of increasing polarity and eluting power. Conduct the following tests of 
solvents with the small TLC plates: 

(1) Use the template to spot 5 jil of each non-radiolabelled pesticide solution 
at points ca. 2.5 cm above the bottom edge of each plate and ca. 1.5 cm apart. 
Group the compounds on a plate as follows: 

(a) paratliion and 4—nitrophenol (use plates with fluorescent indicator 
for these compounds) 

(b) carbaryl and 1 -naphthol (use plates without indicator if colorimetric 
spray reagent is used; alternatively, plates with fluorescent indicator 
may be used) 

(c) aldrin and dieldrin 

(2) Scribe a line 10 cm above the origin of each plate; develop a separate plate 
of paired compounds in each solvent of the eluotropic series. Remove the 
plate as soon as the solvent front reaches the scribed line and air dry. 

(3) Spray the aldrin/dieldrin and carbaryl/1 —naphthol plates with the appro-
priate colour-producing reagent to allow visualization of the spots. Parathion 
and 4-nitrophenol (and carbaryl and 1—naphthol if appropriate) are seen 
as fluorescent spots by using the UV viewer; circle the outer margin o f these 
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with a pencil. Calculate Rf value by dividing the distance f rom the origin o f 
application to the centre o f the spot by the distance from the origin to the 
solvent front. 

(4 ) Based on the data obtained with individual solvents try different combinations 
o f solvents until a mixture is found that separates individual compounds in 
each paired group and produces a compact , well-defined spot. 

Cochromatography and autoradiography 

One method o f identifying compounds resolved with T L C is to determine 
if an unknown product cochromatographs with a known compound. For one-
dimensional development, the standards may be spotted either adjacent to the 
spot containing the unknown or combined in different ways with the unknown 
sample. Two-dimensional T L C development o f combined standard and unknown 
compounds in different combinations o f several solvent mixtures is a useful 
method for tentative identification o f compounds. The coincidence o f a standard 
and an unknown compound in all the systems tested allows some confidence in 
product identification. 

When radioactive materials are used, autoradiography is used to locate 
radioactive spots and colorimetric techniques are used to visualize standards. By 
superimposing developed X-ray film on the T L C plate, one can determine if 
radioactive spots on the film and coloured spots on the plate coincide. Conduct 
the following tests o f cochromatography and autoradiography: 

A. One-dimensional analysis 

(1 ) Use the template to treat 20 X 20 cm plates with each group o f insecticides. 
Apply 5 Ml o f solution to points ca. 2.5 cm above the bo t t om o f the plate 
(mark the location with a pencil mark before applying solution). Scribe a 
line across the top o f the plate ca. 15 cm from the origin. 

( 2 ) For chlorinated hydrocarbons, apply 5 separate spots o f [14C]aldrin, 
[ I 4 C]aldr in+ non-labelled aldrin, aldrin, dieldrin, and [ I 4C] aldrin+dieldrin. 
Apply two sets o f these compounds to a plate, spacing the spots at equal 
distances across the bo t tom o f the plate; develop the plate in a solvent 
mixture o f 9:1 hexane and ether. 

(3 ) For the carbamate, apply 5 separate spots o f [ 14C]carbaryl, [1 4C]carbaryl+ 
carbaryl, carbaryl, 1—naphthol, and [1 4C]carbaryl+l—naphthol to the plate 
as described and develop in a solvent mixture o f 4:1 diethyl ether and hexane. 

(4 ) • For the organophosphate, apply 5 separate spots o f [ 1 4 C] parathion,. 
[14C]parathion + parathion, parathion, 4-nitrophenol, and [1 4C]parathion + 
4-nitrophenol to the plate (made -with fluorescent indicator) and develop in 
a solvent mixture o f 80:25:5 benzene, methanol and acetic acid. 
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(5 ) When the solvent front reaches the mark, remove and dry the plate and 
expose to X-ray film. Before exposing a plate to X-ray film, place a spot o f 
radioactive ink on each o f 3 corners in such a way that they do not interfere 
with the analysis. After the films are developed, treat the chlorinated hydro-
carbon and carbamate plates with spray reagents used previously; locate and 
mark organophosphate spots by using the UV viewer. Place the developed 
X-ray film on the plate, aligning the coloured spots o f radioactive ink with 
the corresponding spots produced on the film. Observe for similar chromato-
graphic behaviour o f 14C-labelled and unlabelled compounds. Calculate and 
record R f values. 

B. Two-dimensional chromatography 

(1 ) Use 20 X 20 cm plates (with fluorescent indicator for parathion); apply 
5 jul o f the radiolabeled insecticide to a marked point at the lower left 
corner o f the plate, located 2.5 cm above the bot tom edge and 2.5 cm in 
f rom the left edge. Dry and then apply 5 n 1 o f the same unlabelled insecticide 
to the same spot. Develop the plates in the first dimension with these solvent 
mixtures: a l d r i n - 9 : l hexane and diethyl ether, carba.ryl-4:l diethyl ether 
and hexane, and parathion~80:25:l benzene, methanol and acetic acid. 
A l low the solvent front to migrate ca. 15 cm and then mark its location and 
dry the plate. Turn the plates 90° so the original upper left edge becomes 

the bo t t om and develop again with these solvent mixtures: aldrin-8:2 
cyclohexane and chloroform, carbaryl—4:1 methylene chloride and 
acetonitrile and parathion~9:l chloroform and acetone. Al low the solvent 
front to migrate ca. 15 cm, mark its location, and then remove and dry the 
plate. 

(2 ) Fol low the same procedure described above (A .5 ) for autoradiography. 
Observe films and plates for coincidence o f radioactive and coloured spots. 
Calculate and record R f values. 

In practice, there usually will be several radioactive areas on a developed 
plate. If these include products that correspond with available analytical standards, 
then they can be tentatively identified through a systematic two-dimensional TLC 
analysis with several different solvent mixtures. In addition, radioactive areas can 
be quantified with radioactive scanning devices or by removal and counting with 
appropriate radioassay equipment. Under certain conditions reverse-phase thin-
layer chromotography may be used (see Exercise 19). 

BIBLIOGRAPHY 
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BASIC EXERCISES 1 5 7 

EXERCISE 19. PAPER C H R O M A T O G R A P H Y 

The purpose o f this exercise is to demonstrate the use o f paper chromato-
graphy for qualitative and quantitative analyses o f pesticides. 

Paper chromatography generally lacks the versatility that thin-layer chromato-
graphy affords in the analysis o f pesticides. However, the technique is simpler and 
somewhat less expensive and in many cases can be used effectively in charac-
terizing residues o f pesticides or products o f their degradation. 

The paper that is used f or this separation technique usually serves as more 
than an inert support: (1 ) it may act as an adsorbent, (2) it has a strong affinity 
for polar molecules which are held by hydrogen bonding and van der Waals forces, 
and (3 ) it may have ion-exchange properties due to the content o f carboxyl 
groups (Smith 1960). As a result o f interactions o f one or more o f these 
properties, and o f the solvent system used and the natural moisture associated with 
the paper, components o f the sample mixture used may be distributed separately 
along the path o f solvent migration. These compounds are visualized and their 
Rf values determined in much the same manner described for T L C (Exercise 18). 
As with TLC, either one or two-dimensional development may be used with 
paper chromatography. 

Many lipotrophic compounds, including certain pesticides, tend to run 
with the solvent front on untreated paper, which is somewhat polar owing in 
part to its high water content (ca. 15%). This is especially true when non-polar 
solvents are used, as is commonly the case with untreated paper. Thus, it is o f ten 
desirable to use reversed-phase paper chromatography for such compounds. This 
is done by impregnating the paper with a non-polar material and then using a 
mobile phase that includes polar solvents. 

There are many paper chromatography techniques, and solvent development 
may be either in the ascending or descending mode. Most o f these procedures 
are reviewed in the references listed in the bibliography. Appropriate solvent 
systems are developed as described for T L C in Exercise 18. 

This exercise will involve the use o f a relatively simple ascending paper 
chromatography technique, and will introduce general procedures used to analyse 
organochlorine and organophosphorus insecticides. 

MATERIALS AND EQUIPMENT 

(1 ) Pure samples o f non-labelled DDT, dieldrin, heptachlor, methoxychlor , 
lindane, parathion, phorate, diazinon, EPN; and 14C-labelled samples o f 
dieldrin, parathion, others as available 

(2 ) Whatman No . l filter paper, 46 X 57 cm sheets 
(3) Battery jars (15 X 45 cm), with glass covers 
(4 ) Stapler, heat gun 
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Ultra-violet light source, i.e. two 30-W germicidal lamps (General 
Electric Co.) 
Oven, fume hood 
Spray bottles, disposable microlitre pipettes (2 /A) 
Pesticide grade organic solvents: acetone, chloroform, diethyl ether, 
ethanol 
A g N 0 3 , 2-phenoxyethanol, 30% H 2 0 2 , heavy mineral oil (USP), 60% 
perchloric acid, HC1, ammonium molybdate 
Liquid scintillation counter and chemicals 
Darkroom and X-ray film developing chemicals and equipment; X-ray film 
and exposure holders 

PROCEDURE 

A. Organochlorine (OC) insecticides 

(1) Prepare chloroform solutions of each OC insecticide ( 2.5 mg/ml) and also 
a separate solution containing a mixture of all compounds, each at a 
concentration o f 2.5 mg/ml. Radioassay solutions of 14C-labelled materials 
to determine specific activity (counts-min"1 - j i g 1 ) in the counting system 
used. 

(2) Prepare a chromogenic reagent as follows: Dissolve 1.7 g AgN0 3 in 5 ml 
of distilled water in a 200-ml volumetric flask. Add 10 ml of 2-phenoxyethanol 
and dilute to volume with acetone. Add a drop of 30% H 2 0 2 to the flask 
just before final volume adjustment. 

(3) Cut the filter paper into 20 X 20 cm sheets. (Papers used for aqueous 
systems are usually prewashed with distilled water and dried thoroughly.) 
Draw a line with a hard pencil ca.2.5 cm from the bottom edge of each sheet 
and mark 8—10 evenly spaced spots along the line. Write the sample 
identification by each spot. 

(4) Spot separately 2 of each individual compound and of the mixture. 
Prepare 2 sheets for each set o f samples. 

(5) Hold each paper by the bottom edge and dip in a 5% (w/v) solution of 
mineral oil in diethyl ether (immobile solvent), wetting the paper just to the 
origin line, and then remove immediately and air dry. 

(6) Form each sheet into a cylinder and staple the proximal edges together in 
such a manner that they do not touch. (Sheets should be handled at all times 
with plastic gloves to avoid finger prints, which will produce a colour reaction 
with the chromogenic reagent used.) 

r (7) Prepare a mixture (mobile phase) o f acetone and water (3:'l vol.%) and pour 
it into a paper-lined battery jar to a depth of ca. 1.5 cm. 

1 5 8 

(5) 

(6) 

(7) 
(8) 

(9) 

(10) 

(11) 
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(8) Place the paper cylinder in the developing tank, seal the tank, and allow 
the mobile phase to ascend to a point ca. 2.5 cm from the top edge. Remove 
the paper, mark the solvent front, and air dry. Spray one of the dried papers 
with chromogenic reagent in a fume hood in such a way that the paper is 
thoroughly treated without the spray running. Dry until most of the solvent 
evaporates and expose to UV light until coloured spots develop. Measure 
and record the distance (cm) from the origin to the solvent front and from 
the origin to the centre of each spot. 

(9) Expose one of the papers (appropriately marked with radioactive ink) to 
X-ray film for a suitable period o f time. Develop the film and use it to locate 
radioactive spots in the chromatogram. Mark the radioactive spots with a 
pencil, cut them out, and radioassay them directly in scintillation vials. 

B. Organophosphorus (OP) insecticides 

(1) Prepare chloroform solutions of each OP insecticide (2.5 mg/ml), and also 
a separate solution containing a mixture o f all the compounds, each at a 
concentration of 2.5 mg/ml. Radioassay the solution of 14C-labelled 
materials. 

(2) Prepare a chromogenic reagent as follows: combine 5 ml o f 60% perchloric 
acid, 25 ml of a 4% (w/v) aqueous solution of ammonium molybdate, 
10 ml of IN HC1, and dilute to 100 ml with distilled water. This reagent is 
sprayed on the paper chromatogram in a fume hood so that the sheet is 
wet thoroughly without running. Dry the sprayed paper with a heat gun to 
remove excess water and then heat for 7—10 minutes in an oven at 85°C. 
(Note that the spray reagent is highly corrosive so exercise appropriate pre-
cautions.) The areas corresponding to the different pesticides will appear 
as blue spots on a buff background. These spots can be intensified by 
suspending the paper in a chamber containing dilute H2S gas. 

(3) Prepare filter papers as described in steps A. 3—6 above, except that the 
immobile phase used is 4% (w/v) mineral oil in diethyl ether. 

(4) Develop the chromatograms as described above using a mobile phase o f 
acetone, ethanol, and water (1:1 ;2 vol.%). , 

(5) Treat one sheet with the chromogenic reagent as described above to produce 
the coloured spots. Use autoradiography/LSC procedures as described to 
locate and quantify radioactive pesticides on the other chromatogram. 

CALCULATION AND REPORTING OF RESULTS 

• . - i.i •••. , !:••>•• *.• ,ti iu <•• • . : . • .. 
Calculate and record Rf values determined for each of the insecticides. 

Determine the counts/min measured in excised radioactive spots_and compare this 
value with the actual counts/min applied to determine the efficiency of the 
radioassay procedure. 
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EXERCISE 20. GAS C H R O M A T O G R A P H Y 

The purpose o f this exercise is to provide an introduction to some fundamen-
tals o f gas chromatography (GC) and to demonstrate the use o f the procedure to 
analyse pesticides. 

Gas chromatography is the most useful technique available for determining 
residues o f pesticides. With this procedure a permanent gas such as nitrogen, 
argon, helium or hydrogen is used as the mobile phase. The stationary phase 
usually consists o f an inert solid impregnated with a non-volatile organic liquid. 
This material is packed in a glass tube, usually ca. 4 mm inner diameter and 
1.8 m long. In addition, longer columns (as much as 50 m) o f capillary tubing 
are used. (Capillary columns may be treated by coating the inner walls with 
non-volatile organic liquids or by packing them with coated solids.) The column 
is installed in a heated cabinet and a stream o f gas is passed through it at a 
constant rate. A solution o f the pesticide(s) is injected into the hot column at 
the end nearest the gas inlet. The pesticide(s) vaporize and are carried through 
the column by the moving gas at different rates. These rates are influenced by 
differences in their partition coefficients between the liquid stationary phase 
and the mobile gas phase. The separate chemicals emerge f rom the far end o f the 
column at different times and pass through a detector which measures their concen-
tration. Output from the detector is fed into a recorder and each chemical is 
registered as a peak. The time spent in the column between injection and 
detection is known as the retention time. This time is characteristic for each 
pesticide under a specific set o f operating conditions. Peak area is proportional 
to the amount o f compound that has passed through the detector. Gas chromato-
graphy thus provides both qualitative and quantitative measures o f the pesticides 
present in samples. 
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Detectors most commonly used for GC include flame ionization (FID), 
thermal conductivity (TC) and electron capture (EC); o f these, the FID is 
probably the most widely used. The FID responds only to organic compounds, 
giving little response to water or carbon disulphide. This detector has good sta-
bility and gives a linear response over six orders of magnitude, with a detection 
limit of 1CT9 to 10~10 g. A modification of the FID, the alkali flame ionization 
detector (AFID, also called thermionic or sodium detector), is highly sensitive 
for phosphorus atoms. The TC detector is universal, accommodates large sample 
sizes, is non-destructive and, in contrast to the FID, is used in the analysis of 
water and inorganic compounds. The EC detector is selective towards molecules 
containing the electronegative atoms, nitrogen, oxygen, sulphur and, particularly, 
halogens. This detector requires a clean analytical technique to avoid contamination 
o f the radioactive ionization source, or otherwise it needs frequent cleaning. The 
detection limit o f the EC detector is o f the order o f 10~9 to 10~12 g, whereas that 
o f the TC detector is approximately 10 - 7 g. The flame photometric detector 
(FPD) is a combination o f FID and an optical system. This detector, with 
appropriate filters, is highly sensitive and is selective for phosphorus or sulphur. 

Selection o f an appropriate column is a critical step in the development o f 
a GC residue analysis procedure. There is a vast literature available on recommended 
methods and stationary phases for different classes o f compounds. A review o f 
such literature can save a great deal o f time either in selecting an established column 
that can be used with the pesticide o f interest, or in the design o f hew columns 
that will serve the purpose. Prepacked columns, or prepared column-packing 
materials, can be purchased. Alternately, the essential individual ingredients can 
be obtained and the column prepared by the investigator. Procedures for such 
preparations are available in literature, including references cited in the biblio-
graphy to this exercise. 

Since retention times o f compounds may vary from one analysis to the next, 
a direct comparison o f the retention time of a sample component with that o f a 
reference compound is usually insufficient for qualitative identification. In 
addition, one or more compounds in a sample may have the same retention time. 
Thus, for effective resolution and accurate product identification, it is usually 
necessary to compare the sample compounds on several columns containing 
different stationary phases (preferably with different polarities). 

Quantitation of a sample component can usually be made by comparing it 
with standard amounts of pure analytical standard under the same GLC conditions. 
The areas under GLC peaks may be determined by such procedures as: (1) multi-
plying the maximum peak height times the width measured at half its height, 
(2) triangulation, by drawing two tangents to the sides and through the inflection 
points of the peak, with the base being the intersection of their tangents with the 
baseline (area in this case is half the product o f the triangle height and base 
length), (3) cutting and weighing the peak, (4) using a planimeter, and (5) automatic 
quantitation with an integrator that is attached to the instrument. 
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For the following exercise it is assumed that the GC instrument available will 
be equipped with an EC detector. Thus, chlorinated hydrocarbon insecticides will 
be used for this demonstration. However, the exercise can be modified to use the 
equipment and compounds that are available. 

MATERIALS AND EQUIPMENT 

(1) Pure samples o f 14G-labelled aldrin, and non-labelled alclrin, dieldrin, heptachlor 
and lindane 

(2 ) • Conventional GC instrument equipped with an EC detector and a conditioned 
(at least 48 hours) glass column (1.8 m X 4 mm i:d.) packed with 100 /200 
mesh chromosorb G support material impregnated with 1.5% OV-17. (This 
column can be used either with organochlorine or organophosphorus 
compounds. ) The instrument is operated at an oven temperature o f 215°C, 
with a nitrogen f l ow rate o f 30 ml/min 

(3) 1O-'/xl GC syringe with f ixed needle, with or without a Chaney Adaptor 
(Hamilton 701 NCH or 701 N, or equivalent) 

( 4 ) GC quality hexane; anhydrous N a 2 S 0 4 

(5 ) Conventional laboratory equipment and glassware 
(6) Liquid scintillation counter (LSC); Aquasol scintillation fluid (New England 

Nuclear, Boston, MA) 
(7) Wrist-action shaker 
(8 ) Rotary evaporator 

PROCEDURE 

(1 ) Prepare a solution o f 14C-labelled aldrin in hexane at a concentration o f 
10 mg/ml. Radioassay by LSC to determine counts/min *Mg-

(2) For each o f the non-labelled pesticides, prepare a series o f hexane solutions 
containing 0.1, 0.5, 1, 2, 5, 10, 20, 50, 100, 200 pg/ju. 

(3 ) Preparae a hexane solution containing a mixture o f 4 pesticides, each at a 
concentration of 50 pg/jul. 

(4 ) Select one o f the midrange concentration solutions prepared in step 2 and 
inject 5 pd into the GC column; record the retention time o f the peak and 
calculate peak area by multiplying peak height X width at half the height. 
Practice with several such injections o f the same sample until a reproduci-
bility o f ± 1 —2% variation in peak area is achieved. 

(5 ) Analyse each series o f pesticide standards prepared in step 2. Inject at least 
3 samples (5 jul) f o r each concentration. Calculate the areas o f peaks and 
plot a standard curve o f peak area versus concentration o f pesticide injected. 
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Observe the linearity o f detector response over each range of concentrations. 
In practice, samples analysed must fall within the range o f linearity. 

(6 ) Analyse samples (5 /zl) o f the mixtures o f pesticides prepared in step 3. 
Alternate injections o f the mixture with injections (5 jul) o f the individual 
compounds (use the 50 pg//d solution) in the mixture. Compare retention 
times to identify the individual components o f the mixture. 

(7) Pipette 100 /il o f the l4C-labelled aldrin solution into a 2-litre round-bottom 
flask. Evaporate the hexane, add 1 litre distilled water, and mix vigorously 
for ca. 30 minutes with the wrist-action shaker. Radioassay the aqueous 
solution, and then transfer it to a large separatory funnel and extract 3 times 
with 100-ml portions o f hexane. Dry the combined hexane extracts with 
anhydrous N a 2 S 0 4 and then reduce the volume to ca.5 ml with the rotary 
evaporator. Transfer the extract quantitatively to a 10-ml volumetric flask 
and adjust to the mark with hexane. Mix well and radioassay. 

(8) Analyse 5-/zl samples o f the radiolabeled hexane extracts by GC. Compare 
the peak area with the standard curve prepared for non-labelled aldrin to 
determine the concentration o f 14C-labelledaldrin per unit volume o f hexane. 
(The;water solubility of aldrin is ca. 0 .027 mg/1 at 25°C.) 

CALCULATION AND REPORTING OF RESULTS 

Prepare and record standard curves as described. Record the retention times 
for each o f the products analysed in a f oo tnote to the appropriate standard curve; 
also note instrument conditions. 

Save a chart record o f the analysis o f the mixed components. Tentatively 
identify each component by comparing retention times with those established 
for individual sample analyses. 

By using the specific activity o f the stock solution o f 14C-labelled aldrin'and 
radioassay information, calculate the amount o f the compound recovered in the 
hexane extract of treated water. Similarly, calculate the amount recovered based 
on the GC analysis. 

QUESTIONS: 

(1 ) What was the range o f concentrations o f each pesticide that gave linear 
response with the detector and conditions used? 

(2) How did the GC and radiometric analyses compare in estimating the recovery 
o f 14C-labelled aldrin f rom treated water? 
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EXERCISE 21. HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY 

The purpose of this exercise is to provide an introduction to the fundamentals 
o f high-performance liquid chromatography (HPLC) and to demonstrate the use 
of the technique in the analysis o f pesticide residues. 

Chromatography in general involves the separation of a mixture o f compounds 
as a result o f differences in the equilibrium distribution of individual components 
between two different phases. One o f these phases is a moving or mobile phase 
and the other is a stationary phase. 

As opposed to gas chromatography (GC), where the vapour pressure o f a 
compound is a key factor influencing resolution, HPLC separations are based 
primarily on solubility, and the mobile phase or composition o f the mobile phase 
is o f primary importance. 

HPLC is somewhat analogous to GC in that the stationary phase is held in a 
short, narrow-bore glass or metal column and the liquid mobile phase is forced 
through such columns via a high-pressure pumping system. The sample is injected 
onto the column and the eluent containing resolved products passes eventually 
through a detector which measures their concentrations and provides input to a 
recorder where each compound is registered as a peak. The eluent may then be 
collected for further analysis, or discarded. Techniques for measuring and 
quantifying resolved peaks are essentially identical to those described for GC in 
Exercise 20. 

The advantages o f HPLC over other forms o f liquid chromatography are: 
(1) HPLC columns may be used many times without regeneration, (2 ) resolution 
achieved on such columns is superior to older methods, (3) the technique is less 
dependent on the operator's skill, thus reproducibility is greatly improved, 
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(4) HPLC instrumentation can be automated and allows convenient quantitation, 
(5) analysis times are shorter, and (6) preparative liquid chromatography is 
possible on a much larger scale. 

Liquid chromatography modes 

A somewhat simplified description o f the basic separation techniques used in 
HPLC is given below. 

Liquid-liquid (partition) chromatography (LLC) involves a liquid stationary 
phase, which is either dispersed onto a finely divided inert support or chemically 
bonded to the support material, and a liquid mobile phase. The sample to be 
analysed is dispersed in the mobile phase and is partitioned between the mobile 
phase and the stationary phase according to its partition coefficient K. This 
partitioning leads to a different rate of migration and separation occurs. 

Liquid-solid (adsorption) chromatography (LSC) is carried out with a liquid 
mobile phase and a solid stationary phase which reversibly adsorbs the solute 
molecules. The stationary phase may be either polar (e.g. silica gel, porous glass 
beads or alumina) when the mobile phase would be relatively non-polar (e.g. 
hexane or chloroform), or non-polar (e.g. polymer beads) when a polar mobile 
phase (e.g. water or ethanol) would be used. This latter mode is known as reverse 
phase adsorption. 

Ion-exchange chromatography involves the substitution of one ionic species 
for another. The stationary phase consists of a rigid matrix, the surface o f which 
carries a net positive charge to give an ion-exchange site (R+). If a mobile phase 
containing anions is used, the exchange site will attract and hold a negative 
counter-ion (Y ). Sample anions (X ) may then exchange with the counter-
ions (Y ). Since the process involves the exchange of anions it is known as anion 
exchange. The complementary process o f cation exchange occurs when the 
surface carries a net negative charge to give an exchange site (R~). 

Gel permeation chromatography (GPC), also referred to as gel filtration, 
exclusion chromatography, or gel chromatography, dates from 1959 with the 
introduction of a dextran gel in bead form marketed under the name of Sephadex. 
In modern GPC a wide range of stationary phases is available and these can be 
divided into three classes: (1) the aerogels (porous glass or silica); (2) the xerogels, 
e.g. cross-linked dextran and poly aery lamide; and (3) xerogelaerogels, e.g. cross-
linked aragose, polystyrene, and polyvinylacetate. 

GPC separates substances according to their molecular size and shape. Small 
molecules that can enter freely into the pores of the stationary phase are said to 
have a distribution coefficient K = 1, and large molecules which are completely 
excluded from all pores have a distribution coefficient K=Q\ molecules of an 
intermediate size will have distribution coefficients between 0 and 1. Thus large 
molecules will move more rapidly through the column than will the smaller 



1 6 6 PART V. LABORATORY EXERCISES 

molecules and they are eluted first. Molecules are therefore eluted in order o f 
decreasing molecular size. Since the solvent molecules are usually very much 
smaller than the molecules being separated by this method, they are eluted last. 

Liquid chromatography detectors 

The detector unit in high-performance liquid chromatography (HPLC) is 
employed to continuously monitor the column eluent. The subsequent detector 
signal is generally amplified and passes to a potentiometric recorder to obtain a 
permanent record o f the analysis in the form of a chromatcigram. 

Two basic types o f detector are utilized. (1) Bulk property detectors, which 
measure an overall change in a physical property of the mobile phase. Examples 
o f this method o f detection are refractive index and conductivity techniques. 
(2) Solute property detectors, which respond to a physical property o f the solute 
that is not exhibited by the pure mobile phase. Examples o f this method o f 
detection include ultra-violet light absorption and polarographic techniques. 

No universal detection method is available at the present time and each o f the 
above techniques can be employed to best advantage in different fields o f analysis. 
Consequently, the well-equipped laboratory will probably contain two or more 
different detection methods to cover the range o f analyses o f interest. Examples 
of typical HPLC detection systems follow. 

The ultra-violet (UV) absorption detector is the most widely used in HPLC. 
It is relatively insensitive to temperature and f low variations, and has detection 
limits at the nanogram level for certain types o f compounds. Both single and 
double-beam instruments are commercially available as well as fixed and variable 
wavelength detectors. 

The refractive index (RI) detectors are among the most versatile column 
monitoring devices in liquid chromatography. However, they suffer from several 
disadvantages. The most important limitations are temperature and pressure 
effects, i.e. to measure the absolute refractive index of water at the 1CT8 RIU 
level would require a temperature control of about ±5 X 10~S|OC and a pressure 
control o f ± 5 X 1(T3 lbf- in - 2 . A pulseless pump must be employed, or a 
reciprocating pump equipped with a pulse dampener. The severity of these 
limitations is overcome to a great extent by the use of differential systems where 
the column eluent is compared with a reference f low of pure mobile phase. 

Transport detection is probably the most universal detection method 
available in HPLC at the present time. Its importance in the field is substantiated 
by the fact that, despite the relatively poor detection limit and quantitative 
accuracy, it has persisted as a detection method since the inception o f HPLC in 
1964. The important characteristic o f the detector is that the solvent is removed 
prior to detection, thus enabling a wide range o f gradient elution chromatography 
to be carried out without solvent interference in the detector signal. The mobile 



BASIC EXERCISES 1 6 7 

phase from the column is deposited on a moving carrier (chain, wire, strip etc.) and 
the solvent removed in an evaporation oven. The transporter coated with the 
solute passes to a combustion device (pyrolysis, methane conversion etc.) where the 
the sample is removed. A third section can also be employed to clean the trans-
porter ready for the next column deposit. The important feature o f this method 
of detection is the boiling point differential between solute and solvent so that the 
solute is not removed at the evaporation stage. However, this feature is o f limited 
importance, since the condition relating to boiling points is generally true in HPLC. 

. The conductivity detector is used to measure the conductivity o f the mobile 
phase in HPLC. This may be done with either DC or high-frequency AC detectors. 
The DC system is prone to polarization during operation which results in a non-
linear response and drift. The AC system reduces the polarization effect but 
suffers from the disadvantage that the response includes the reactive component 
due to the dielectric constant o f the mobile phase. Phase-sensitive devices will 
overcome this problem, since they will only monitor the conductivity o f the system. 

The electron capture detector (ECD) is widely used in gas chromatography, 
together with the flame photometric detector, for the analysis o f pesticides in the 
environment. Both of these detectors combine a high degree of selectivity with 
a high level o f sensitivity. Electron capture detection has recently been combined 
with HPLC by vaporizing the total eluent from the LC column and passing it 
directly into an ECD. The eluent is vaporized by passing it into a stainless 
steel transfer tube mounted in the detector oven and maintained at 3 00°C. 
A nitrogen purge' sweeps the vapour through the detector into a stainless steel 
condenser coil from which it can be collected as a liquid. The sensitivity of this 
detector to organochlorine pesticides separated by HPLC is lower than that 
achieved when separation is by GC, but this is partly because o f an increase in 
background noise due to electron-capturing species in the solvent vapour. How-
ever, the system does show a significant increase in sensitivity over all other 
LC detectors for this type of analysis. 

Radioactivity detectors for measuring the radioactivity o f solutes separated 
chromatographically are based on standard Geiger counting and scintillation 
systems. Sensitivities obtainable with flowthrough systems are lower than those 
obtained when counting individual samples from a fraction collector. The 
sensitivity can be increased by increasing the counting time, but this can only be 
achieved by a lowering o f mobile phase f low rates, or by using larger volume f low 
cells so that the residence time o f the solute in the detector is increased. However, 
both o f these possibilities lead to lower chromatographic efficiencies. A stopped 
f low technique, however, allows for larger counting times without destroying the 
chromatographic separation. Radiochemical methods o f detection are therefore 
best suited for use with relatively large columns and long analysis times. 

Electrochemical methods of detection possibly offer the most promising 
approach to the problem of developing a universal detector for HPLC. They offer 
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the benefits o f high sensitivity and high selectivity and would be well suited for 
trace analysis. Attention has been given mainly to the use o f polarographic detec-
tors using the dropping mercury electrode. The dropping mercury electrode 
offers the advantage o f reproducibility o f electrode surface and a large cathodic 
range. However, its limited anodic potential range limits it use for electro-oxidizable 
systems. 

An established HPLC procedure will be used for the practical part o f this 
exercise. This procedure (Oehler and Holman 1975) involves the measurement o f 
residues o f the insect growth regulator diflubenzuron (Dimilin, TH-6040) in bovine 
faeces. It is used to analyse faeces treated with diflubenzuron via a feed-through 
application aimed at the control o f manure-breeding flies. 

MATERIALS AND EQUIPMENT 

(1 ) Complete HPLC system fitted with an ultra-violet detector [variable or 
fixed (254 nm)] and a 6 mm X 30 cm ju-Bondapak C-18 "reverse phase" 
column 

(2 ) Technical grade diflubenzuron 
(3 ) Glass distilled acetonitrile, methylene chloride, hexane, water 

® 
(4 ) Anhydrous N a 2 S 0 4 , Florisil 
(5 ) Semimicro blender, blender base 
(6 ) Filter funnel (150 ml, coarse fritted glass), vacuum source 
(7 ) Rotary evaporator with water bath 
(8 ) 2 X 30 cm glass column 
(9) Air-dried samples o f bovine manure 

(10) Standard laboratory glassware 
(11) HPLC syringe (Hamilton # 7 0 5 , 50 jul) 

PROCEDURE 

(1 ) Prepare 3 different solutions o f diflubenzuron in dichloromethane at concen-
trations o f 0.1, 0.2 and 0 .4 mg/ml. 

(2 ) Weigh 4 portions o f dry manure (20 g each). Treat 3 o f these samples with 
100 /il aliquots o f the respective diflubenzuron solutions. Al low the solvent 
to evaporate and then mix samples thoroughly. This will provide samples 
fortified at the 0.5, 1.0 and 2 ppm levels. 

(3 ) Prepare standard solutions o f diflubenzuron in acetonitrile at concentrations 
o f 0 .0025, 0 .005, 0 .0125, 0 .025, 0 .0375 and 0.05 mg/ml. 

( 4 ) Extract the treated samples and the untreated sample o f manure as fol lows: 
Blend the sample with 75 ml o f acetonitrile and filter the homogenate 
through a fritted glass funnel. Rinse the blender 3 times with 50-ml portions 
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o f acetonitrile and filter each rinse through the same funnel. Evaporate the 
acetonitrile extract to dryness with the rotary evaporator (water bath tempera-
ture o f 50°C). Take up the residue in 50 ml o f acetonitrile and partition 
twice against 200-ml portions o f hexane. Re-extract the hexane twice with 
50-ml portions o f acetonitrile. Evaporate the combined acetonitrile fractions 
to dryness with the rotary evaporator. 

(5) Purify the extracts as fol lows: 
Prepare Florisil columns by adding (dry) in order, 5 g o f N a 2 S 0 4 , 20 g o f 
Florisil, and 5 g o f N a 2 S 0 4 to a glass column fitted with a fritted glass disc. 
Transfer the sample to the column with 50 ml o f a solution o f dichloro-
methane-hexane (1:1) . Elute the diflubenzuron with an additional 150 ml o f 
dichloromethane. Evaporate the solvent and dissolve the residue in 2 ml o f 
acetonitrile. 

( 6 ) Initiate operation o f the HPLC, using a solvent mixture o f acetonitrile and 
water ( 5 7 : 4 3 ) at a f l ow rate o f 1.5 ml/min. Adjust the range setting on the 
detector to 0 .08 absorbance unit full scale (AUFS). 

(7 ) Inject 20-/1(1 aliquots o f each o f the standard solutions in order to establish a 
standard curve for use in quantifying diflubenzuron in extracts. Run enough 
replicates to allow confidence in the precision and accuracy o f analyses. 
Measure and record peak area'obtained f o r each concentration. 

(8 ) Analyse similar injections o f each o f the extracts o f treated and untreated 
manure. Measure and record the area o f each peak. 

CALCULATION AND REPORTING OF RESULTS 

Prepare a standard curve by plotting the concentration o f diflubenzuron 
against peak area for each o f the standard solutions. By using this standard curve, 
calculate the concentrations o f diflubenzuron extracted from each o f the treated 
samples o f manure. Report these data on the basis o f actual amounts extracted 
and ppm (dry weight). Calculate the per cent o f the dose recovered in each case. 

QUESTIONS 

(1) Did the extractable materials associated with the manure alone interfere with 
the analysis? If this is the case, then'additional purification will be required. 

(2) Was the standard curve linear over the range of standard concentrations 
analysed? Ideally, the assay should be adjusted so that concentrations used 
for quantitation fall within the range o f linearity. 
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EXERCISE 22. DETERMINATION OF CHOLINESTERASE ACTIVITY 
IN WHOLE BLOOD 

The purpose o f this exercise is to demonstrate the use o f a radiometric 
method to measure cholinesterase activity in b lood . 

Organophosphorus and carbamate insecticides used in agriculture to control 
arthopod pests manifest their biological activity by inhibiting cholinesterase 
(ChE), an enzyme essential to normal nerve function. Unfortunately, such 
chemicals also have similar adverse effects on the ChE o f some non-target 
biological entities. For example, it is not uncommon for humans to be accidentally 
exposed to potentially harmful concentrations o f ChE-inhibiting insecticides 
through mishandling o f such materials, or through involuntary contact with sprays 
or spray residues in treated crops. It is, therefore, advantageous to have a relatively 
simple method o f measuring b lood ChE activity available for use in determining 
if apparent symptoms o f pesticide poisoning are indeed caused by a depression 
in ChE activity. Such information is critical in selecting appropriate antidotes 
and treatments for acute poisoning cases. Individuals that anticipate exposure 
to pesticides should have pre-exposure analyses made o f normal ChE activity so 
that potential changes f rom baseline activity can be detected. 

This exercise will provide an introduction to a relatively simple radiometric 
method for assaying ChE activity. The technique is readily adaptable for use in 
analysing ChE from sources other than blood, i.e. insects (Winteringham 1966). 
Because the assay period is very short (20 s), the procedure should be quite . 
useful in assessing ChE inhibition by reversible inhibitors such as carbamate 
insecticides. 

MATERIALS AND EQUIPMENT 

(1 ) Anhydrous acetylcholine chloride radiolabeled in the acetylmoiety with 
14C or with 3H, depending o n availability) 

(2 ) Blood pipettes (10 and 20 i x l ) , micropipettes (200 pil) - both types with' 
rubber tube extension for mouth operation; standard pipettes (0.5 and 
5.0 ml) 
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(3) Polyethylene or Teflon discs (1—1.5 cm diameter) 
(4 ) Micrometer-driven, glass tuberculin syringes fitted with blunt 27-gauge 

stainless steel needles 
(5 ) Stop-watch 
(6) Finely tapered glass rods, with rounded tips not more than 0.5 mm diameter 
(7 ) Blood sample vials (capacity 2—5 ml), with well-fitted plastic caps 
(8) Sterile lancets for piercing fingers 
(9 ) Heat gun (or domestic hair dryer) 

(10) Thermometer, 0 - 1 0 0 ° C 
(11) Heparin, saponin, NaCl, KCI, HC1, toluence, isopropyl alcohol 
(12 ) Liquid scintillation counter (LSC); Aquasol scintillation fluid (New 

England Nuclear, Boston, MA) 

PROCEDURE 

(1) Dissolve 1 mg [ 14C] acetylcholine chloride in 36.7 ml distilled H 2 0 . This 
stock solution (0 .00015M) is stable for several weeks when held at —15°C 
and provides sufficient substrate for ca.2000 assays. 

(2) Prepare a heparin solution by dissolving 0.1 g heparin (1000 International 
Units) in 100 ml o f 0.9% aqueous NaCl solution. 

(3 ) Prepare a haemolysing solution by dissolving 50 mg o f saponin and 1 g o f 
KCI in 100 ml o f H 2 0 . Add ca. 0.05 ml toluene as a preservative. 

(4 ) Prepare a IN solution o f HC1 for use as the enzyme inhibitor, and a 0 .0IN HC1 
solution for use in preparing samples for LSC. 

(5) Carefully cleanse the finger o f a volunteer with alcohol, pierce the skin with 
a lancet, and draw 20 /il o f b lood into a b lood pipette previously heparinized 
by rinsing once with the heparin solution. Transfer the b lood sample to a 
glass vial containing 200 /il o f haemolysing solution and mix well. (Haemolysis 
is complete in one minute.) At the concentrations involved there is sufficient 
b lood present to provide its own buffer at ca. pH 7.0. 

(6) Load the syringe with [1 4C]acetylcholine chloride solution. Syringes should 
be mounted horizontally with ca. 5 mm o f the needle bent downwards. 

\ Needles should be bent with cleaning wire in position (to prevent collapse 
o f the bend). The tip should be ground flat against a ground glass surface 
and the outside coated lightly with silicone oil or equivalent before use to 
prevent 'creeping' o f the drops. Drops should be measured and expressed 
not more than a few seconds before touching o f f . Express 5 /il o f solution 
and discard if the solution has been standing in the syringe for more than a 
few minutes because the solution in contact with the metal needle tends 
to decompose and form a deposit at'the tip. 

(7) Record the temperature near the sample at the time o f incubation. Transfer 
exactly 10 /il o f diluted b lood sample to the centre of a disc. A 5-/il drop o f 
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labelled substrate is touched o f f the end o f the needle and immediately mixed 
with the 0.5-mm tip o f a tapered glass rod. After exactly 20 seconds a 
5-/d drop o f acid inhibitor is similarly added from a second syringe and mixed 
with the sample. The slide is immediately placed on a level surface ca. 30 cm 
below a heat gun and dried for ca. 4 minutes at an air temperature o f 
ca. 60°C. (At all stages the mixture is confined to a circular area o f diameter 
ca. 1 cm. It is important that sample and substrate are mixed as rapidly as 
possible.) Mixing may be aided during incubation by gently rocking 
the disc by hand. 
Reference discs are prepared exactly as above except that the order o f 
addition is reversed, i.e. a 5-ptl drop o f acid is added and mixed with the b lood 
sample before the addition o f 14C-labelled substrate. This procedure destroys 
ChE activity and provides a measure o f potential non-enzyme breakdown o f 
the substrate. In this case the timing is omitted. At least two reference discs 
should be prepared at the initiation o f each series o f assays. All tests should 
be replicated at least 3 times. 

(8 ) Place each disc in the bo t t om o f a LSC vial and rinse o f f the residual 
14C-labelled material in situ with 0.5 ml o f 0.0 IN HC1. Add 15 ml o f 
scintillation fluid, mix well and radioassay. 

(9 ) Under field conditions b lood samples can be collected and held in clean, 
airtight vials for up to 48 hours at 0°C. However, if poisoning is suspected, 
samples should be analysed as soon as possible. 

TABLE V - l . SECONDS EQUIVALENT T O DECIMAL FRACTIONS OF 
ONE MINUTE 

Units 

Tens 0 1 2 3 4 5 6 7 8 9 

- ... 0 0.02 0.03 0.05 0.07 0.08 0.10 0.12 0.13 0.15 
10 ... 0.17 0.18 0.20 0.22 0.23 0.25 0.27 0.28 0.30 0.32 
20 ... 0.33 0.35 0.37 0.38 0.40 0.42 0.43 0.45 0.47 0.48 
30 ... 0.50 0.52 0.53 0.55 0.57 0.58 0.60 0.62 0.63 0.65 
40 ... 0.67 0.68 0.70 0.72 0.73 0.75 0.77 0.78 0.80 0.82 
50 ... 0.83 0.85 0.87 0.88 0.90 0.92 0.93 0.95 0.97 0.98 
6 0 ... 1.00 



T A B L E V-2. C O R R E C T E D R A T E OF ENZYMIC HYDROLYSIS OF A C E T Y L C H O L I N E 
Micromoles per hour equivalent to one millilitre o f whole b lood? 

Fraction of 
substrate 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 
remaining 

0.1 342 328 315 303 292 
445 
282 272 263 255 247 

0.2 238 232 225 218 212 206 200 194 189 184 
0.3 179 174 169 164 160 156 152 148 144 140 
0.4 136 132 128 125 122 119 115 112 109 106 

0.5 103 100 96.9 94.2 91.5 88.7 86.1 83.4 80.8 78.3 

0.6 75.9 73.5 71.1 68.7 66.3 64.0 61.8 59.5 57.3 55.2 
0.7 53.1 51.0 48.9 46.8 44.7 42.7 40.8 39.0 37.0 35.1 
0.8 33.3 31.5 29.6 27.6 25.8 24.1 22.5 20.7 18.9 17.4 
0.9 15.8 14.1 12.3 10.8 9.3 7.6 6.0 4.5 3.0 1.5 
1.0 Nil 

w > 
Cfl 
O 
w 
X w » 
n 55 tfl cfl 

The tabulated rates are valid only for diluted blood (effective final dilution X 16.5) incubated for 20 s at 5 X 10 5 molar initial 
substrate concentration. 
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CALCULATION AND REPORTING OF RESULTS 

Under the conditions described no corrections are necessary for non-enzymic 
hyrolysis of the substrate. Calculate cholinesterase activities as described below 
and express them in terms of micromoles of acetylcholine hydrolysed per hour 
per ml of whole haemolysed undiluted blood. This rate is a function of substrate 
remaining after the 20 s incubation period. The fraction of substrate remaining 
is given by the expression: 

T R - ( T B - T E ) 
T E - ( T b - T r ) 

where T^is the mean time for 1000 or 10000 counts of the reference slides 
(enzyme inhibited); 

Te is the mean time for 1000 or 10000 counts of the samples slides 
(enzyme active); 

Tg is the time for 1000 or 10000 counts of blank slide (background). 

Times may be conveniently recorded in minutes and decimal fractions of one 
minute with aid of Table V-l . 

TABLE V-3. EFFECTS OF TEMPERATURE ON 
HUMAN WHOLE BLOOD CHOLINESTERASE 
ACTIVITY AND CORRECTION FACTORS FOR 
ASSAYS MADE AT DIFFERENT TEMPERATURES 

Factors by which observed rates must be multiplied 
for comparison with that at 25°C. 

Temperature Temperature 
,o„ . Factor Factor 

15 1.27 26 0.98 

20 1.12 27 0.96 

21 1.10 28 0.94 

22 1.07 29 0.91 

23 1.04 30 0.89 

24 1.02 35 0.79 

25 1.00 40 0.72 
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When the background can be neglected, i.e. Tg is very much greater than 
T e or T r (which is generally the case), use the simpler equation T r / T e to 
calculate the fraction o f the substrate. 

The result in terms o f micromoles o f substrate per hour per ml o f b lood 
corresponding to the fraction o f substrate remaining is obtained f rom Table V-2. 
The figures in Table V-2 have been corrected for the exponential nature o f the 
substrate-time curve. 

The enzyme hydrolysis rate observed will be influenced by the temperature 
o f the assay. Thus, r oom temperature must be recorded and slides should be 
protected f rom incidental air currents during incubation. 

The data in Table V-3 illustrate the effects o f temperature on cholinesterase 
activity. They are defined, within experimental error and over the range o f 
temperatures studied, by the Arrhenius equation and straight lines are obtained 
by plotting log-activity against the reciprocal of the absolute temperature. On the 
basis o f these data the last column o f Table V-3 indicates the multiplying correction 
factors to be applied to rates observed at temperatures other than 25°C. 
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EXERCISE 23. RADIOIMMUNOASSAY OF PESTICIDES 

The purpose o f this exercise is to introduce certain aspects o f radioimmuno-
assay procedures used to analyse a broad range o f xenobiotics. 

Radioimmunoassay ( R I A ) techniques have tremendous potential for highly 
sensitive and selective analyses o f pesticide residues with a minimum o f clean-up. 
The fundamentals o f RIA methodology and the specific application o f that 
procedure in pesticide analysis were reviewed recently by Hammock and Mumma 
(1980) . Much o f the introductory discussion o f RIA is based on their review. 
Certain o f the preliminary preparations associated with RIA are too complicated 
and require t o o much time for use in a training exercise. Thus, the essentials o f 
RIA will be described and the exercise will be conducted with previously prepared 
materials. 

The general steps in the RIA procedure involve: (1 ) the chemical attachment 
o f the compound o f interest (or a derivative) to a carrier protein for use in pro-
ducing an antigen, (2 ) the injection o f the antigen into an animal to develop an 
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TABLE V-4 . REPRESENTATIVE STEPS IN THE 
DEVELOPMENT OF A N RIAa 

1. Synthesize and couple hapten with carrier protein 
2. Purify and characterize the antigen 
3. Immunize animal, titre and characterize the antibody 
4. Prepare radioligand 
5. Choose method for bound/free separation 
6. Optimize assay conditions and develop standard curve 
7. Characterize assay and determine assay reliability 

Adapted from Hammock and Mumma (1980). 

antibody titre in the b lood serum that is specific for the compound o f interest, 
(3 ) the appropriate treatment o f the sample to ef fect competitive binding o f 
labelled and unlabelled antigen to specific antibody sites, and (4 ) separation and 
radioanalysis o f bound radioactive antigen and use o f a standard curve to calculate 
concentrations o f the unknown. 

Sequential steps in the development o f an RIA are listed in Table V-4. 
To be effective, an antigen must be large and foreign to the animal immunized. 

Thus, a relatively small pesticide molecule (hapten) must be conjugated to a protein 
( 1 0 0 0 0 molecular weight or greater) or other antigenic molecule before use as an 
antigen. The pesticide used for such coupling must have a suitable reactive site on 
the molecule or else a derivative with appropriate properties must be synthesized. 
This is a critical step in the RIA procedure because the choice o f hapten and 
conjugation procedure affect sensitivity and selectivity. Some representative 
haptens used for established RIA analyses o f pesticides include: carboxylic 
derivatives o f dieldrin, allethrin, diflubenzuron, and juvenile hormone; acid 
chlorides o f malathion half ester ( for malathion) or DDA ( for DDT) ; amino-
parathion ( for parathion); hydroxylated metabolites o f certain pesticides; and 
many others. Functional groups on a protein used to couple a hapten usually 
include NH, SH, OH, and COOH. Commonly used proteins include human or 
bovine serum albumin. 

Before the antigen is injected into an animal, it usually is separated f rom low 
molecular weight byproducts by such procedures as dialysis, gel filtration, or 
solvent precipitation. Once purified, the antigen is analysed to determine the 
moles o f hapten bound per mole o f protein. This may be accomplished through 
the use o f radiolabeled haptens, by spectrophotometry methods, or by analysis 
o f a specific structural component o f the hapten. For example, a phosphorus 
determination is used with an antigen prepared for analysis o f an organophosphorus 
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compound. At least two hapten molecules per carrier are required for subsequent 
immunoprecipitin tests. 

Guinea-pigs and rabbits are commonly used as sources o f antibodies, but 
other animals may also be used. The antigen is injected in Fruend's complete 
adjuvant. This is a water-in-oil emulsion that protects and releases the antigen 
slowly. When administered with dead Mycobacteria, it stimulates the immune 
system. (However, subsequent booster injections are given without Mycobacteria 
in order to avoid severe allergic reactions.) The antibody titre in the serum is 
monitored until an acceptable level is reached, and then the blood is withdrawn 
and the serum isolated for use in assays. Some procedures used to monitor and/or 
characterize the antibodies in a serum sample include agar gel immunodiffusion 
tests and passive haemagglutination tests. The radiolabeled pesticide used in RIA 
must have a high specific activity to provide a satisfactory sensitivity. In general, 
assay sensitivity increases with the square root o f the specific activity o f the 
radioligand. Thus, 3H and 12SI are commonly used to synthesize the radioligand; 
however, 14C is also used when an adequate specific activity can be achieved. 

The quantification of a pesticide in a sample extract is accomplished by 
allowing a known aliquot o f the extract to combine with a fixed quantity o f the 
binding antibody in the presence o f a fixed quantity o f the radioligand. Radio-
ligand and the compound to be assayed compete for binding to the antibody. The 
greater the concentration of the compound o f interest, the less will be the binding 
o f tracer. Thus, if after equilibrium is reached, bound and free tracer are separated 
and quantified, the ratio o f bound to free radioligand will be inversely related to 
the concentration o f the compound o f interest. If known concentrations o f 
standards are similarly treated, a plot of radioligand 'bound-to-free ratio' versus 
the concentration o f the compound in an unknown sample can readily be 
determined by reading from this plot. 

Bound and free radiolabeled antigens are separated by such procedures as 
equilibrium dialysis, gel permeation chromatography, nitrocellulose membrane 
filtration, precipitation o f unbound antigen with dextran-coated charcoal, binding 
to ion-exchange resins or hydroxyapatite, precipitation of antibodies, and several 
others. This phase o f the RIA is the most time-consuming, and selection o f the 
best separation procedure for the target compound is essential to the success o f 
the analysis. 

For a more detailed treatment o f RIA and related procedures, the reader is 
referred to references listed in the bibliography. 

In the exercise described below it is assumed that antisera and a suitable 
radioligand have been prepared in advance or obtained commercially. The exercise 
is written for benomyl and is adapted from a recent publication by Newsome and 
Shields (1981) ; it can be changed as needed if other materials are used. Newsome 
and Shields (1981) found that benomyl was degraded quantitatively by the extrac-
tion procedure to form methyl-2-benzimidazolecarbamate (MBC). Thus, MBC 
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was used as the radioligand and the antigen was prepared by coupling a derivative 
(the hapten) o f MBC (2-succinamidobenzimidazole) to human albumin. The 
antiserum was then generated by procedures similar to those described above. 

MATERIALS AND EQUIPMENT 

(1) 14C-labelled MBC (ca. 1 5 - 2 0 mCi /mmol (555-740 MBq/mmol) ) , pure non-
labelled MBC and benomyl analytical standards 

(2 ) Antisera (conduct preliminary tests to determine the amount o f antiserum 
needed to bind ca. 50% o f the radioactive antigen in the absence o f 
unlabelled antigen) 

(3 ) Lettuce or other f o o d plant 
(4 ) 1-litre Waring blender, 250-ml microblender (Eberbach); blender base 

and motor 
(5 ) Pesticide-grade ethyl acetate 
(6 ) RIA-grade charcoal and dextran (Schwartz/Mann, Orangeburg, NY) , 

anhydrous N a 2 S 0 4 , N a H 2 P 0 4 , NaCl, N a 2 C 0 3 , NaN 3 , NaOH, bovine 
gamma-globulin (Sigma Chemical Co., St. Louis, MO) 

(7) Vortex mixer 
(8 ) Liquid scintillation counter; Aquasol® scintillation fluid (New England 

Nuclear, Boston, MA) 
(9 ) Disposable glass tubes (10 X 75 mm), micropipettes o f assorted sizes 

(10) Centrifuge 
(11) 125-ml boiling flasks, reflux condensers, heating mantles, Buchner funnels, 

water pump, other conventional laboratory glassware 
(12) Refrigerator 

PROCEDURE 

(1) Prepare a solution o f phosphate buffered saline (PBS) containing 20 mmol 
N a H 2 P 0 4 , 140 mmol NaCl, and 3 mmol NaN3 per litre o f distilled water. 
(Adjust pH to 7.15 with NaOH before diluting to volume.) 

(2) Prepare a stock solution o f antiserum in a diluent consisting o f 0.1% bovine 
gamma-globulin in PBS. Adjust concentration so 200 jul will contain sufficient 
antibody. 

(3) Prepare a charcoal suspension containing 100 mg o f RIA-grade charcoal and 
10 mg o f dextran in 100 ml o f antiserum diluent. Store at 4°C. 

(4) Prepare a solution o f benomyl in ethyl acetate (2 Mg/ml). 
(5) Prepare standard solutions containing 0, 5, 12.5, 25, 50 and 160 ng/ml of 

unlabelled MBC in PBS. Prepare a PBS solution o f [ 1 4C]MBC that has 
ca. 3000 counts/min per 100 /u 1. 
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(6 ) Homogenize samples o f plant materials in the large blender. Weigh a 
2-g subsample o f this material and homogenize it in the microblender with 
40 ml ethyl acetate and 2 ml o f saturated aqueous N a 2 C 0 3 . Transfer the 

. mixture (with ca. 10 ml ethyl acetate) to a 125-ml boiling flask fitted with 
a reflux condenser. Boil 15 minutes, cool , filter through Whatman No . l 
paper on a Buchner funnel with gentle, vacuum. Transfer filtrate to a 
50-ml volumetric flask and dilute to volume with ethyl acetate. Repeat this 
solvent extraction procedure with additional 2-g samples fortified with 
benomyl at 1 ppm (1 ml benomyl solution + 39 ml ethyl acetate), 5 ppm 
(5 ml benomyl solution + 35 ml ethyl acetate), and 10 ppm (10 ml benomyl 
solution + 30 ml ethyl acetate). (This extraction procedure converts benomyl 
to MBC.) 

(7) Add 100-jUl aliquots o f the unfortified plant extract to each o f twelve 
12 X 75 mm tubes. Similarly, prepare 4 tubes for each benomyl-fortif ied 
( 1 , 5 and 10 p p m ) plant extract. Evaporate the solvent, and then dissolve 
each dried residue in 200 jd o f PBS. Set up another series o f tubes containing 
duplicate 200-jul samples o f each o f the MBC standards prepared in step 5. 

(8) Add 200 jul o f antisera to each o f the 36 tubes, mix well, and refrigerate at 
4 ° C for 45 minutes. Add 100 jul o f the PBS solution o f [ 1 4 C]MBC to each o f 
the tubes, mix well, and hold an additional 15 minutes at 4°C. Add 1 ml 
o f the cold charcoal suspension to each tube, mix on the vortex mixer, let 
stand 10 minutes at 4°C, then centrifuge at 1200 g for 10 minutes. 

(9 ) Decant the supernatant into scintillation vials containing 10 ml o f Aquasol 
and radioassay. 

CALCULATION AND REPORTING OF RESULTS 

Prepare a standard curve on logit-log paper by plotting B/B 0 X 100 (per cent 
bound) versus the amount o f non-radiolabelled MBC present. B represents the 
counts/min bound by antiserum in tubes containing non-labelled MBC, and B 0 

represents counts/min bound antiserum in tubes containing no non-labelled MBC. 
Prepare a standard curve for samples containing plant material and the graded 
series o f MBC concentrations, and also for similar samples without plant material. 
By comparing these curves one can determine the effects o f coextractives in plant 
samples on the binding o f the radioligand to the antiserum. Calculate per cent 
bound radioactivity (B/B 0 X 100) for analyses of the samples fortified with 
1, 5 and 10 ppm o f benomyl and compare with standard curve to determine the 
eff iciency o f the procedure. Prepare a table showing these results. 
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EXERCISE 24. SYNTHESIS OF A R A D I O A C T I V E PESTICIDE 

The purpose o f this exercise is to demonstrate the synthetic incorporation o f 
a radioactive atom into the structure o f a pesticide. 

The vast majority o f radiolabeled pesticides used by scientists engaged in 
agricultural research are obtained directly or indirectly from commercial synthesis 
organizations. However, certain o f these syntheses may be relatively uncomplicated 
and can be done by the individual researcher with substantial savings in time and 
costs o f acquisition. 

This exercise will introduce a method for labelling the insecticide carbaryl 
with 14C. The process involves a simple condensation reaction which provides 
good yields o f radioactive product. Prior to conducting the radioactive synthesis, 
one or more trial syntheses should be made with non-labelled material in order 
to gain experience and confidence in the procedure and to be sure that the reagents 
are o f acceptable quality. 

MATERIALS AND EQUIPMENT 

(1 ) [14C]-labelled 1-naphthol (specific activity o f 5 - 1 0 mCi /mmol 
(185-370 MBq/mmol ) ) and non-labelled 1-naphthol 

( 2 ) Freshly distilled methylisocyanate, dry tetrahydrofusan and triethylamine 
(3 ) Microglassware for distillation and synthesis, standard laboratory glassware 
(4 ) Vacuum source, stirring apparatus 
(5 ) TLC system and chemicals (as described in Exercise 18, with plates 

precoated with silica gel G with indicator) 
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( 6 ) Darkroom and X-ray film developing equipment and solutions 
(7 ) X-ray film and exposure holders 
(8 ) Liquid scintillation counter and chemicals 
(9 ) Dry benzene, acetone 

(10 ) Melting point apparatus ' 
(11 ) Analytical balance 

PROCEDURE 

(1) Dilute 1-mCi (37 MBq) o f [ 1 4 C] 1-naphthol with 250 mg o f freshly sublimed 
unlabelled 1-naphthol and dissolve in 2 ml o f pure dry tetrahydrofuran. 
While mixing, add dropwise 0.2 ml of freshly distilled methylisocyanate and 
0.25 ml o f pure dry triethylamine. Stopper the reaction flask and allow to 
stand at room temperature for 24 hours. 

(2) Remove the tetrahydrofuran under vacuum. Crystallize the remaining 
residue f rom dry benzene. The final residue o f [1 4C]carbaryl should appear 
as colourless crystals, with a melting point o f 140—141 °C. 

(3 ) Prepare an acetone solution o f the [ 14C]carbaryl at a concentration o f 
1 mg/ml. Radioassay to determine the specific activity. 

(4 ) Analyse the solution o f [14C]carbaryl by 2-dimensional TLC/autoradiography 
and by LSC procedures to obtain an estimate o f the radiochemical purity o f 
the preparation and to identify and quantify impurities. If the purity is less 
than 95%, additional purification by recrystallization or other methods may 
be needed before the preparation is used for experimentation. 

C A L C U L A T I O N A N D REPORTING OF RESULTS 

(1 ) Based upon your knowledge o f the eff ic iency o f available radioassay- equip-
ment, calculate the specific activity o f the [ 1 4 C] cabaryl on the basis o f 
mCi /mmol (MBq/mmol ) . 

(2 ) Calculate the yield o f radioactive product. 
(3 ) If more than one radioactive product is resolved via TLC, calculate the 

relative per cent attributable to each. If possible, through the use o f standards, 
determine if impurities represent 1 -naphthol or unknown reaction byproducts. 
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EXERCISE 25. COMBUSTION ANALYSIS OF RADIOACTIVE PESTICIDE 
RESIDUES 

The purpose of this exercise is to introduce relatively simple techniques for 
wet and dry combustion of samples containing pesticide residues. 

In the analyses,of various samples known or suspected to contain residues of 
radioactive pesticides, it is not unusual to find that some of the radioactive 
material cannot be recovered via solvent extraction. These unextractable residues 
may represent radioactive material bound through adsorption by soil or by 
biological tissues or, in the latter case, through synthetic incorporation of radio-
labelled fragments in the structure of natural products. A knowledge of the 
nature of such residues is often extremely important to the study of a pesticide. 
When exhaustive extraction procedures fail to recover such bound materials for 
identification, it is essential to at least obtain a measure of their concentrations. 

This exercise will provide experience in the use of a dry and a wet procedure 
for combustion analysis o f radiocarbon via measurement of 1 4C02 that is liberated 
by heating a sample at high temperature in an oxygen atmosphere and then 
absorbed by a trapping solution. There are of course a multitude o f combustion 
methods available for use with different radioisotopes. A recent review of these 
techniques as well as digestion procedures, which may also be used to quantitate 
certain unextractable residues, is given by L'Annunziata (1979). 

A. DRY COMBUSTION 

Dry combustion techniques may be done either with sealed or flowing 
systems. An example of the first type is the Parr oxygen bomb, in which the 
combustion gases are trapped in aqueous alkaline solution within the device. It is 
quantitative, but somewhat expensive and slow. Another example of a sealed 
system is the oxygen-filled flask, where ignition is initiated electrically or by 
focussing infra-red radiation on the sample. Powdered cellulose may be added to 
samples containing a predominance of inorganic carrier, such as soils, in order to 
ensure complete combustion. In addition to being slow, sealed systems have the 
disadvantage that the combustion vessel is also the collection vessel. As a result, 
samples may contain variable amounts o f dissolved oxygen, a quenching agent. 

Flowing systems consist o f combustion trains, the simplest and most reliable 
involves heating the sample with a catalyst at high temperature (800 -1000°C) 
in an oxygen stream. If necessary the effluent may be passed through different 
traps to remove H 2 0 , nitrogen oxides, halogens and sulphur; the 14C02 is ulti-
mately trapped in a solution compatible with liquid scintillation counting. There 
are various automated devices that are especially advantageous for double-labelled 
compounds because 3H (as 3 H 2 0 ) and 1 4C02 can be collected in separate vials. 
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The disadvantages include high cost and occasional technical problems, especially 
leakage. 

MATERIALS AND EQUIPMENT 

(1) Soil, plant, or animal tissue containing 14C-labelled pesticide 
(2 ) Combustion catalyst ( A 1 2 0 3 + CuO, 5:1 wt %), CaS0 4 

(3) C 0 2 trapping solution (Carbosorb II® , Packard Instruments Co, 
Downers Grove, IL) 

(4) Lindberg tube furnace, ceramic combustion boats 
(5 ) 0 2 cylinder with needle-valve regulator 
(6 ) Test tubes, fritted glass gas-dispersion tubes 
(7 ) Liquid scintillation counter and toluene-based scintillation fluid 

PROCEDURE 

(1) Assemble the combustion train as shown in Fig.V-8. Preheat the furnace 
to 1000°C. Before combusting the samples, begin a continuous f l ow o f 0 2 . 

(2 ) Weigh 14C-containing samples into combustion boats. Normally, air, oven 
or freeze-dried material is used. Approximately 50 mg o f plant tissue or 
250 mg o f soil (assuming it is a typical mineral soil) is generally used. 
Completely cover the sample with combustion catalyst. 

(3 ) Combust samples for ca. 15 minutes, collecting the gaseous effluent in 20 ml 
o f trapping solution (mixture o f 1 part Carbosorb II and 3 parts scintillation 
cocktail). The gas dispersion tube is immersed to the bo t tom o f the trapping 
tube and the f l o w o f 0 2 is adjusted to provide a consistent stream o f 

- • bubbles. If available, the use o f a f lowmeter is advantageous. It is essential 
to determine the ef fect o f combustion time and 0 2 f l ow rate on the recovery 
o f 1 4 C 0 2 before initiating a programme o f sample combustions. Also the 
eff iciency o f the combustion method must be established by using samples 
fortified with known amounts of a standard 14C material. A t least 2 untreated 
samples o f the same plant or soil material must be subjected to combustion 
at the beginning o f the sequence o f analyses to provide a measure o f natural 
background radioactivity. In addition, combustion analyses o f untreated 
samples must be included between radioactive samples in order to detect 
possible carryover o f radioactivity that was not cleared f rom the system. 

(4) After combustion, transfer all the' trapping solution to a scintillation vial 
and radioassay. 

(5 ) Clean the gas dispersion tube and collection test tube thoroughly after each 
sample. Discard the CaS0 4 when it is no longer dry. At the beginning o f each 
day's analyses, the combustion tube should be examined for cracking to avoid 
possible loss o f 0 2 and, possibly, 1 4 C 0 2 . 
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A C 

FIG. V-8. Simplified diagram of dry combustion apparatus. A. Regulated oxygen source, B. 
1-hole stopper/sample introduction point, C. Lindberg tube furnace with ceramic tube, D. 
CaS04 drying tube, E. gas-dispersion tube, and F. test tube with C02 trapping solution. 

12 

(D © 

FIG. V-9. Wet combustion apparatus for the preparation of lAC-labelled organic materials for 
liquid scintillation counting. (Smith et al. 1964. f 

3 Figure V - 9 to V - l 2 and V - l 4 are reproduced by courtesy of "Journal of Agriculture 
and Food Chemistry". 



BASIC EXERCISES 185 

B. WET COMBUSTION 

• Wet combustions to determine 14C02 are usually modifications of procedures 
developed by Van Slyke and coworkers (Van Slyke and Folch 1940, Van Slyke et al. 
1951 a, b). The equipment and procedures used in this exercise are those that 
were adapted by Smith et al. (1964), based upon Van Slyke's original technique. 
The apparatus is illustrated in Fig. V-9. It consists of: (1) a C02 scrubber, 
(2) a combustion unit, (3) a stannous chloride-iodine trap, and (4) a C0 2 absorber. 
The combustion unit of this apparatus is constructed so that the stem of the 
addition funnel (A) extends through the double-coiled condenser (B) to within 
5 cm of the bottom of the combustion flask (C). The condenser and stem of the 
addition funnel nearly fill the neck of the combustion flask. The bottom of the 
absorption flask is slightly blown out to collect the absorbing solution within a 
well at the bottom of the flask. This permits the use of minimum volumes of 
absorbing liquid which may be agitated with a magnetic stirrer (5). 

MATERIALS AND EQUIPMENT 

(1) Soil, plant or animal tissues containing 14C-labelled pesticide (biological 
tissues (pieces or dry powders) may tend to float on the surface of the 
combustion liquid and this may result in incomplete combustion. If this is 
the case, tissues should be contained in a small piece of glass tubing wrapped 
with glass woo l ) 

(2) Components of combustion apparatus illustrated in Fig. V-9 
(3) KI0 3 , K 2 Cr 2 0 7 , H3P04(85%), fuming H 2 S0 4 (20 -30% S0 3 ) , ethylene 

glycol monomethyl ether, ethanolamine, CaCl2 

(4) Vacuum system 

(5) Liquid scintillation counter and toluene-based scintillation fluid 

PROCEDURE 

(1) The following wet combustion procedure is that of Smith et al. (1964). 
Into the absorption flask is pipetted 10 ml of ethanolamine. The flask is 
placed in an ice and CaCl2 bath (-5°C) on a magnetic stirrer regulated to 
turn slowly without splashing. The flask and contents are allowed to cool 
while the rest of the apparatus is prepared. The tared sample is placed in 
the combustion flask (C), and 8 g of dry digestion reagent are added. The 
dry digestion reagent is that of Van Slyke and coworkers and consists of 
KI0 3 :K 2Cr 20 7 (2 : l wt%). The reagent is prepared by thoroughly mixing and 
grinding two parts by weight of KI03 with one part of Kr2Cr207 by means 
of a mortar and pestle. The apparatus is assembled using 85% H 3P0 4 to 
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lubricate all the joints. Stopcock (a) is closed and 50 ml of the liquid diges-
tion reagent are introduced into the addition funnel (A). The liquid digestion 
reagent is that of Van Slyke and is prepared by dissolving 1 g of KI03 in a 
mixture of 67 ml of fuming H2S04 (20-23% S0 3 ) and 33 ml of 85% H3P04 . 
The mixture is heated to 160-190°C and stirred until the KI03 dissolves. 
Proportionately equal amounts of larger quantities of these constituents are 
most appropriately mixed. The water is permitted to flow through the 
condenser, and the system is evacuated to 10 mmHg or less as measured by 
the manometer (6). Stopcock (c) is closed, the system is checked for leaks 
and, if airtight, stopcock (b) is closed. 

The liquid digestion reagent is allowed to run slowly into the combustion 
flask, and stopcock (a) is closed while a small quantity of the liquid remains 
in the funnel. The liquid is allowed to react with the sample for 5 minutes 
before combustion. The combustion flask is heated slowly until the liquid 
starts to boil. Boiling is then continued vigorously for 2—3 minutes. 

After the sample has cooled for 5 minutes, the vacuum is slowly released 
by opening stopcock (a). The sample is allowed,to stand for 15 minutes to 
ensure complete absorption of the C02 . The absorption flask is disconnected 
and, with a pipette, the sides of the flask are rinsed with 20 ml of ethylene 
glycol monomethyl ether. 

The contents of the flask are mixed by swirling and are allowed to 
warm to room temperature. Ten ml of this mixture are pipetted into a liquid 
scintillation vial containing 10 ml of a toluene-based scintillation fluor. The 
sample is mixed and, after precooling, counted in the scintillation counter. 

(2) For use in quantitative assays, the efficiency of this method must be 
determined by fortifying untreated samples of the same kind with known 
amounts of a 14C-labelled pesticide standard. Also, untreated samples must 
be subjected to the same analysis in order to assess possible natural background 
radioactivity. 

CALCULATION AND REPORTING OF RESULTS 

Based upon the known specific activity of the 14C-labelled compound used 
and the established efficiency of the combustion/counting techniques, calculate 
the /ig-equivalents (based upon the parent material specific activity) and the 
ppm of radiocarbon in each sample determined by the two different combustion 
methods. 
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SECTION B. APPLIED EXERCISES 
SECTION B. 1. APPLICATION METHODS AND FATE OF PESTICIDES 

INTRODUCTION 

Chemical pesticides represent an integral part of the technology used in . 
modern agriculture. According to recent estimates, worldwide production of 
herbicides, insecticides and fungicides reached 3.7 billion pounds in 1975. Since 
then production has increased annually and likely will continue in order to keep 
pace with increasing populations. Indeed, there is no doubt that the demands 
of modern society for adequate and economical supplies of food and fibre could 
not be met without the use of agricultural chemicals to maximize production on 
available arable land. 

The effective and safe use of pesticides in agriculture demands that we have 
a thorough knowledge of their fate in the environment and in the living organisms 
that they contact. Thus, studies are made to determine physical and chemical 
transformations in soil and water, and absorption, translocation, metabolism 
and excretion or storage in plants and animals. Radiotracer methodology is 
particularly effective for this type of work because it permits highly sensitive 
analyses with minimum clean-up; relatively large numbers of samples may be 
processed in a brief span of time. 

Ideally, the ultimate evaluation of a pesticide should be done under condi-
tions that are comparable to those involved in actual use. However, invaluable 
information on the fate of pesticides can be obtained with comparative studies 
conducted in a regulated laboratory environment. The exercises in this section 
are designed to demonstrate relatively simple techniques for applying and then 
evaluating pesticides in soil, plants, small mammals and insects. These basic 
techniques are easily modified to deal with different problems. Although the 
procedures that will be described can go far in characterizing the post-application 
fate of a compound, they should be augmented where possible with more 
sophisticated analytical techniques such as MS, NMR, IR etc. 

EXERCISE 26. ABSORPTION AND METABOLISM OF INSECTICIDE AFTER 
FOLIAR APPLICATION TO PLANTS 

The objective of this exercise is to demonstrate methods for studying the 
fate of pesticides in plants. 

A knowledge of the fate of an insecticide after application to plants is 
considered essential to its safe and effective use. It is important to know 
(1) the extent of absorption into the plant system, (2) the effects of weathering 
on unabsorbed residues, (3) the metabolism of the absorbed insecticide to toxic 
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or non-toxic products, and (4) the extent and nature of the translocation and 
retention of the compound and/or its derivatives within the plant. Such data 
facilitate decisions relating to formulation needs, frequency of applications, 
and reentry by workers in treated fields, and provide critical information on the 
nature, location and persistence of potentially harmful residues. 

Foliar applications of radiolabeled pesticides in the field, using formulations 
and rates similar to those used for practical applications, can provide the most 
realistic information on post-treatment fate (for examples, see Bull and Ivie 1978, 
1981). However, such methods require strict safety procedures to limit the extent 
of radioactive contamination, and treated areas must be isolated until residues 
of radioactive compounds in soil and treated materials decline to safe levels or are 
removed for disposal. The direct application of exact amounts of radiolabeled 
pesticide to leaf surfaces with a micropipette or syringe is also a useful technique 
and is the one most commonly used. Pesticides are usually dissolved in water if 
possible or in mixtures of water and ethanol, and then a volume of solution 
sufficient to just cover most of a leaf is applied in a uniform film to the upper 
surface. At different times post treatment unabsorbed materials are recovered by 
rinsing the treated leaf with a solvent such as methanol, and then absorbed 
materials are recovered by homogenization and extraction of rinsed leaves. 
Finally, the different preparations are analysed with a suitable technique such as 
thin-layer chromatography etc: 

The radiolabeled parathion selected for use in this exercise is convenient to 
work with because the metabolic pathway will be relatively simple: there may be 
a small amount of oxidation to the toxic derivative paraoxon, and toxic com-
pounds will be detoxified by cleavage of the P-O-phenyl linkage of the molecule. 
Solvent partitioning provides an essentially complete separation of toxic and 
non-toxic materials. 

M A T E R I A L S A N D EQUIPMENT 

(1) 14C-ringlabelled parathion (or other organophosphorus insecticide as 
available) 

(2) Plants with several fully expanded leaves (cotton, beans etc.), grown either 
in the greenhouse or field 

(3) Semimicro blender (Eberbach) and blender base 
(4) Rotary evaporator with water bath 
(5) Centrifuge, with 40-ml heavy-duty centrifuge tubes 
(6) Volumetric micropipettes (Kirk design) of assorted sizes; micropipette 

manipulator (this can be made with a 1-ml tuberculin syringe and a small 
piece of Tygon tubing) 

(7) 250-ml separatory funnels, and other standard laboratory glassware and 
equipment 
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(8) Liquid scintillation counter (LSC), Aquasol scintillation fluid (New England 
Nuclear, Boston, MA) 

(9) Combustion apparatus 
(10) Pesticide grade organic solvents: methanol, ethanol, methylene chloride 

PROCEDURE 

(1) Prepare a solution of 14C-labelled parathion in a mixture of ethanol and 
water (1 ng/jul). (Conduct a preliminary test with non-labelled parathion to 
determine the minimum amount of ethanol needed to achieve a true 
solution.) 

(2) Select and tag enough fully expanded leaves to allow for triplicate analyses at 
each sample period. These leaves should be as uniform in age and size as 
possible. 

(3) Use a micropipette and pipette manipulator to treat individual leaves with 
100 ill of radiolabeled insecticide solution. Spread the solution in a 
uniform, thin film over the upper surface of the leaf. (Preliminary tests 
should be done with solvent alone to determine a volume that will cover the 
leaf without runoff.) 

(4) Immediately after treatment and again after 2, 4, 8, 24, 48, 96 and 192 hours 
(and for longer periods if convenient) collect 3 treated leaves, record their 
weights, and then rinse unabsorbed residues immediately into individual 
125-ml Erlenmeyer flasks by using methanol. (For this procedure, mount 
a large funnel (ca. 15 cm diameter) on a ring stand so that the stem will fit 
just inside the opening of the collection flask. Suspend the leaf over the 
funnel and rinse it carefully and thoroughly into the funnel and flask by 
using a polyethylene wash bottle.) Dilute rinses to volume and radioassay 
(EXTERNAL RINSE). Hold samples in a freezer for further analyses. 

(5) Cut each rinsed leaf into small pieces (ca. 2 X 2 cm) with a single-edge razor 
blade and then homogenize them in the microblender with 25 ml of a mixture 
of acetone and water (9:1 vol.%). Centrifuge, decant the extract into a flask, 
and reextract the tissue solids 2 more times with acetone. Combine the 
extract, dilute to a known volume, and radioassay (INTERNAL EXTRACT). 
Correct these samples for colour quenching by use of internal standards. 
This is done by first counting the quenched sample and then adding a known 
number of counts to the same sample (preferably the same radiolabeled 
compound and ca. similar number of counts) and recounting. The reduction 
in count attributable to quenching can then be calculated and appropriate 
adjustments can be made. 
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(6) Air-dry the extracted solids and then analyse them by oxygen combustion 
methods to determine bound radiocarbon (UNEXTRACTABLE RADIO-
ACTIVITY). 
tr 

(7) Add 10 ml of water to each of the external rinses and then remove the 
methanol under vacuum and gentle heat with rotary evaporator. Remove 
the acetone similarly from the internal extracts. Adjust the volume of 
the remaining aqueous portion to 10 ml and then partition 3 times against 
30-ml portions of methylene chloride in separatory funnel. (If emulsions 
form with the internal extracts, centrifuge the samples.) Combine the 
methylene chloride fractions and radioassay (correct for quenching). 
Radioassay the aqueous fractions. 

(8) Optional exercises: 
(a) The effects of rain washing on surface residues of the 14C-labelled 

pesticide could be simulated if necessary by wetting the treated plants 
with an ordinary lawn sprinkler at different times post treatment. 

(b) The nature and relative amounts of radioactive products in extracts could 
be established by TLC/autoradiography. Methylene chloride extracts 
should .be dried over anhydrous Na2S04 and then concentrated for 
spotting on TLC plates. Water soluble radioactivity (provided the 

- [14C]parathion is ringlabelled) will probably include a glycosidic 
conjugate of the phenolic moiety which is liberated by hydrolytic 

, cleavage of the P-O-nitrophenyl linkage. The conjugate can be hydro-
lysed to allow recovery of the free phenol by (1) acidifying the aqueous 
samples to IN with HC1, (2) heating the acidified samples in a water 
bath, and then (3) partitioning the hydrolysed samples with methylene 
chloride. Any free phenol thus liberated would be recovered in the 
organic fraction. 

CALCULATION AND REPORTING OF RESULTS 

Calculate the /ig-equivalents of [14C]parathion and the percentage of the 
applied dose in each of the samples radioassay ed. Prepare a table that compares' 
these data over time on the basis of ppm [I4C]parathion equivalents, as well as 
percentage of the applied dose. 

The results will show the rate at which surface residues of the radiolabeled 
pesticide are lost as a result of volatilization, absorption and possibly rain washing; 
and they will reveal possible photodecomposition of the parent compound (in 
externa! extracts). Also "demonstrated will be the rate of absorption o f • 
[14C]parathion and the extent of its'metabolic decomposition. Finally, the 
combustion analyses will demonstrate'possible accumulation o'f bounti residues 
of radiocarbon in plant tissues. 
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EXERCISE 27. UPTAKE, DISTRIBUTION AND METABOLISM OF A 
SYSTEMIC INSECTICIDE APPLIED TO COTTON SEED 

The objective of this exercise is to demonstrate methods for studying the 
fate of pesticides after application to plant seeds. 

A convenient and effective method for providing protection of crop plants 
from early-season phytophagous pests, or from fungal or nematode infections, 
is to coat the seeds with an appropriate pesticide before planting. Compounds 
intended for this use must be studied to provide information on their post-
treatment fate, i.e. absorption, metabolism, distribution within the plant over 
time, and persistence of residues. The use of radioisotope techniques for such 
studies is a convenient, highly sensitive tool. This exercise will provide a brief 
introduction to some of these procedures and will demonstrate the behaviour of 
a typical systemic insecticide applied to cotton seed. 

MATERIALS AND EQUIPMENT 

(1) 32P-labelled dimethoate (or other radiolabeled systemic insecticide) with a 
specific activity of 1 - 5 mCi/mmol ( 3 7 - 185 MBq/mrnol) 

(2) Good quality cotton seed, machine delinted (or others as available) 
(3) Rotary evaporator with water bath 
(4) Hot plate 
(5) Centrifuge, with 40-ml heavy duty tubes 
(6) 250-ml separatory funnels; standard laboratory glassware and equipment 
(7) Pesticide-grade methylene chloride and acetone; concentrated HN03 and 

HC1, 30% H202 

(8) Semimicro blender (Eberbach) and blender base 
(9) Fine-tipped forceps, single-edge razor blades 

(10) Greenhouse facilities and equipment 
(11) Liquid scintillation counter (LSC), Aquasol scintillation fluid (New England 

Nuclear, Boston, MA) 
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PROCEDURE 

(1) Use micropipettes of different sizes to determine a volume of water that will 
just wet the entire surface of a cotton seed. Use forceps with sharp, fine 
points to grasp fibres on a seed to hold it during application. Prepare an 
aqueous solution of [32P]dimethoate that will contain 0.4 mg of active 
ingredient in the volume determined above; make enough solution to treat 
sufficient numbers of seeds for the experiment. Radioassay the treatment 
solution by LSC to determine the specific activity (counts/min • /xg) with 
the counting system used. 

(2) Place the treated seeds on a piece of glass or metal screen to dry. Save 3 seeds 
for a "0 day" analysis and plant the remainder in a flat of sand that is kept 
moist until seeds germinate (ca. 4 days). Collect 3 more seeds from the 
flats at 1 and 2 days post treatment. 

(3) Place seeds collected at 0, 1 and 2 days individually in 125-ml Erlenmeyer 
flasks and then rinse each with 5 successive 10-ml portions of acetone. 
Combine these rinses and radioassay. Cut open the rinsed seeds with a razor 
blade, separate the seed hull and seed meats, weigh, air-dry, reweigh, and then 
analyse with the wet digest procedure described below. 

(4) When seedlings emerge collect 3 for analysis. Gently remove ca. 20 seedlings 
from the sand, separate the seed hull if necessary from the plant, and then 
transfer each seedling to a 125-ml Erlenmeyer containing Hoagland's nutrient 
solution. Plants will be maintained in these containers for the balance of the 
experiment. 
Separate the seed hulls from the 3 seedlings collected and then rinse, radio-
assay and prepare them for wet digest as described. Weigh the seedlings and 
then extract them by homogenizing each in 25 ml of a mixture of acetone 
and water (9 :1 vol.%) in the microblender. Centrifuge and decant the 
extract, and then re-extract the tissue solids two more times with 10-ml 
portions of acetone. Combine the extracts in a 50-ml volumetric flask and 
adjust to the mark with acetone. Radioassay, making appropriate corrections 
for colour quenching (by use of internal standards) and for radioisotope 
decay. 

(5) Remove the acetone from the extract by using the rotary evaporator with 
gentle heat and vacuum. Adjust the volume of the aqueous portion remain-
ing to 10 ml with water, transfer to a separatory funnel and partition two 
times against 25-ml portions of methylene chloride (rinse the evaporating 
flask with the first volume of methylene chloride to recover any organo-
soluble residues remaining after decantation of the aqueous portion). Centri-
fugation may be required to break emulsions or to effect complete separation 
of aqueous and organic phases. Radioassay the water fraction and the 
combined organic fractions. These results will provide a rough estimate of 
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metabolic degradation because radioactivity in the water will be derived 
primarily from polar degradation products and that in the organic fraction 
will represent unmetabolized dimethoate and perhaps the product of its 
oxidation. 

(6) Dry the extracted plant tissue, weigh, and hold for wet digest analysis. 
(7) At 7 days post treatment collect 3 plants growing in the nutrient solutions. 

Blot dry, weigh, and process as described above. After 14 days (and 21 if time 
permits) collect 6 plants. Weigh and process 3 whole plants as described. 
Separate the remaining 3 plants into cotyledons, leaves, and stem; weigh 
and then extract and process each subsample as described. 

(8) The wet digest procedure is essentially the same as that described by 
L'Annunziata (1979). Place as much as 500 mg of dried plant material into 
a 100-ml tall-form beaker. Add 10 to 20 ml of concentrated HN03 and 
cover the beaker with a smooth watch glass. Digest the sample on a hot 
plate at low heat below the boiling point. Replace the smooth watch glass 
with a ribbed watch glass and allow the sample, to evaporate to dryness 
under a low heat (below boiling point). One to 2 ml of 30% H202 are then 
added and the sample is evaporated to dryness again with the ribbed cover 
glass in place. If any organic matter remains, small amounts of HN03 and 
H202 are added alternately, allowing the sample to evaporate to dryness 
each time. Add 2 ml of 0.1 N HC1 to the dry residue and so that the acid 
contacts all of the residue. Transfer the acid quantitatively to a 20-ml liquid 
scintillation counting vial. This requires repeated additions of 2-ml samples 
of 0.1 N HC1 to the digestion beaker to ensure a complete transfer of the 
residue and radioisotope from the beaker to the scintillation vial. Evaporate 
the sample to dryness in a fume hood on a hot plate below the boiling point. 
After the samples have dried, add 15 ml of scintillation fluid (use Aquasol or 
an appropriate fluor in a 2:1 mixture of toluene and ethylene glycol 
monomethyl ether) and radioassay the samples. If the samples do not 
dissolve immediately, the scintillation vials should be placed on a mechanical 
shaker for an hour or two. 

CALCULATION AND REPORTING OF RESULTS 

Determine the percentage of applied dose measured in each of the samples 
radioassayed. Prepare a table that shows, over the duration of the test, the 
percentage of the applied dose recovered in (1) rinses of seeds or seed hulls, 
(2) rinsed seed hulls, (3) seed meats, and (4) whole seedling and/or different 
plant parts. Prepare another table showing these same results expressed in terms 
of the ppm of [32P] dimethoate equivalents; calculate ppm on both fresh and 
dry weight basis. Prepare a third table that compares the per cent of the recovered 
radioactivity in organic and aqueous fractions of the extracts of treated plant 
material; and in the extracted tissues. 
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EXERCISE 28. THE USE OF AUTORADIOGRAPHY TO STUDY SYSTEMIC 
ACTIVITY OF A PESTICIDE AFTER APPLICATION TO THE 
ROOTS OF A PLANT 

The objective of the exercise is to demonstrate how autoradiographic proce-
dures can be used to characterize uptake and translocation of a systemic pesticide. 

Systemic insecticides are taken up by the plant and translocated in sufficient 
concentration to make the transport system and the site of accumulation bio-
logically active against plant pests. These compounds are transported primarily 
by the conduction system of the plant, that is the phloem and xylem. Compounds 
that move primarily with the assimilate stream in the phloem have been defined 
as symplastic systemic insecticides; those that are transported primarily with 
the transpiration stream in the xylem are called apoplastic systemic compounds. 
Thus, for an insecticide to provide protection of the fruiting structures of a plant, 
it must have phloem mobility comparable with that of plant nutrients. This is 
rarely achieved in a practical way. On the other hand, many systemic insecticides 
are readily transported via the xylem to sites of the plant that are actively 
transpiring; these chemicals can provide effective protection from pests that feed 
on foliage. 

Autoradiography is one of the most useful techniques for determining how 
and where radiolabeled xenobiotics move in higher plants. The general concepts 
of autoradiography have been covered in Part I of this Manual. Autoradiography 
simply provides a photograph of the location of radiolabeled compounds within 
a treated object. The applications range from those on a microscopic level, 
which permit the study of individual cellular or subcellular elements, to those on 
a gross scale, which are useful for the evaluation of such things as (1) the macro-
deposition of radioisotopes in tissues, (2) the systemic activity of pesticides in 
plants, and (3) the location of radioactive materials on paper and thin-layer 
chromatograms. 
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There are four methods of preparing autoradiograms that are commonly used. 
One of these, the macroautoradiogram, will be described in detail. The other 
three methods are primarily used for microautoradiograms of tissues and involve 
placing the labelled tissue in direct contact with the photographic emulsion. 
References for autoradiography include Gahan (1972) and L'Annunziata (1979). 

The most commonly used isotopes in studies with pesticides (32P, 14C and 
35S) have sufficient energy to produce autoradiograms. Various brands of no-screen 
X-ray film are most commonly used for macroautoradiograms. In most cases, 
the chromatogram or plant or animal tissue to be exposed is wrapped in a very 
thin plastic sheet, such as Saran Wrap®, and placed in direct contact with the 
photographic emulsion. There is no exact rule on the length of time an object 
must be exposed to X-ray film to produce a satisfactory autoradiogram. In 
practice, preliminary investigations with graded levels of radioactivity should be 
carried out to determine the appropriate exposure time. 

Autoradiography is used primarily to obtain qualitative information on the 
distribution of radioactivity. Quantitation of the radioactivity in the various 
parts of the chromatogram or other objects is then achieved by direct radioassay, 
or by radioassays after combustion or extraction procedures. In addition, some 
quantitative information from films can be obtained by measuring the density 
of radioactive spots with a photometric device. 

MATERIALS AND EQUIPMENT 

(1) 32P-labelled dimethoate or other water soluble systemic insecticide as 
available (specific activity of > 5 mCi/mmol (>185 MBq/mmol)) 

(2) Bean, cotton or soybean plants ca. 20 — 30 cm tall 
(3) Darkroom facilities, developing and fixing solutions, 11X14 inch no-screen 

X-ray film, cardboard X-ray film holders 
(4) Standard laboratory glassware 
(5) Concentrated HN03 and HC1; 30%H202 

(6) Thin plastic wrap, paper sacks 
(7) Liquid scintillation counter and chemicals 
(8) Wiley mill 
(9) Deep freeze 

(10) Analytical balance 
(11) Oven 

PROCEDURE 

(1) Germinate seeds in moist sand and then transfer seedlings individually and 
grow them in containers of coarse sand or vermiculite moistened with 
Hoagland's nutrient solution. Prior to treatment (ca. 2 — 3 days), gently 
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uproot the plants, wash the roots free of debris, and place the plants 
individually in glass containers of Hoagland's solution. Allow the plants to 
equilibrate in the same conditions of temperature, light and humidity in which 
they will be held during the tests. 

(2) Prepare a 1 Mg/yil solution of [32P] dimethoate in water; radioassay the 
solution to determine the specific activity (counts/min • jig) in the counting 
system used. 

(3) Set up 12 Erlenmeyer flasks (i.e. 125 ml, or larger if necessary), each with 
100 ml of Hoagland's solution (volume dependent on extent of root 
development). Add sufficient radiolabeled insecticide to provide a 0.5-ppm 
solution. Place one equilibrated plant in each flask. (Select plants for 
uniformity in size and development.) 

(4) Harvest 2 plants each at 4, 8, 24, 48 and 72 hours post treatment and rinse 
the portion that was submerged in the treatment solution thoroughly with 
water. Blot dry with paper towelling. Mount each plant on a thin sheet of 
cardboard (larger plants may require folding), cover with thin plastic wrap, 
and expose to X-ray film. During exposure, place exposure holders in a 
deep freezer to prevent passive movement of radioactive sap. 

(5) After a suitable time, develop the X-ray film. Divide the plant into the 
different main parts (i.e. leaf, petiole, stem, root, cotyledon etc.) and then 
weigh and place each sample in a small paper sack (marked for identification). 
Dry the plant parts for 24 hours in the oven at 50°C, and then weigh again. 
Grind the individual samples of dried plant material with a Wiley mill to pass 
a 20-mesh screen. (Some of the smaller samples may not require grinding; 
instead, the entire sample can be combusted.) Analyse weighed subsamples 
of ground material or all of the smaller samples with the wet digestion 
procedure described in Exercise 27. Radioassay by LSC, and make 
appropriate corrections for decay of the 32P. 

CALCULATION AND REPORTING OF RESULTS 

Determine the amount of radioactivity (ppm of [32P] dimethoate equivalents) 
present in each of the samples analysed by the wet digest techniques. Express 
ppm on both fresh and dry weight basis. Calculate the percentage of the dose 
taken up by the plant, and then calculate the percentage of that taken up in the 
different plant parts. Record these data in a table and also on the autoradiograms 
of treated plants. 

BIBLIOGRAPHY 

CRAFTS, A.S., Weeds 8 (1960) 19-25. 

CRAFTS, A.S., YAMAGUCHI, S., Med. Biol. Illust. 10 (1960) 103-9. 



198 PART V. LABORATORY EXERCISES 

CRISP, C.E., Proc. 2nd Int. Congr. Pesticide Chem. 1 (1972) 211-64 . 

GAHAN, P.B., Autoradiography for Biologists, Academic Press, New York (1972). 

GUDE, W., Autoradiographic Techniques, Prentice-Hall, Englewood Cliffs, New Jersey (1968). 

HOAGLAND, D.R., ARNON, D.J., Calif. Agric. Exp. Stn. Circ. 347 (1950). 

L'ANNUNZIATA, M.F., Radiotracers in Agricultural Chemistry, Academic Press, New York 
(1979). 

ROGERS, A.W., Techniques of Autoradiography, American Elsevier Publishing Company, 
New York (1967). 

ROTH, L., STUMPF, O., Autoradiography of Diffusible Substances, Academic Press, New York 
(1969). 

EXERCISE 29. FATE OF RADIOLABELLED PESTICIDES IN WHITE RATS 

The purpose of this exercise is to demonstrate some techniques used to 
study the metabolism, retention and excretion of radiolabeled pesticides by 
small mammals. 

The widespread use of pesticides in the production of food and fibre carries 
with it the potential for involuntary exposure of man and domestic animals to 
harmful residues of such products. It is therefore essential to fully evaluate each 
pesticide destined for agricultural use and define possible hazards to non-target 
biological entities. One required component of an evaluation of a toxic pesticide 
is a metabolism study performed with at least one mammalian species. The white 
rat is commonly used for such studies and the strain used is preferably the same 
one used for chronic feeding and/or carcinogenicity studies. 

Different methods of administering pesticides may be used; however, the 
oral route (intubation) is convenient and is generally required for radioactive 
pesticides. Levels of radioactivity in blood, urine, faeces, tissues and expired air 
should be determined at different times post treatment. In addition, appropriate 
analyses of the urine and faeces should be made to determine the nature and extent 
of biotransformation of the pesticide. The experiment described here is relatively 
simple and will introduce some representative techniques used to obtain this 
information. 

MATERIALS AND EQUIPMENT 

(1) White rats, all of the same sex and similar in age and size 
(2) 14C-labelled pesticide, preferably one that is not highly toxic to white rats 
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(3) Metabolism cages; at least one all glass system (Bellacour, Hewlett, NY) 
equipped for the collection of expired air, and 2—10 cages equipped for 
the separation of urine and faeces 

(4) 2-ml glass syringe fitted with a flexible plastic stomach tube 
(5) Corn oil, methylene chloride, anhydrous Na2S04, HC1, Drierite®, Ascarite® 
(6) Liquid scintillation counter (LSC); Aquasol scintillation cocktail (New 

England Nuclear, Boston, MA) 
(7) TLC equipment 
(8) Darkroom, X-ray film, developing solutions 
(9) Combustion apparatus 

(10) Standard laboratory glassware 
(11) Surgical scissors 
(12) Airtight container large enough for use in anaesthetizing rats 
(13) Solution for trapping 14C02, such as Carbosorb II® (Packard Instruments, 

Co., Downer's Grove, IL), or ethanolamine 
(14) Analytical balance, weighing paper 
(15) Freeze-drying equipment 
(16) Vacuum pump or other source of vacuum 
(17) Rotary evaporator 

PROCEDURE 

The exercise will be conducted in two phases. A preliminary 24-hour test 
will be conducted with the all glass system to determine the general pattern of 
the elimination of administered pesticide by possible expiration of 14C02 and 
excretion in the urine and faeces. This initial work will also help establish the 
duration of subsequent tests, which should be conducted over a sufficient period 
of time to allow for a least 95% elimination of the applied dose. The latter test, 
which will be done with the simpler metabolism cages, will involve time-course 
studies of metabolism, excretion and retention of the administered pesticide. 

Exercise A 

(1) Assemble glass metabolism cage as illustrated in Fig.V-10 (apparatus shown 
is that used by Miskus et al. 1969; adapt as needed for available equipment), 
During operation of the cage, air is drawn through the system by suction at 
a rate of ca. 100 ml/min. The Drierite/Ascarite trap at the inlet dries the air 
and removes C02 . At the outlet Trap 1 chills expired air to remove excess 
moisture, Trap 2 contains 10 ml of ethylene glycol monomethyl ether to 
remove possible radioactive organic compounds, and Trap 3 contains 10 ml 
of the C02-absorbing solution. 
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FIG. V-l 0. Typical glass metabolism cage; this chamber was used to study the metabolism of 
[uC]acetylated Zectran by Miskus et al. (1969j. 

(2) Establish the dose (mg/kg) that will be used and weigh the rat. Mix 
14C-labelled pesticide in corn oil so that 0.5 ml of the solution will contain 
the desired dose to be administered. Radioassay this solution to determine 
the specific activity (counts/min /il) in the counting system used. 

(3) Fill the glass syringe/stomach tube apparatus with the pesticide solution, 
being careful to exclude air bubbles from the system. Anaesthetize the rat 
lightly with ether to facilitate handling and then administer an oral dose of 
exactly 0.5 ml of the solution directly into the stomach. Place the treated 
animal immediately into the holding chamber and begin operation of the 
system. 

(4) Replace the trapping solution in Trap 2 at 60-minute intervals and that in 
Trap 3 at 30-minute intervals through 8 hours post treatment and then 
collect these samples again and terminate the test at 24 hours post treatment. 
At the termination of the test, recover the contents of Trap 1 and dilute 
to 5 ml with water; remove the faeces and allow them to air dry; wash the 
urine collection system with a small volume of water which is then combined 
with the urine and diluted to 10 ml. Sacrifice and dispose of the treated rat. 
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(5) Radioassay the different samples by adding the following aliquots directly 
to 15 ml of scintillation fluid: 200 /xl of Trap 1 and urine samples, 1 ml of 
Trap 2 samples, and 5 ml of the Trap 3 samples. (These sample volumes 
are arbitrary and may be adjusted as needed.) 

(6) If necessary, correct for quenching by internal standardization. Pulverize 
the dried faeces and analyse triplicate subsamples by oxygen combustion. 

CALCULATION AND REPORTING OF RESULTS 

Based on the radioassay of the original solution used for treatments, calculate 
the percentage of the applied dose present in each sample; prepare a table showing 
each of these data and the total recovery of applied radiocarbon. If expired 
14C02 is insignificant (i.e. < 2% of the dose), the test need not be repeated; 
however if it is greater, 2 more replicates should be made. 

Exercise B 

The duration of the second phase of the exercise will be decided based on 
the foregoing results. If 95% of the dose was not eliminated in 24 hours, then 
sufficient animals should be treated to extend the test for 48—72 hours post 
treatment. As written, the following exercise assumes a 24-hour period is 
sufficient. 

(1) Select and weigh 5 rats. These animals should be uniform in size and all of 
the same sex. 

(2) Prepare 5 metabolism cages (if available) that are equipped for separation of 
urine and faeces. These should be equipped only with a water supply; 
animals will not be fed during the 24-hour study. 

(3) Prepare and'radioassay a sufficient amount of corn oil-[14C] pesticide 
solution to treat all the animals; allow some excess for treatment of additional 
animals if needed. Use the same dose rate as in the preceding exercise. If the 
animals are all of similar size, they all may be. treated with the same concen-
tration of pesticide. 

(4) Treat the animals as described above, preferably early in the day so there is 
sufficient time to process samples that will be collected during the first 
8 hours of the test. Note the time each is treated. All 5 animals should be 
treated within a 1-hour period. If all cannot be treated the same day, they 
may be divided into subgroups of two animals per sample time; however, 
all subgroups of animals must be treated at the same time of day so that 
activity patterns are similar. 

Place the animals individually in the metabolism cages immediately after 
treatment. 
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(5) At 1, 2, 4, 8 and 24 hours post treatment sacrifice two animals by vertebral 
fracture, and dissect them immediately to obtain tissue samples. Cut open 
the heart first and remove 3 samples (ca. 0.5 g) of blood. Remove triplicate 
samples of brain, liver, kidney, muscle and fat and place them on tared 
5 X 5 cm pieces of weighing paper. Weigh the samples immediately; the wet 
weight of fat samples should be no more than 50 mg each (to minimize 
excessive production of smoke during combustion), all others should be 
ca. 0.5 g. These samples must be held in a place where they will not be 
disturbed, preferably over a drying agent. Reweigh the dried samples, then 
fold the weighing paper around each sample in preparation for combustion. 
If losses of radioactive material through volatilization or enzymatic or 
microbial action during the drying period are considered important, the 
samples may be subjected to combustion without being dried. 

(6) Collect and radioassay urine samples as described and then store them in 
a freezer for further processing. Collect faecal samples and prepare them for 
combustion as described. 

(7) Combust and radioassay all blood, tissue and faecal samples. 
(8) Determine the nature and extent of the parent pesticide and its biotrans-

formation products in urine. Depending on the pesticide used, the urine 
probably can be analysed directly with TLC/autoradiographic techniques. 
However, such urinary products are commonly predominantly in the form 
of water-soluble conjugated materials. In this case, extract the urine with 
an immiscible solvent such as methylene chloride to remove any organo-
soluble radioactive products. Freeze dry the water-soluble fraction and then 
hydrolyse subsamples by dissolving them in IN HC1 and then heating them 
in sealed glass ampoules for 1 hour at 100°C. Extract the hydrolysed urine 
with the same immiscible organic solvent and radioassay both aqueous and 
organic fractions. Dry the organic fractions (those prepared before and 
after hydrolysis) with anhydrous Na2S04 and evaporate them to ca. 0.5 ml 
under vacuum with the rotary evaporator and gentle heat. 

(9) Analyse the organic fractions by TLC/autoradiography, basing tentative 
identification of products on the cochromatography of non-radioactive 
standards with radioactive compounds. Determine the relative concentra-
tions of radioactive areas on TLC plates by scraping them into vials and 
radioassaying with liquid scintillation counting. 

CALCULATION AND REPORTING OF RESULTS 

(1) Determine the percentage of the applied dose in samples of urine and faeces 
at different times post treatment. Prepare a table that compares these data, 
show the results for both animals at each sample time. 
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(2) Determine the ppm of 14C-labelled pesticide equivalents in each sample of 
the blood and different tissues at each time post treatment. Base these 
calculations on the fresh weights. Prepare a table comparing these values 
over the course of the exercise. Show the results for both animals at each 
time, with the means (± S.E.) of triplicate analyses. 

(3) Calculate the percentage of the applied dose represented by the radioactive 
products in urine samples. Prepare a table showing the distribution of 
radioactive materials (as % of the applied dose) at each time post treatment. 
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EXERCISE 30. FATE OF INSECTICIDES AFTER TOPICAL APPLICATIONS 
TO INSECTS 

The purpose of this exercise is to demonstrate some techniques used for 
in vivo studies of the absorption and metabolism of pesticides by insects. 

Information on the absorption and metabolism of pesticides by arthropod 
pests can be used to advantage in assessing the effects of the toxicants. Such data 
are especially useful in characterizing factors contributing to insecticide resistance 
or to differences in insecticide tolerance among species. 

This exercise is designed to compare the fate of 3 different classes of 
insecticides (organophosphate, carbamate, and chlorinated hydrocarbon) after 
application to house flies. The procedure used can be adapted for use with other 
pesticides and other arthropod species. 

The essentials of the exercise are (1) topical treatment of house flies, 
(2) removal and measurement of unabsorbed insecticide, (3) recovery and measure-
ment of radioactive materials that are absorbed and excreted, and (4) determina-
tion of the extent of biochemical transformation of absorbed insecticide. 

MATERIALS AND EQUIPMENT 

(1) 14C-ringlabelled samples of parathion, carbaryl and aldrin. Non-radiolabelled 
samples of the same compounds plus paraoxon, 4-nitrophenol, 1-naphthol 
and dieldrin 

(2) Adult houseflies, 3 — 5 days old and preferably all of one sex 
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(3) Controlled-delivery microapplicator fitted with a 0.25-ml tuberculin glass 
syringe with a 27-gauge hypodermic needle (blunt tip bent at 45—90° angle) 

(4) Cylinder of C02 connected by a regulator and rubber tubing to a Buchner 
funnel (12.5 cm diameter) mounted on a ring stand (This apparatus is used 
to anaesthetize flies just before treatment.) 

(5) Pesticide grade organic solvents: acetone, methylene chloride, hexane, 
ethyl acetate, diethyl ether, petroleum ether, toluene; anhydrous Na2S04 

(6) Rotary evaporator with water bath 
(7) Homogenizer, motor-driven Teflon pestle and glass-grinding tube arrange-

ment (i.e. TRI-R Instruments, Jamaica, NY) 
(8) Centrifuge 
(9) Thin-layer chromatography plates coated with silica gel (0.25 mm thick, 

precoated or manually prepared); TLC chambers (plates used for samples 
containing carbaryl or parathion are to include fluorescent indicator) 

(10) 8 cm2 pieces of aluminium screen moulded to serve as closures for holding 
flasks 

(11) Conventional laboratory glassware, water aspirator pump 
(12) Autoradiography equipment: X-ray film, exposure holders, dark room, 

film processing materials 
(13) Tissue solubilizer (i.e. Soluene®-100, Packard Instrument, Co., Downers 

Grove, IL) 
(14) Liquid scintillation counter (LSC), Aquasol scintillation fluid (New England 

Nuclear, Boston, MA) 
(15) Ultra-violet light chromatogram viewer 

PROCEDURE 

(1) From toxicity data for each insecticide against the house flies determine the 
maximum concentration that would not be expected to kill the flies during 
a 24-hour post-treatment period. Prepare acetone solutions of the appropriate 
14C-labelled insecticides so that 1 n\ of acetone will contain this predetermined 
sublethal concentration. Radioassay each solution to determine the specific 
activity in the counting system used. 

(2) Calibrate the microapplicator to deliver 1 fi\ of acetone solution. This can be 
done by radioassaying droplets of a [14C] pesticide solution of known 
concentration and specific activity. (Droplets should be measured and 
expressed not more than a very few seconds before touching off. Express 
a few drops and discard if the acetone solution has been standing in the 
syringe more than a few minutes. The acetone tends to evaporate at the 
needle tip causing concentration of the pesticide and loss of volume in the 
tube; this will result in erratic dosing.) 
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(3) Load the microapplicator with insecticide solution. Anaesthetize a small 
group of flies lightly with C02 to facilitate handling. (Caution: treat a few 
insects at a time because prolonged exposure to C02 can kill the insects.) 
Handle the flies by grasping a leg with fine-tipped forceps. Apply 1 nl of 
solution to the dorsal thoracic surface of each fly, blow gently on the treated 
area to speed evaporation of the solvent, and then place the treated fly in a 
clean 125-ml Erlenmeyer flask. (Tilt flask at a 45° angle so treated insects 
can be placed gently inside the flask to minimize accidental contact loss of 
insecticide.) Confine 5 treated flies in each flask and then close the flask 
with a piece of aluminium screen. Treat 10 groups of flies with each pesticide. 
For the "0-hour" treatment, first add 10 ml of acetone to each flask and then 
drop the treated flies into the solvent as they are treated. (Process the 
0-hour samples as described below.) 

(4) At exactly 2, 4, 8 and 24 hours post treatment anaesthetize and transfer 
2 groups of flies to 2 clean flasks each containing 10 ml of acetone. Swirl" 
and agitate the flask contents briskly for ca. 1 minute and then decant the 
rinse into a 25-ml volumetric flask. Repeat the rinse 3 more times, using 
5-ml portions of acetone for each rinse. Combine the rinses, adjust the final 
volume to 25 ml, and radioassay by LSC (EXTERNAL RINSE). 

(5) Homogenize each group of rinsed flies with ca. 5 ml of water. While still 
homogenizing, add ca. 10 ml of acetone to the tube. Decant homogenate into 
a centrifuge tube and then rinse the pestle and grinding tube with several 
small volumes of acetone which are combined with the homogenate. Chill 
the centrifuge tubes in a freezer to facilitate precipitation of solids and then 
centrifuge. Reextract tissue solids twice with 10-ml portions of acetone, 
following the same procedure for centrifugation. Combine the extracts and 
radioassay by LSC (INTERNAL EXTRACT). 

(6) Add 5 ml of water to the original holding flasks, and then dislodge and 
dissolve the excreta by using a rubber policeman. Decant, and then rinse 
the flask thoroughly with several small volumes of acetone. Combine rinses, 
adjust the volume, and radioassay (EXCRETA). (Note that this sample may 
also contain unabsorbed radioactivity that is mechanically removed from the 
insect.) 

(7) Dry the extracted tissue, digest in Soluene, and then radioassay 
(UNEXTRACTABLE RESIDUE). 

(8) Remove the acetone from Internal Extract and Excreta samples by using the 
rotary evaporator with gentle heat and vacuum. Adjust the aqueous fraction 
remaining to 10 ml with water and transfer to a separatory funnel. Partition 
twice with 20*ml portions of methylene chloride. Adjust to a known volume 
and then radioassay the aqueous and organic fractions. 

(9) Dry the different methylene chloride fractions with anhydrous Na2S04. 
Concentrate to a volume convenient for use in spotting TLC plates. Prepare 
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separate TLC plates with radioactive samples and available standards for each 
compound used to treat the flies and develop in an appropriate solvent 
system: i.e. aldrin-hexane and diethyl ether (9:1 vol.%), carbaryl-benzene 
and acetone (4:1 vol.%), parathion-petroleum ether, diethyl ether, and 
acetic acid (80.15:5 vol.%). 

(10) Expose developed plate to X-ray film. Develop film, and then locate the 
cochromatographed standards by colorimetric methods: use the UV viewer 
to locate fluorescing spots of parathion and 4-nitrophenol, and carbaryl and 
1-naphthol. Spray plates of aldrin with a chromogenic reagent (prepare by 
dissolving 0.1 g AgN03 in 1 ml H2); then add 10 ml 2-phenoxyethanol, 
mix, dilute to 200 ml with acetone and add 1 drop 30% H 2 0 2 ) and expose 
sprayed plates to UV light. 

If a sample has more than one radioactive material resolved by TLC, scrape 
the spots (unsprayed plates only) into scintillation vials and radioassay by LSC. 

CALCULATION AND REPORTING OF RESULTS 

Calculate the percentage of the applied dose of each compound in each of 
the extracts and in the extracted tissues. Prepare a table that compares the 
absorption, metabolism, excretion and tissue-binding of each compound over 
the duration of the experiment; these data are to be expressed as per cent of 
the applied dose. 

BIBLIOGRAPHY 

BULL, D.L., J. Agric. Food Chem. 27 (1979) 268-72. 

BULL, D.L., J. Econ. Entomol. 73 (1980) 262-4. 

EXERCISE 31. PHOTOALTERATION OF A PESTICIDE 

The objective of this exercise is to demonstrate the effect of sunlight on a 
pesticide, and the use of a photosensitizer to accelerate photoalteration. 

Sunlight plays an important role in the decomposition of many pesticides 
after they are introduced into the environment. Because of their higher quantum 
energy and stronger absorption, the short wavelength components of sunlight 
[particularly those in the ultra-violet (UV) range] are primarily responsible for 
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pesticide photoconversion and breakdown. Wavelengths above 450 nm generally 
have little effect on pesticides. 

Although photoconversion usually reduces or destroys the biological activity 
of a pesticide, this is not always the case. For example, the photoisomers of 
dieldrin, aldrin and heptachlor are at least as toxic as the respective parent com-
pounds. Thus, it is important to consider the extent and consequences of 
photoeffects in evaluating the toxicity and significance of environnental residues 
of pesticide chemicals. 

The susceptibility of pesticides to photoalteration can be enhanced when 
they are sensitized by certain compounds of high triplet-energy state, and also by 
certain commonly used pesticides such as rotenone (Ivie and Casida 1970, 1971). 
Thus, it is conceivable that the persistence of a normally long-lived pesticide could 
be diminished by coadministration with a photosensitizing pesticide. The present 
exercise will demonstrate the photoalteration of [14C] dieldrin and the 
acceleration of that phenomenon through the use of rotenone as a photosensitizer. 
[In the presence of ultra-violet light dieldrin undergoes a cyclization reaction ~ 
(Fig.V-1 l)"that involves new bond formation (<-+), resulting in saturation of the 
original double bound accompanied by hydrogen migration ( -*•) 
(Robinson et al., 1966).] 

FIG.V-ll. Photoalteration of dieldrin. (Illustration is adapted from Ivie and Casida, 1971.) 

MATERIALS AND EQUIPMENT 

(1) 14C-labelled dieldrin, technical-grade rotenone 
(2) Precoated 20 X 20 cm thin-layer Eastman chromagrams (polyethylene backed, 

silica gel without fluorescent indicator, 0.1 mm gel thickness) 
(3) TLC development tanks 
(4) Pesticide grade organic solvents: hexane, ethyl acetate, methanol 
(5) X-ray film and exposure holders 
(6) Dark room and film-processing chemicals and equipment 
(7) 2-fil disposable micropipettes 
(8) Liquid scintillation counter (LSC) and chemicals 

CI 

CI 

P h o t o d i e l d r i n 
f o r m a t i o n 
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PROCEDURE 

(1) Prepare a solution of [14C] dieldrin in methanol (1 mg/ml). 
(2) Prepare different solutions of rotenone in methanol (graded series of 1, 2, 3, 

4 and 5 mg/ml). 
(3) Prepare 2 thin-layer chromagrams as follows: 

(a) Draw a line across each sheet with a pencil, ca. 2 cm from the edge. 
Mark 6 points, equally spaced along this line. 

(b) Apply 2 jul of the 5 different solutions of rotenone to 5 of the points. 
When these are dry, apply 2 jd of the [14C] dieldrin solution to each of 
the 6 points; 5 of these will be placed directly on areas previously 
spotted. 

(4) Hold one chromagram in darkness until ready for solvent development. 
Expose the other to direct sunlight for 1 - 2 hours. 

(5) When exposure is complete, develop the 2 chromagrams in a TLC tank with 
a mixture of hexane and ethyl acetate, 4:1 vol.%. Allow the solvent front 
to migrate ca. 15 cm from the origin, then remove and dry the chromagrams 
and expose them to X-ray film. 

(6) Locate and mark the radioactive areas on the chromagrams, and then scrape 
each into individual vials and radioassay by LSC. 

CALCULATION AND REPORTING OF RESULTS 

Calculate the per cent of the total radioactivity of each sample that is 
represented by dieldrin and photodieldrin (and any other products formed). 
Prepare a table that compares the extent of the photoalteration of dieldrin in the 
presence of the different amounts of rotenone. 

BIBLIOGRAPHY 

IVIE, G.W., CASIDA, I.E., Science 167 (1970) 1620-22. 

IVIE, G.W., CASIDA, I.E., I. Agric. Food Chem. 19 (1971) 4 0 5 - 9 . 

IVIE, G.W., CASIDA, J.E., J. Agric. Food Chem. 19 (1971) 410-16 . 

ROBINSON, I., RICARDSON, A., BUSH, B., ELGAR, K.E., Bull. Environ. Contam. Toxicol. 1 
(1966) 127-32. 
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EXERCISE 32. VOLATILIZATION AND BINDING OF PESTICIDES IN SOIL 

The purpose of this exercise is to demonstrate some methods used to 
characterize the fate of pesticides in soil. These procedures will involve trapping 
of volatile products, extraction of treated soil, and determination of unextractable 
residues. 

Pesticides may be introduced into the soil profile either directly or indirectly 
as a result of their use in controlling such crop pests as phytophagous insects and 
mites, weeds, fungi and nematodes. Ideally, such products will serve their intended 
function and then dissipate in such a way and to the extent that their residues will 
not cause any immediate or long-term problems. Pesticides in soil may dissipate 
as a result of such factors as: (1) volatilization of the parent material or products 
of its degradation, (2) degradation by microorganisms, or by physical and chemical 
mechanisms within the soil, (3) photodecomposition, and (4) leaching. Thus, one 
of the requirements essential to the safe arid effective use of pesticides in the 
production of agricultural products is a fairly complete knowledge of their fate 
when incorporated in soil. 

This exercise will be done with a dinitroaniline herbicide (or other volatile 
pesticide as available). Herbicides of this type are widely used to control a variety 
of grasses and broadleaf weeds. Because they are somewhat volatile, dinitroaniline 
compounds are incorporated directly into the soil where they are then dissipated 
by metabolism and to a lesser extent by volatilization. In this exercise volatiles 
from treated soil will be drawn through a polyurethane foam filter to trap organic 
molecules anci then through an alkaline solution to trap 14C02 (method of Kearney 
and Kontson 1976). The soil will ultimately be extracted to recover residual 
solvent-soluble materials for TLC analysis (Wheeler et al. 1979), and then combusted 
to determine bound residues of radiocarbon (Bull et al. 1970). 

M A T E R I A L S A N D EQUIPMENT 

(1) Fresh soil (silt loam), sieved to 2 mm 
(2) 14C-labelled dinitroaniline herbicide (i.e. trifluralin, butralin, etc.) 
(3) Polyurethane foam plug, 4.5 cm thick X 4.5 cm o.d. (made with polyester-

urethane, Gray type, 216 ft3 density, ester base, open cell; William T. 
Burnette Co., Baltimore, MD) 

(4) 2.7-litre Fernbach flask 
(5) 125-ml gas washing bottle, with coarse dispersion tube 
(6) 2 sunlamps (20 W; i.e. Westinghouse Model FS20) 
(7) Drying tube 
(8) Ascarite®, Drierite®, KOH, HC1 
(9) Pesticide grade organic solvents: acetone, benzene, hexane, methanol, 

ethyl acetate 
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(10) Buchner 60-ml (40 M) sintered-glass filter funnel, with 2-hole No. 13 rubber 
stopper 

(11) Soxhlet extraction apparatus 
(12) TLC plates precoated with silica gel 60/F-254, TLC developing tanks 
(13) X-ray film (Kodak No-Screen) and exposure holders 
(14) Dark room with chemicals and equipment for developing X-ray film 
(15) Combustion equipment (Lindberg tube furnace, oxygen supply, combustion 

boats, fritted-glass gas dispersion tube, Carbosorb II®) 
(16) Liquid scintillation counter (LSC) and chemicals 
(17) Rotary evaporator, vacuum source 
(18) Wrist-action shaker 
(19) Centrifuge, with heavy-duty 40-ml centrifuge tubes 
(20) UV light viewer for the TLC plates 

PROCEDURE 

(1) Prepare a solution of 14C-labelled herbicide in acetone with a concentration 
of 1 mg/ml. Radioassay to determine specific activity (counts/min-jug) in 
the counting system used. 

(2) Assemble 2 trapping systems as illustrated in Fig. V-12 (Kearney and Kontson 
1976). (Shield the funnel with the foam plug with aluminium foil to prevent 
deterioration of the foam by UV light.) 

FIG. V-12. Apparatus for monitoring the loss of COi and organic volatiles during degradation 
of xenobiotic compounds in soils. A.2.7-1 Fernbach flask, B. 500 g soil, C. 60-ml Buchner 
funnel with sintered glass frit, D. polyurethane foam plug, 4.5 X 4.5 cm, E. #13 rubber stopper, 
F. drying tube with Ascarite, G. 125-ml gas washing bottle. 
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(3) Mix 450 g of air-dried soil with 4.5 mg 14C-labelled herbicide (10 ppm). 
Allow the solvent to evaporate and mix well. Collect 3 samples (10 g each) 
for "0-day" analysis, and store them in a freezer until ready for extraction. 
Transfer 200 g of treated soil to each Fernbach flask in the 2 trapping systems 
and then add sufficient water to adjust the soil-water tension to 0.3 bar. 

(4) Close each trapping system and connect it to the vacuum (flow rate ca. 
25—30 ml/min). Shield one of the Fernbach flasks with aluminium foil 
and place the other so it has maximum exposure to the sunlamp. 

(5) Periodically (1—4 day intervals) for 4 weeks, replace the foam plugs and 
0.1M KOH solutions. Determine the radioactivity (1 4C02 ) in the alkaline 
solution by direct LSC radioassay. Extract the foam plugs for 6.hours in a 
Soxhlet apparatus with a mixture of hexane and acetone (1:1 vol.%). 
Reduce the volume of this extract by using a rotary evaporator with gentle 
heat and vacuum, and then dilute to a specific volume (5 — 10 ml) and 
radioassay. 

(6) After 4 weeks (test duration is optional but should be at least 2 weeks), 
transfer duplicate 10 g samples of soil from each Fernbach flask to 125-ml 
flasks fitted with ground-glass stoppers. Extract these and "0-day" samples 
3 times with 15-ml portions of a mixture of benzene and ethyl acetate 
(3:1 vol.%) by agitating samples vigorously for 10—15 minutes on the wrist-
action shaker. (Decant and combine respective extracts.) Extract 3 more 
times with 15-ml portions of methanol. Centrifuge the last sample to 
separate soil and solvent as much as possible. Combine the extracts, adjust 
to a known volume, and radioassay (concentrate if needed). Air-dry 
extracted soil as well as samples of the unextracted soil and hold for 
combustion analysis. 

(7) Concentrate the different solvent extracts under vacuum to ca. 0.5 ml (do not 
allow sample to evaporate completely). Spot radioactive samples with 
available standards on TLC plates and develop with hexane-methanol 
(97:3 vol.%). (This solvent system is for trifluralin; change as needed for 
other compounds that may be used.) Expose developed plates to X-ray film. 
Develop exposed films; locate non-radioactive standards on plates with the 
UV viewer and mark the spots with a pencil. Compare X-ray films with 
marked plates to determine if radioactive areas coincide with any standards. 
If more than one radioactive compound is detected in a sample, scrape and 
radioassay each by LSC. 

(8) Combust samples of soil (0.5-1 g) by holding them for 10 minutes at 
1000°C in an oxygen atmosphere in the tube furnace. Trap the 14C02 

produced by bubbling the combustion gases through 20 ml of a 3:1 mixture 
of scintillation cocktail and Carbosorb®. Radioassay the trapping solution 
directly by LSC (use all 20 ml). 
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CALCULATION AND REPORTING OF RESULTS 

Calculate the percentage of the applied dose trapped at each sample period 
in the foam plug and in the alkaline solution. Calculate the percentage of the 
dose remaining in the soil after 4 weeks. Calculate the percentage of the dose 
extracted and unextractable (bound residue) at 0 and 4 weeks post treatment. 
Calculate the percentage of the dose represented by the parent material and 
degradation products in each of the solvent extracts analysed by TLC. Report 
all the data in a table that compares the results obtained with samples exposed 
or protected from UV light. 

BIBLIOGRAPHY 
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EXERCISE 33. MOVEMENT OF PESTICIDES IN SOIL 

The objective of this exercise is to demonstrate a convenient method for 
characterizing the mobility (leaching) of pesticides in soils. 

The transport, or leaching, of pesticides into the soil profile is often desirable 
when the distance involved is short. For example, this movement of pesticides 
may protect them from runoff losses and may bring the materials into the root 
zone. Excessive leaching represents not only waste, but also poses pollution 
problems in groundwater and artificial subsurface drainage. Loss of nitrate 
nitrogen by such routes has long been recognized, but deep leaching of pesticides 
is less common. However, the high local concentration of chemicals found at 
industrial waste disposal sites is now leading to instances of contamination 
of the surrounding groundwater. 
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Measurement of leaching potential is a requirement for registering pesticides 
for use in many countries. Although adsorption characteristics correlate well with 
leaching, the most common assessment is made by laboratory testing, supplemented 
by field residue data. The two main approaches in the laboratory are by the use 
of soil columns and soil thin-layer chromatography (soil TLC). Soil columns 
include everything from large 'intact' natural soil cores to small, thoroughly mixed 
columns of artificial soil mixtures. Soil TLC is a relatively new technique, basically 
analogous to conventional TLC. Each method has its advantages and disadvantages; 
soil TLC is described here because it is a convenient procedure when radiolabeled 
pesticides are available. The experiment is best conducted by comparing the 
mobilities of several pesticides on different types of soil. 

MATERIALS AND EQUIPMENT 

(1) 14C-labelled pesticides with different levels of water solubility 
(2) Representative agricultural soils, preferably with distinct differences in 

properties 
(3) Equipment for pulverizing (if needed) and sieving soil 
(4) TLC equipment including 20 X 20 cm glass plates, variable thickness spreader, 

aligning tray, micropipettes (1—50 /Ltl), template, and developing chamber 
(5) No-screen medical X-ray film, X-ray exposure holders, darkroom and 

solutions for processing exposed X-ray fijm 
(6) Standard laboratory glassware; 2-jnl disposable micropipettes 

PROCEDURE 

(1) Ideally, 3 to 5 soils should be compared to show the effect of variation 
in texture, organic matter content, or pH on mobility. For example, these 
soil types could include sand, loamy sand, silt loam, silty clay and clay. 
Dry-sieve sand and loamy sands to pass 500 /im; finer-textured soils are 
sieved to 250 /um. If crushing is used during this soil preparation step, 
it should not create more fine particles than were originally present. 

(2) Add water to sieved soil with stirring until smooth, moderately fluid slurry 
is attained. 

(3) Promptly (to prevent particle size segregation) add this slurry to the TLC 
spreader and apply to clean glass plates. Soil layer thickness should be 
500—750 /im for soils sieved at 250 pm, and 750—1000 jum for soils sieved 
at 500 Mm. If a commercial TLC spreader is unavailable, the soil application 
step can be achieved by attaching strips of tape (ca. 1 cm wide) along the 
plate edges (lengthwise). Soil is poured onto the plate and smoothed with 
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a glass rod rolled on the tape. Soil layer thickness is determined by the 
number of layers of tape used. 

(4) After plates have dried slightly, tap the edges of each to smooth the surface. 
Clean the edges carefully. Allow plates to air-dry without further disturbance. 

(5) Scribe a horizontal line 11.5 cm above the base. The water front will stop at 
this point during development. 

(6) Prepare acetone solutions of each 14C-labelled pesticide at a concentration 
of 1 mg/ml. Using the template as a guide, apply 2 /il of each pesticide 
solution as a compact spot 1.5 cm above and spaced evenly along the plate 
base. Thus, during leaching, the water will move 10 cm beyond this point. 

(7) Immerse the plate base in ca. 0.5 cm water in a closed chromatographic 
chamber. Remove when the water front reaches the scribed line. Conduct 
this leaching step in darkness if any chemical is photosensitive. 

(8) Air-dry the leached soil plates. If highly volatile chemicals are used, the wet 
plate should be frozen instead of dried. 

(9) Use autoradiography to visualize chemical movement on the plate. Place 
the X-ray film directly in contact with the soil and expose in an exposure 
holder for a suitable period. Samples of ca. 0.01 juCi (0.37 kBq) normally 
require <1 week exposure time. (Alternative methods are chromatographic 
scanning, scraping measured sections of the plate and counting their radio-
activity, bioassays and chromogenic reagents.) 

CALCULATIONS AND REPORTING OF RESULTS 

For each soil measure the frontal Rf (± standard deviation) of a spot streak. 
Thus, if the leading edge of a compound moves to 4.7 cm, its Rf is 0.47. The Rf 

of relatively immobile compounds should be corrected for initial spot radius. 
Prepare a table comparing the Rf values of the different pesticides in the soils 
used. A photograph or diagram should also be shown, since this indicates the 
pattern of movement (e.g. the relative extent of diffusion can be assessed). 

BIBLIOGRAPHY 

HELLING, C.S., TURNER, B.C., Science 162(1968) 562-63. 

HELLING, C.S., Soil Science Soc. Amer. Proc. 35 (1971) 732-37. 

HELLING, C.S., Soil Science Soc. Amer. Proc. 35 (1971) 737-43. 

HELLING, C.S., Soil Science Soc. Amer. Proc. 35 (1971) 743-48. 



APPLICATION METHODS AND FATE OF PESTICIDES 2 1 5 

EXERCISE 34. FATE OF PESTICIDES APPLIED TO SOIL 

The objective of this exercise is to demonstrate some techniques used to 
study pesticide degradation in soil. 

Agricultural lands receive many chemicals designed to increase crop production. 
These lands are also being used increasingly as 'sinks' for urban and industrial 
wastes in an effort to alleviate widespread aquatic pollution problems. Whether 
a xenobiotic chemical, such as a pesticide, becomes an environmental problem 
depends to a significant degree on what happens to the molecule in the soil. 
Persistence in soil is a function of many factors; one of the most important of 
these is how readily the xenobiotic chemical is degraded by soil microorganisms. 

In recognition of this factor, the study of degradation in soils is a requirement 
for national registration of pesticides, prior to their sale and use. In the United 
States of America similar emphasis is now being placed on important industrial 
chemicals. 

The following experiment can be used to study degradation of organic 
chemicals in the soil. There are numerous modifications in technique which are 
apparent on consulting the current literature. Since it is a laboratory procedure, 
the effect of leaching, photodegradation, temperature and moisture fluctuations 
and plant influence will not be seen. The use of [carboxy-14C]2, 4-D herbicide 
is suggested here because (a) it is widely used, (b) its behaviour in soil is well known, 
(c) is degrades biologically fairly rapidly, (d) the label in the carboxy position 
ensures that substantial 14C02 will be evolved, and (e) the labelled product is 
commercially available at comparatively low cost. 

M A T E R I A L S A N D EQUIPMENT 

(1) Pure sample of [14C]2, 4-D (preferably labelled in the carboxyl or methylene 
carbon position) 

(2) Fresh field soils (preferably of loam or sandy loam texture, but others may 
be used) 

(3) KOH, BaCl2, Ascarite®, H2S04, anhydrous Na2S04 

(4) Wrist-action shaker 
(5) 10-ml glass tuberculin syringe 
(6) Pesticide grade solvents', toluene, diethyl ether, ethanol 
(7) Biometer flasks; standard laboratory glassware 
(8) Glass TLC plates (20 X 20 cm), developing tanks 
(9) Wet or dry combustion apparatus and trapping solvent 

(10) Liquid scintillation counter (LSC), Aquasol® scintillation fluid (New England 
Nuclear, Boston, MA) 

(11) Darkroom, X-ray film, exposure holders, film processing chemicals 
(12) Rotary evaporator and vacuum source 
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FIG. V-l3. Biometer flask: A. rubber stopper, B. 15-gauge needle 15 cm long, C. side tube, 
D. 10-ml 0.1M KOH, E. polyethylene tubing, F. drying tube with Ascarite, G. stopcock, 
H. 250-ml Erlenmeyer flask, I. 50 g soil. 

PROCEDURE 

(1) Select about 1 kg of a representative field soil; a loam or sandy loam is 
preferred because aeration is likely to be better than in a fine-textured soil 
such as clay. Air-dry the soil in the laboratory, sieve to pass a 40-mesh 
screen, and then mix thoroughly to ensure uniformity. 

(2) Assemble standard biometer flasks to test for 14C02 evolution from pesticide-
treated samples. [The construction of these flasks and their use were first 
described by Bartha and Pramer (1965), and they may be obtained com-
mercially from Bellco Glass Co., Vineland, NJ, USA.] A biometer flask is 
basically a 250-ml Erlenmeyer flask fused to a 50-ml side-tube (Fig. V-l3). 
Evolved C02 is trapped in an alkaline solution contained in the sidearm. 
[The C02-absorbent Ascarite prevents introduction of atmospheric C02 

during sampling, and thus the incubated soil can be monitored for prolonged 
periods.] When volatile organic products, including the parent chemical, 
are important, it may be advantageous to use a system such as the one 
devised by Kearney and Kontson (1976) that was described in Exercise 32. 
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(3) Moisten 1 kg of soil to 75% of the field moisture capacity (FMC). (FMC 
is more properly termed '1/3-bar moisture content' and is best measured by 
using a pressure plate apparatus. See a soil analysis reference text for 
special details of this and other soil characteristics, such as organic matter 
and clay content, which should always be reported. An approximation of 
FMC.is the amount of water held by a soil column after allowing free 
drainage for 24 hours after saturation.) 

(4) Transfer 50-g portions of moist soil to each of eight biometer flasks. Assemble 
and then autoclave the flasks 1 hour each day for 3 consecutive days: This 
set will constitute the 'sterilized soils'. 

(5) Prepare a standard solution of [14C]2, 4-D in benzene at a concentration of 
1 mg/ml. Radioassay to determine the specific activity (counts/min-Mg) in 
the counting system used. 

(6) Prepare 2—3 litres of 0.1 M KOH stock solution, and store it in a container 
fitted with an Ascarite filter to maintain the solution C02-free. Prepare 
and maintain a similar quantity of C02-free water. Use this water to prepare 
a saturated solution of BaCl2. 

(7) Transfer 50-g portions of moist non-autoclaved soil to each of eight biometer 
flasks. This set constitutes the 'non-sterile soils'. 

(8) To six flasks each from both sterile and non-sterile sets ('treated soils') add 
exactly 0.5 ml of [14C]2, 4-D solution (10 ppm). Treat the sterile soils first, 
using aseptic techniques to the extent possible. Attempt to cover as much 
of the soil as possible during herbicide addition. Shake the flasks to mix 
the soil. 

(9) Treat the remaining flasks with 0.5 ml benzene and shake. These are the 
'control soils'. 

(10) Flush all flasks with moist air (filtered through cotton plugs for the sterile 
set) for at least 30 minutes in order to remove as much of the solvent as 
possible. Again, shake the soil to improve distribution. 

(11) Add 10 ml of 0.1M KOH to the sidearm of each biometer flask. This is 
done by replacing the rubber stopper (see Fig. V-l3) with a calibrated syringe 
containing the KOH solution. During injection the drying tube stopper is 
removed and the stopcock is opened. After injection through the flask's 
needle the system is again sealed. 

(12) Incubate the flasks at a constant temperature (e.g. 25°C) in darkness. 
(13) Sample the C02 traps every 2 - 3 days. This is done by withdrawing 10 ml 

of the solution from the sidearm, again after opening the stopcock and 
removing the stoppers. Add this solution to a 50-ml Erlenmeyer flask. 
Rinse the sidearm with 10 ml of 0.1M KOH and then recharge the biometer 
flask with KOH as before. Add the 10-ml rinse to the 10 ml of alkaline 
solution first withdrawn. 
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(14) Remove duplicate 1-ml subsamples (from the combined 10-ml absorption 
and 10-ml rinse solutions) for addition to 15 ml of a scintillation cocktail 
(Aquasol) that will accommodate relatively large volumes of aqueous sample. 
Count by liquid scintillation, using appropriate precautions to minimize 
quenching and to correct for that which occurs. Use control samples for 
background correction. Results can be expressed as per cent of the dose, 
per time interval and cumulatively, that has been converted to 14C02. 

(15) Trapped 14C02 (Na214C03) can be verified (Mansager et al. 1979) by 
precipitation as Ba14C03. This is done by treating 10-ml aliquots of the 
trapping solution with saturated BaCl2. Centrifuge the precipitate, resuspend 
the solids in 70% ethanol-water, and reprecipitate. Dry and then radioassay 
the Ba14C03; compare these results with those obtained by direct radioassay 
of the trapping solution. 

(16) After 1 week collect two treated flasks each from the sterile and non-sterile 
set. Remove the KOH solution for 14C02 analysis as described, and then 
remove the soil for determination of parent 2,4-D, metabolites, and non-
extractable 14C. 

(17) Transfer each soil sample to a glass stopped 1-litre flask. Rinse the biometer 
flask with three 5-ml portions of water and add these to the soil. Add 15 ml 
of 95% ethanol and 12.5 ml of 18N H2S04 to the soil and mix well with 
hand stirring. Dry the soil under vacuum with the rotary evaporator. Add 
250 ml of diethyl ether to the soil and shake for 3 hours on the wrist-action 
shaker. Filter the soil-ether mixture on a Buchner funnel; wash the soil 
with several small volumes of ether. Radioassay the extract. Dry the 
extracted soil thoroughly, making certain that all the ether is removed. 
Analyse for unextracted radiocarbon by oxygen combustion techniques. 

(18) Dry the ether extracts with anhydrous Na2S04 and then evaporate to a 
convenient volume on the rotary evaporator. Analyse by TLC using a solvent 
mixture of chloroform and methanol (1:1 vol.%). Spot some samples of 
[14C]2,4-D alongside the extracts on the plate for use in identifying the 
parent compound. Expose the developed plates to X-ray film to locate 
[14C]2,4-D and its radioactive metabolites. Scrape the radioactive spots 
separately into scintillation vials and radioassay. 

(19) Sample and analyse soil in the remaining flasks at 2 and 3 weeks. At 3 weeks 
soil in the control flasks can also be extracted and subjected to combustion 
analysis. 

CALCULATIONS AND REPORTING OF RESULTS 

Calculate the percentage of the applied dose of [14C]2,4-D converted to 
14C02 at each sampling time. Calculate the percentage of the applied dose in soil 
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extract represented by the parent compound and by its degradation products. 
Calculate the percentage of the applied dose remaining in extracted soil. Construct 
a table that compares these data on an accumulative basis for sterile and non-sterile 
soils. Results should show a progressive evolution of 14C02 (directly indicating 
the degradation of 2,4-D) over time, and a corresponding loss of the parent 2,4-D. 

Typically, there will be a lag phase during which little 14C02 is collected, 
followed by a steady rapid loss. In the laboratory this lag phase can be reduced 
by prior treatment of the soil with 2,4-D. Does sterilization of soil retard 2,4-D 
degradation? Do radiobalance data indicate that the major portion of the applied 
radiocarbon was accounted for by the analytical methods used? 
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EXERCISE 35. PREPARATION AND EVALUATION OF CONTROLLED 
RELEASE FORMULATIONS OF PESTICIDES 

The objective of this exercise is to prepare some simple formulations of 
32P-labelled dimethoate and to demonstrate differences in the rates at which the 
compound is released from conventional and controlled release preparations. 

A controlled release formulation is prepared by combining a biologically 
active agent in different ways with an excipient, usually a polymer, that regulates 
the delivery of the agent to the target. Compared with conventional formulations 
and application technology, controlled release formulations offer certain advantages: 
(1) they facilitate a more precise delivery of the active agent to the appropriate 
target site, (2) they preserve biological activity at an effective level during critical 
periods by controlling the release of the agent and/or protect it from premature 
decomposition, and (3) they allow much less of the biological agent to be used 
effectively for the same period of activity. 

In this exercise 32P-labelled dimethoate will be incorporated into cellulose 
acetate and starch-xanthate granular formulations. A conventional fast release 
formulation will be made by impregnating the compound on corn cob granules. 
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The initial amount of radioactive pesticide in each formulation will be determined, 
and then the rates at which formulation releases the pesticide will be evaluated with 
water-immersion tests and by measuring uptake by potted plants from granule-
treated soil. 

MATERIALS AND EQUIPMENT 

(1) 32P-labelled and unlabelled dimethoate 
(2) Cellulose acetate (acetyl 39.8%, ASTM Vise. 3), triphenyl phosphate, corn 

cob grits (granular formulation grade), corn starch, NaOH, 30% H 2 0 2 , 
carbon disulphide, acetone, distilled water, concentrated HN03 , and 
CH3COOH 

(3) Waring blenders (0.5 and 1-litre capacity) and blender base; stirrer (paddle-
type with stainless steel blades); analytical and pan balances; hot plate; 
water aspirator; centrifuge; Wiley mill; oven 

(4) Conventional laboratory glassware 
(5) Liquid scintillation counter (LSC) and Aquasol® scintillation fluid 

(New England Nuclear, Boston, MA) 
(6) Cotton, soybean, or bean plants (or others) grown in pots in a greenhouse; 

preferably of a size with 4—6 true leaves 

A. PREPARATION OF FORMULATIONS 

PROCEDURE 

(1) Radioassay the [32P]dimethoate to establish the specific activity in the 
counting system to be used. 

(2) Cellulose acetate granules: Dissolve 11.25 g of cellulose acetate, 2.25 g of 
triphenyl phosphate, 1.48 g of unlabelled dimethoate. and 20 mg of 
[32P]dimethoate in refluxing acetone. Mix the hot solution thoroughly and 
pour it into a large flat-bottomed Petri dish (dish must be level to ensure 
final layer of uniform thickness). After the solvent evaporates, cut the thin. 
film of clear plastic that remains into small pieces (ca. 25 mm2). Mix the 
granules and weigh 4 subsamples (250 mg each) into individual 10-ml 
volumetric flasks. Add ca. 8 ml of acetone to each flask, stopper and allow 
to stand 24 hours (this should dissolve the plastic; if not, soak another 
24 hours). Adjust each flask to the mark with acetone, mix contents well, 
and radioassay. Correct for possible quenching by use of internal standard. 

(3) Starch-xanthate granules: Add 500 ml of distilled water to a 2-litre beaker 
fitted with a paddle-type stirrer. While stirring, add (slowly) 81 g of corn 
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starch. When the starch is in solution, continue stirring and add 20 ml of 
carbon disulphide followed by 20 g of NaOH dissolved in 175 ml of distilled 
water. Continue stirring until the gel that forms becomes a homogeneous 
mixture; store at 5°C. The starch-xanthate will contain ca. 12-14% solids; 
it can be stored for as much as 30 days at 5°C. 

Place 120 g of chilled (5°C) starch-xanthate gel (mix well before taking 
aliquot) in a small Waring blender and mix thoroughly with 2 g of [32P]dimethoate 
(mixture of 1.98 g unlabelled and 0.02 g 32P-labelled material). Continue mixing 
and add 4.5 ml of glacial CH3COOH and then 2.5 ml of H 2 0 2 . Filter the mixture 
under vacuum with a Buchner funnel and press under a rubber dam to remove 
most of the water. Grind the moist solid in the blender and dry the granular 
material produced in a hood. Mix the dried granules and then collect 4 subsamples 
(250 mg each) for analysis. 

(4) Corn cob granules: Mix 13.5 g of corn cob grits with 20 ml of an acetone 
solution containing 1.48 g of unlabelled dimethoate and 0.02 g [32P]dimethoate. 
Evaporate the acetone, mix the granules, and collect 4 subsamples (250 mg 
each) for analysis. 

(5) For analyses of dimethoate content in starch-xanthate and corn cob 
granules, suspend the individual samples in 10 ml of distilled water in 
centrifuge tubes and soak for 24 hours. Centrifuge, decant, and resuspend 
granules in the same volume of water for another 24 hours. Centrifuge and 
then wash the residue with 5 ml of water and centrifuge again; combine 
and radioassay the aqueous extracts. Analyse the extracted solids with the 
wet digest procedure described in Exercise 26 to determine if any of the 
radioactive material was not extracted. 

B. EVALUA TION OF FORMULA TIONS 

PROCEDURE 

(1) Water immersion tests: For each granular formulation of [32P]dimethoate, 
weigh 14 subsamples (100 mg each) into 50-ml Erlenmeyer flasks. Add 
25 ml distilled water to each flask, stopper, and agitate occasionally. At 1, 
2, 4, 8, 24, 48 and 72 hours post treatment collect duplicate samples of each 
formulation and filter. Dilute the filtrate to a specific volume and radioassay 

(2) Greenhouse tests: Weigh 24 subsamples (100 mg each) of each formulation. 
Select 18 potted plants of uniform size. Prepare four 5-cm deep holes in the 
soil around each plant, spaced evenly around the plant ca. halfway between 
the main stem and the container wall. Deposit a 100-mg sample of granules 
in each hole and fill with soil; thus, there will be 6 treated plants for each 
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formulation. Water the plants regularly during the test; the soil should stay 
moist but without the water standing or overflowing the pot. 

At 1, 3 and 7 days post treatment collect 2 plants, wash the roots thoroughly 
and blot dry, weigh each plant, and then place each plant in a paper bag and dry 
24 hours (or longer if needed) at 50°C in an oven. Weigh the dried plants and 
grind them individually (whole) with a Wiley mill to pass a 20-mesh screen. 
Analyse subsamples (0.5 g) for radioactive material by using the wet digest 
procedure. 

CALCULATION AND REPORTING OF RESULTS 

(A) Prepare a radioisotope decay curve for the [32P]dimethoate used in the 
experiment. For each granular preparation, calculate the concentration of 
[32P]dimethoate/g of formulation. 

(B) Calculate the /zg-equivalents of [32P]dimethoate and percentage of the 
dose recovered at each sample collection time in the water immersion tests and 
in the plant tests. Calculate the ppm (fresh weight) of [32P]dimethoate equivalents 
taken up by the plant at each time. Prepare a table that compares these data. 
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EXERCISE 36. BIOACCUMULATION OF PESTICIDE RESIDUES BY 
AQUATIC ORGANISMS 

The objective of this exercise is to devise a model aquatic ecosystem and 
demonstrate its use in determining the distribution of residues of pesticides in 
ecosystem components. 
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S. S. Screen 

FIG.V-14. Recirculating static model ecosystem. Tank dimensions: 41X20X24 cm; glass 
partition 18 cm high. Water volume 16 litres with a 1-cm water depth over glass partition. 
("S.S. " means stainless steel.) (From Isensee et al. 1976.) 

Pesticides usually enter ponds or small lakes adsorbed to soil particles 
eroded from agricultural areas. The fate of these pesticides in water depends on 
complex interactions of (1) the various physical, chemical and biological processes 
acting on the chemical, and (2) the physical and chemical properties of the 
compound itself. The net result is that some pesticides are completely degraded 
in days, while others persist for years and are accumulated by aquatic organisms. 
It is therefore imperative that the likely fate and behaviour of a compound be 
known before substantive quantities are released into the environment. The 
aquatic model ecosystem is a tool that can be used to measure the likely fate 
and behaviour of pesticides or other xenobiotics. 

The ecosystem described here (Fig. V-14) is based on an evolution of designs 
tested within the US Department of Agriculture (Isensee et al. 1973, 1976). The 
system is designed to simulate a pond or small lake receiving an erosional source 
of pesticides, i.e. adsorbed to sediments. 
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In this protocol a 14C-labelled pesticide is adsorbed to soil, which then is 
introduced into an aquarium and flooded with water. The organisms used are 
entirely aquatic and represent parts of two freshwater foodchains (algae to snails; 
daphnids to fish). The system is operated for 30 days, and radioactivity is 
measured in the various system components, with additional qualitative analysis 
as warranted. 

MATERIALS AND EQUIPMENT 

(1) Rectangular glass aquaria (4), ca. 20 litre capacity; aquaria are modified 
as described in Fig. V-l4 

(2) Compressed air supply and aquarium air pump 
(3) Natural freshwater sample 
(4) 14C-labelled pesticide to be tested 
(5) Fresh field soil 
(6) Filamentous algae (Oedogonium cardiacum) 
(7) Snails (Physa or Helisoma spp.) 
(8) Daphnids (Daphnia magna) 
(9) Fish (Gambusia affinis) 

(10) Trout chow (commercial No. 2 fish food) 
(11) Methanol, hexane 
(12) Combustion apparatus and solvents 
(13) Liquid scintillation counter (LSC) and Aquasol® scintillation fluid 

(New England Nuclear, Boston, MA) 
(14) Other solvents and instrumentation (such as homogenization equipment, 

thin-layer and gas chromatography equipment) as needed 

PROCEDURE 

(1) Prepare a solution of 14C-labelled pesticide in acetone at a concentration of 
1 mg/ml. Radioassay to determine the specific activity in the counting 
system used. 

(2) Treat 1200 g of air-dried soil with the 14C-labelled pesticide at a rate of 
5 ppm. Evaporate the acetone and mix thoroughly. 

(3) There should be 3 replicate tanks plus 1 control tank. The soil is added at 
a rate of 25 g/1 of water. Distribute the soil as a uniform layer on the bottom 
of the empty tanks, and then flood with 16 litres of water, taking care to 
minimize distribution of the soil layer. 

(4) One day after flooding, add 15 snails, 1 g of algae and several hundred 
daphnids to the large compartment. Add 15 fish to the smaller compartment. 
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A commonly used species for this purpose is the mosquito fish (Gambusia 
affinis), but others can be used as available. The compartment design allows 
simultaneous exposure of different trophic level organisms representative 
of two foodchains. The screen-gate (full-tank width) allows water passage, 
yet prevents daphnids from being consumed by mosquito fish. The gate 
provides the option of feeding some or all of the daphnids to the fish. In any 
case, supplemental feeding of the fish is necessary. 

(5) Collect water samples (1 ml each, with 2 or 3 replications) 3 times per week 
during this bioaccumulation phase. Add these samples directly to scintillation 
cocktail for measurement of radioactivity. Periodically, remove 50 or 100-ml 
samples and extract them with an appropriate immiscible solvent, such as 
hexane; the per cent extractable radioactivity is measured and, if sufficient 
material is present, TLC may be conducted to identify the radioactive products 
in the water phase. 

(6) At 3, 7, 15 and 30 days (more frequently or for a longer period if time 
permits) analyse the organisms for 14C content. Generally, sample sizes per 
tank are 0.2-0.3 gdaphnids, 0.5 galgae, 2 snails and 2 fish. Record the fresh 
weights, then homogenize the snail and fish samples in a minimum volume 
of methanol and count directly in Aquasol (use internal standard to correct 
for quench). If 14C activity is sufficiently greater, further qualitative analyses 
are appropriate. 

(7) After the 30-day bioaccumulation phase remove all remaining organisms, 
rinse briefly in clean water, and place in an untreated aquarium. Sample 
the organisms at 3 and 10 days (or at 3, 7 and 15 days). This represents 
the desorption phase. 

(8) (Optional) At the time (30 days) the organisms have been moved into an 
untreated tank, the remaining treated soil can be analysed for total residual 
14C (by combustion) and for remaining parent + metabolites. 

(9) (Optional) The basic experiment can also be run in parallel with soil that 
was first aged for 30 days or more, after treatment with the 14C-labelled 
chemical. 

CALCULATIONS AND REPORTING OF RESULTS 

Calculate residual radioactivity in water and organism samples at different 
times. Express concentrations as ppm, based on fresh weight for tissue samples, 
assuming only the parent chemical being present. Calculate bioaccumulation 
ratios (BR), defined as the concentration in tissue/concentration in water. Prepare 
a table comparing these data. 
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EXERCISE 37. EFFECT OF pH ON THE STABILITY OF PESTICIDES 

The purpose of this exercise is to demonstrate methods for evaluating the 
effect of pH on a pesticide. 

Most pesticides are quite stable when they are exposed in different ways 
to neutral pH conditions. However, shifts in pH from neutral to acid or alkaline 
conditions can often dramatically accelerate the degradation of certain materials. 
Thus, in the study of a new pesticide or in studies of formulations of pesticides, 
it is very important to know how stable the compound is at different pH conditions. 
This knowledge is essential in establishing conditions for water-diluted solutions 
or suspensions that are used to apply materials to different entities. In addition, 
this basic information allows some prediction of how a pesticide might behave 
in bodies of water, in soils, or in biological media where the approximate pH to 
which it will be exposed is known. 

In this exercise, radiolabeled dimethoate will be held for different periods 
of time in acid, neutral, and alkaline buffer solutions, and then analysed to assess 
potential hydrolytic degradation. (When mixtures of [32P]dimethoate and products 
of its hydrolysis are partitioned between water and an immiscible organic solvent 
such as methylene chloride, the parent compound will be distributed in the organic 
fraction and the 32P-labelled hydrolysis products in the aqueous fraction.) 

MATERIALS AND EQUIPMENT 

(1) 32P-labelled dimethoate 
(2) 0.05M buffer solutions: citrate - pH 3, phosphate - pH 7 and 9, and 

carbonate - pH 11 (500 ml each) 
(3) Methylene chloride 
(4) 50-ml glass screw-cap vials; standard laboratory glassware 
(5) Liquid scintillation counter (LSC); Aquasol® scintillation fluid 

(New England Nuclear, Boston, MA). 

PROCEDURE 

(1) Prepare 5 ml of a solution of [32P]dimethoate in distilled water (50 Mg/ml) 
just prior to beginning the experiment. Mix well and radioassay to establish 
the specific activity (counts/min-^g) in the LSC system used. 
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(2) Transfer 1 ml of [32P]dimethoate solution to each of 4 500-ml volumetric 
flasks, dilute to volume with appropriate buffer (pH 3, 7, 9 or 11), and mix 
well. (This provides a 0.1 ppm solution.) 

(3) Immediately: radioassay each buffered solution of [32P]dimethoate, and 
then transfer triplicate 20-ml aliquots of each solution ("0-hour" samples) 
to separatory funnels and begin partitioning against 40-ml portions of 
methylene chloride. Each sample will be extracted 3 times with the organic 
solvent. Combine the organic fractions, adjust the volume, and radioassay. 
Recheck the volume of the aqueous fraction and radioassay. (In this step 
results obtained at the neutral and acid pH levels will indicate if dimethoate 
is totally extracted into the organic phase; if not, appropriate corrections 
can be made with subsequent analyses.) 

(4) Transfer 20-ml aliquots of each buffered [32P]dimethoate solution to each 
of 21 glass vials. Cap each vial and then hold all samples in the dark until 
collected for analysis. Agitate these samples daily to keep the contents well 
mixed. (If the pesticide used is susceptible to degradation as a result of 
atmospheric oxygen, sealed glass ampoules flushed before sealing with 
nitrogen should be used to contain the samples.) ? 

(5) At 1, 2, 4, 8, 24, 48, 96 and 192 hours post treatment collect triplicate 
samples of each treated buffer solution and decant content into a separatory 
funnel. Rinse each vial with 40 ml of methylene chloride and transfer this 
rinse to the same separatory funnel. Extract each sample 3 times with 
methylene chloride and radioassay as described above for "0-hour" samples. 
(NOTE: Rinse vial with each successive 40-ml portion of methylene chloride 
to facilitate recovery of the radiolabeled material.) 

(6) Optional exercise: Conduct the experiment described at 3 different tempera-
tures (10, 25, and 50°C) to gain some insight into the interaction of 
temperature and pH in the degradation of pesticides. 

CALCULATION AND REPORTING OF RESULTS 

(1) From the original determination of specific activity, plot a decay curve for 
use in establishing subsequent specific activity at each sample time. x 

(2) Calculate the per cent of the initial radioactive material in each buffered 
solution that was distributed in the aqueous and organic fractions at each 
sample time; show these data in table. If sufficient degradation occurs in 
any of the buffered solutions, calculate and record the half-life. 
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SECTION B. 2. RESIDUES 

INTRODUCTION 

In recent years a large number of organic pesticides have been introduced 
for the control of insects, weeds and plant diseases. These materials are used 
on forests, crop lands, pastures, domestic and farm animals, and in barns and 
houses. As a result the population of much of the world is exposed almost 
constantly to different levels of pesticides. 

Water supplies can be contaminated with pesticides as a result of drift or 
runoff from agricultural lands, or by dumping of waste products from industrial 
plants. Soils can acquire residues by the movement of polluted waters, or by 
direct or indirect application of pesticides. Food crops accumulate residues 
through applications of sprays and through uptake from treated soils. Meat and 
dairy products pick up residues by direct applications to animals, through residues 
in feed, applications of pesticides to pastures and by the spraying of barns. There 
are many routes by which pesticides can find their way into the human diet, and 
in order to study this process objectively, techniques must be developed for analys-
ing for pesticides residues in a variety of samples. 

Extraction of pesticide residues 

The first step in analysis is to recover the pesticide with a suitable solvent. 
The solvent used for extraction may be polar, non-polar or a mixture of polar 
and non-polar solvents, depending upon the nature of the sample and the 
polarities of the pesticides. After extraction, the organic solvent containing 
the pesticide is evaporated to recover the residue. Most pesticides dissolve in 
polar and/or non-polar organic solvents and thus will be separated from the bulk 
of the samples. This reduces the amounts of interfering materials that must be 
dealt with in subsequent steps of the analytical procedure, and facilitates con-
centration of the pesticide to increase the sensitivity of an assay. 

There are many compounds other than pesticides that may be extracted 
from samples with organic solvents. Although some samples such as soil and 
water extracts may be analysed without much purification, clean-up is usually 
required to reduce the weight of the residue and remove substances that might 
interfere with analyses. The clean-up techniques used most often are solvent 
partition, chromatography, and chemical treatment (usually alkali or acid). In 
the partition process the residue obtained after extraction is shaken vigorously 
in a separatory funnel with two immiscible solvents. A non-polar solvent 
(usually hexane or petroleum ether) and a polar solvent (usually acetonitrile) 
are always employed. Fatty materials dissolve in the non-polar solvent, while 
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most pesticides are partitioned into the polar phase. The two layers are then 
separated and the pesticide residue is recovered by evaporation of the polar 
solvent or reextraction. 

Partitioning is useful for the separation of pesticides from large amounts of 
oils and fats, but the procedure is not efficient for the removal of polar lipids, 
plant pigments and other interfering compounds. Consequently, an adsorption: 
step is usually required to remove these materials. This is carried out by dissolving 
the residue in an organic solvent and adding adsorbent, or by percolating the 
solution through a column of adsorbent in a chromatographic column. Thin-layer 
chromatography can also be used for this purpose. Generally, adsorbents are 
chosen that have high affinities for plant pigments and related compounds but 
do not adsorb pesticides. 

Samples containing large amounts of fats and oils can be cleaned up efficiently 
by saponification. Samples are treated with alcoholic potassium hydroxide to 
convert triglycerides to soaps and glycerine. The solution is then diluted with 
water and partitioned with an organic solvent such as petroleum ether. The soaps 
remain in the aqueous phase, which is discarded, and the pesticides are recovered 
in the organic solvent. Although many pesticides, particularly the organic 
phosphates, are destroyed by alkali treatment, samples containing chlorinated 
hydrocarbons can be cleaned up by this method. Lipids can also be removed 
by treatment of the samples with sulphuric acid. As with alkali treatment, many 
pesticides are destroyed or converted to derivatives during the process. . 

Once the residue sample is extracted and purified, there are a variety of 
analytical techniques that may be used for qualitative and quantitative analyses. 
These include gas chromatography, thin-layer chromatography, high-performance 
liquid chromatography, mass spectrometry, chemical analyses, infra-red spectro-
metry, NMR spectrometry, and others. 

The exercises described in this section will involve the use of radiometric, 
analytical methods in conjunction with conventional extraction and clean-up 
methods for studies of pesticide residues in different kinds of animal and plant-
related samples. As written, these exercises will involve the. use of radiolabeled 
pesticides to fortify previously untreated samples; the different techniques 
described then seek to recover and analyse these added materials. However, if 
samples are available that have acquired suitable radioactive residues through 
conventional treatments, these may also be used in the exercises. 

EXERCISE 38. PESTICIDE RESIDUES IN PLANTS 

The objective of this exercise is to demonstrate one of the methods used ' • 
to detect and measure radioactive pesticide residues in plants. 
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The procedure described is a modification of the Association of Official 
Analytical Chemistry (AOAC) method for determining residues of carbaryl in 
non-fatty plant samples. The official AOAC method extracts are made of plant 
samples and then they are cleaned up and subjected to TCL analysis. After 
development, TLC plates are sprayed with a chromogenic reagent, and then the 
coloured areas produced are scanned with a densitometer and compared with 
standards to provide quantitative information on the residues. In the present 
method l4C-labelled carbaryl will be used to simplify detection and quantitation. 
This method is generally applicable to several N-methyl carbamates such as carbo-
furan, propoxur, aminocarb, 3-keto carbofuran, and metalkamate (Sherma et al. 
1978). Plant samples will be fortified with a known concentration of 14C-labelled 
carbaryl and the efficiency of the extraction procedure will be assessed by radio-
assaying the finished extract. Samples will be fortified with higher levels of car-
baryl residues (5 ppm) than would be expected in actual analyses of field-treated 
crops. This is done to facilitate the demonstration. 

MATERIALS AND EQUIPMENT 

(1) l4C-ringlabelled and non-radioactive technical grade samples of carbaryl 
(or other comparable N-methyl carbamate insecticides) 

(2) Fresh, clean, plant foliage (i.e. lettuce, cabbage, spinach, cotton etc.) 
(3) Pesticide grade solvents: methylene chloride, acetone, ethyl acetate, 

benzene, ethyl alcohol 
(4) Rotary evaporator with water bath 
(5) Blender; with screw-cap, stainless steel cup, 1 litre capacity 
(6) TLC developing tanks; precoated TLC plates (A1203 on glass, 0.25 mm 

thickness) 
(7) Darkroom, X-ray film and exposure holders, and X-ray film developing 

chemicals and equipment 
(8) Liquid scintillation counter (LSC) and chemicals 
(9) Anhydrous Na2S04, NH4C1, H3P04 , KOH 

(10) Buchner funnels (9 cm), filter flasks (500 ml), filter paper (9 cm, 
rapid flow) 

(11) Filter aid (Hyflo Super Cel) 
(12) Steam bath 
(13) Fritted glass funnel (medium porosity), 125-ml separatory funnels; other 

standard laboratory glassware 

PROCEDURE 

(1) Prepare a solution of 14C-labelled carbaryl in methylene chloride with a 
concentration of 125 jug/ml; radioassay to determine the specific activity 
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(counts/min-jug) in the counting system used: Prepare solutions of non-
radiolabelled carbaryl and 1-naphthol in methylene chloride (0.2 mg/ml). 

(2) Prepare a IN solution of alcoholic KOH. Prepare a chromogenic spray 
solution by stirring a solution of 10% diethylene glycol in ethanol (95%) 
for 2 minutes with sufficient p-nitrobenzenediazonium tetrafluoborate 
for saturation (ca. 25 mg/100 ml). (Do not use after 3 days.) 

(3) Prepare a coagulating solution by dissolving 0.5 g NH4C1 in 400 ml of H 2 0 
containing 1 ml of concentrated H3P04 . 

(4) Transfer 25 g of plant material to the blender; add 150 ml of methylene chloride, 
1 ml of [14C] carbaryl solution and 150 g of anhydrous Na2S04. Blend 
2 minutes at low speed and allow the mixture to settle. Transfer the extract 
to a Buchner funnel containing filter paper covered with a thin layer of 
filter aid. Cautiously apply vacuum. Rinse the blender with 50 ml of 
methylene chloride and filter. Transfer filtered residue back.to the blender 
and reextract as described with 150 ml of methylene chloride followed by 
rinse with 50 ml of the same solvent. Add 1 ml of diethylene glycol solution 
to the filtered extract. 

(5) Place the flask (with Buchner funnel and filter pad in place) in a steam bath 
and apply vacuum until the volume of the extract is reduced to ca. 5 ml. 
Remove the flask from the steam bath and swirl until the extract is just 
dry. Disconnect the flask, remove the Buchner funnel, and rinse down 
the sides with 3 ml of acetone; swirl to dissolve the residue. While gently 
swirling the flask, add 15 ml of the coagulating solution and let stand ca. 
10 minutes with occasional swirling. Filter, using vacuum and a fritted 
glass funnel containing a ca. 0.5-cm layer of filter aid. Wash the precipitate 
with three2-mlportions of a mixture of acetone and water (1:9 vol. %), 
allowing each rinse to remain in contact with the residue for about 15 seconds 
before applying vacuum. Transfer filtrate and washing to a 25-ml volumetric 
flask and dilute to volume with acetone-water solution. Mix thoroughly and 
radioassay; correct for quenching if necessary. 

(6) Transfer 10 ml of sample solution to a 125-ml separatory funnel and 
extract twice with 10-ml portions of methylene chloride. Combine extracts 
in a 125-ml flask and evaporate to near dryness with a rotary evaporator 
using vacuum and gentle heat. Remove the flask from the evaporator and 
swirl the contents until they are just dry. Wash down the sides of the flask 
with a small volume of ethyl acetate. Transfer quantitatively to a 5-ml 
volumetric flask and dilute to volume with the same solvent. Mix well and then 
radioassay the extract, making corrections for quenching if needed. 

(7) Analyse the extract by TCL to confirm that the radioactive material assayed 
is [14C] carbaryl. Spot samples of non-radioactive solutions of carbaryl and 
1-naphthol both separately and with some samples of the extract. Develop 
plates with a mixture of benzene and acetone (4:1 vol. %) in a saturated, 
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paper-lined tank; allow the solvent front to migrate about 10 cm from the 
point of origin and then remove and dry the plate. 

(8) Expose the developed plate to X-ray film for a suitable period of time 
and develop the film. 

(9) After exposure to the film, spray the plate with IN alcoholic KOH solution, 
air dry, and then spray again with the chromogenic solution. 

(10) Compare radioactive areas on the X-ray film with coloured spots on the 
plate to confirm that the radioactive product is carbaryl and that there 
was no hydrolytic degradation of the compound to 1-naphthol during 
processing. If any degradation occurs, use unsprayed plates for radioassays 
of radioactive areas by LSC. 

CALCULATION AND RECORDING OF RESULTS 

From radioassays of the 14C-labelled carbaryl solution used for fortifying 
the plant material, and of the final extract, calculate the percentage of the 
applied dose that was recovered. If there was any degradation of carbaryl during 
processing, calculate the percentage of the applied dose that was represented 
by products other than parent compound. 
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EXERCISE 39. PESTICIDE RESIDUES IN VEGETABLE OILS 

The purpose of this exercise is to demonstrate techniques for extracting 
and determining residues in vegetable oils. 

Edible oils and seeds are an important part of the diet of humans and live-
stock. Since pesticides are widely used in the production of oilseed crops, 
there is a possibility that potentially harmful residues associated with these 
chemicals might be consumed. Therefore, it is essential to determine if the 
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patterns for use of pesticides on such crops result in the eventual accumulation 
of intolerable residues in edible oil and seed. The nature and magnitude of these 
residues must be characterized in order to allow proper assessment of their 
potential for producing adverse effects.in consumers. 

The exercise described will provide an introduction to some of the techniques 
used to recover residues from vegetable oil. There are a variety of techniques 
available for use in the qualitative and quantitative analyses of extracts of treated 
oil. For convenience in this demonstration, samples of vegetable oil will be 
fortified with a radiolabeled insecticide and analyses will be done with radio-
metric techniques. 

MATERIALS AND EQUIPMENT 

(1) Refined vegetable oil (cotton, corn, soybean etc.) 
(2) 14C-ringlabelled carbaryl; technical grade non-radioactive carbaryl and 

1-naphthol 
(3) Pesticide grade organic solvents: acetonitrile, n-hexane, ethyl acetate, 

ethanol, acetone, benzene, diethylene glycol 
(4) Anhydrous Na2S04, p-nitrobenzenediazonium tetrafluoborate 
(5) 125-ml separatory funnels, glass column (10X1 cm) 
(6) Rotary evaporator with water bath 
(7) TLC developing tanks; TLC plates precoated with A1203 (250 nm) 
(8) Liquid scintillation counter (LSC) and chemicals 
(9) Darkroom, X-ray film and exposure holders, and X-ray film developing 

equipment and solutions 

PROCEDURE 

(1) Determine the specific activity of 14C-labelled carbaryl (counts/min-jug) and 
check its purity by TLC/autoradiography. If not >95% pure, purify a sufficient 
amount by preparative TLC. 

(2) Prepare 3 solutions of 14C-labelled carbaryl in vegetable oil at concentrations 
of 1,5 and 10 ppm (25 ml of each). Radioassay each solution by LSC. 

(3) Prepare.solutions of non-radioactive carbaryl and 1-naphthol in acetone 
, (0.2 mg/ml). 

(4) Prepare a IN solution of alcoholic KOH. Prepare a chromogenic spray 
solution by stirring a solution of 10% diethylene glycol in ethanol for 
2 minutes with sufficient p-nitrobenzenediazonium tetrafluoborate for 
saturation (ca. 25mg/100 ml). (The latter reagent should not be held 
longer than 3 days.) • , 
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(5) Transfer 5 ml of each sample of the treated oil (prepared in step 2) to 
125-ml separatory funnels containing 20 ml of hexane; mix well. Add 
20 ml of acetonitrile saturated with hexane and shake vigorously for about 
2 minutes. Drain off the lower acetonitrile layer into other 125-ml 
separatory funnels and extract it twice with 20 ml portions of hexane. 
Reextract the combined hexane extracts with 10 ml acetonitrile. Adjust the 
acetonitrile and the hexane fractions to known volumes and radioassay 
aliquots by Lsc. Mix the acetonitrile extract with 200 ml of water and 
then extract with 70 ml of ethyl acetate. Radioassay each fraction. Dry 
the ethyl acetate extract by passing it through a short column 
(10 cm X 1 cm) of anhydrous Na2S04. Adjust the volume of this fraction 
with ethyl acetate and radioassay an aliquot. 

(6) Concentrate the ethyl acetate extract to about 0.5 ml with the rotary 
evaporator (under vacuum and gentle heat). Spot samples of the extract 
and samples of non-radioactive carbaryl and 1-naphthol (both separately 
and combined) on TLC plates and develop with a mixture of benzene and 
acetone (4:1 vol. %) in a saturated tank. Allow the solvent front to migrate 
10 cm from the origin and then remove and dry the plate. Process at least 
2 plates for each series of samples. 

(7) Expose developed plates to X-ray film for a suitable period and then 
develop the film. Spray one of the duplicate plates, first with the IN 
alcoholic KOH solution (let dry) and then with the chromogenic reagent. 
(Alternatively, TLC plates with fluorescent indicator can be used and 
standards visualized under UV light.) 

(8) If autoradiography indicates the presence of radioactive areas other than 
the parent compound, these should be removed from the unsprayed plate 
and radioassayed. If other product(s) appear, compare the X-ray film with 
the sprayed plate to determine if any coincide with 1-naphthol (the antici-
pated radioactive product of the hydrolytic degradation of 14C-labelled 
carbaryl). 

CALCULATION AND REPORTING OF RESULTS 

(1) For each treatment level, calculate the percentage of the applied dose of 
I4C-labelled carbaryl that is present in each of.the fractions radioassayed. 
By comparing the amount of pesticide applied with the amount recovered 
in the final ethyl acetate extract, the efficiency of the method can be 
determined. 

(2) If products other than carbaryl (i.e: 1-naphthol formed by hydrolytic 
degradation during work-up) are found in the TLC analyses, calculate the 
percentage of the applied dose that each represents. 
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EXERCISE 40. PESTICIDE RESIDUES IN MILK AND LEAN MEAT 

The purpose of this exercise is to demonstrate a general procedure for 
determining residues of organochlorine and other pesticides in milk and meat. 

Accidental or intentional consumption of chemical-contaminated food by 
domestic cattle may result in the secretion of potentially harmful residues in 
milk or their accumulation in meat that is destined for human use. Therefore, 
it is essential to develop analytical procedures that can be used to detect such 
products and monitor their occurrence in milk and meat produced for commerce. 
Appropriate procedures have been developed for detection of a wide range of 
xenobiotics. This exercise will provide an introduction to some standard 
techniques used to extract and clean-up milk and meat samples. The procedures 
are adaptations of methods approved by the Association of Official Agricultural 
Chemists and are highly efficient for pesticides such as the chlorinated hydro-
carbons. For convenience in this exercise, milk and meat will be fortified with 
a known amount of a 14C-labelled organochlorine pesticide at a concentration 
level well in excess of that normally encountered. 

MATERIALS AND EQUIPMENT 

(1) 14C-labelled chlorinated hydrocarbon insecticide such as dieldrin, DDT, 
methoxychlor etc. 

(2) Fresh milk and lean meat such as liver, brain, kidney or muscle 
(3) Centrifuge; 500-ml glass centrifuge bottles 
(4) Pesticide grade organic solvents: methyl alcohol, ethyl alcohol, petroleum 

ether, acetonotrile, ethyl ether 
(5) NaCl, anhydrous Na2S04, sodium oxalate, quartz sand 
(6) 1-litre and 125-ml separatory funnels, large mortar and pestle, other 

standard laboratory glassware 
(7) 500 ml Kuderna-Danish concentrator 
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(8) Activated Florisil® 
(9) Steam bath and water bath 

(10) Source of dry air or nitrogen 
(11) Analytical balance 
(12) Liquid scintillation counter (LSC) and chemicals 
(13) Combustion apparatus 

P R O C E D U R E 

Milk 

(1) Prepare a solution of 14C-labelled pesticide in ethyl alcohol to give a 
concentration of 1 mg/ml. Radioassay to determine specific activity 
(counts/min/ug) in counting system used. 

(2) Measure 100 ml of fresh milk into a 500 ml centrifuge bottle; add 100 jul 
of insecticide solution (1 ppm) and mix well. Add 100 ml of methyl or 
ethyl alcohol and 1 g of sodium oxalate; mix well. Add 50 ml of ethyl 
ether and shake vigorously 1 minute, then add 50 ml of petroleum ether 
and shake vigorously for 1 minute. Centrifuge at 1500 rev/min for ca. 
5 minutes. Separate the 2 fractions. Reextract the aqueous fraction twice, 
shaking vigorously with 50-ml portions of a mixture (1:1 vol. %) of ethyl 
ether and petroleum ether. Combine the organic extracts, and then radio-
assay the 2 fractions. Transfer the organic solvent fraction to a 1-litre 
separatory. funnel containing 500-600 ml water and 30 ml of saturated 
NaCl solution. Mix the combined extracts and H 2 0 carefully. Drain and 
discard H 20. Rewash the solvent layer gently with two 100-ml portions of 
H20, discarding the H 2 0 each time. (If emulsions form, add ca. 5 ml 
saturated NaCl to the solvent layer or include NaCl with the H 2 0 wash.) 
Pass the ether solution through a column of anhydrous Na2S04 

(25 mm X 50 mm) and collect the eluate in a tared 400-ml beaker. Wash 
the column with small portions of petroleum ether and then completely 
evaporate the solvents from the extract at steambath temperature under 
a current of air to obtain the fat. Weigh and radioassay the fat. 

(3) Weigh < 3 g of fat into a 125-ml separatory funnel, and add petroleum 
ether so that the total volume of fat and petroleum ether in the separator is 
15 ml. Add 30 ml of acetonitrile saturated with petroleum ether, shake vigorously 
1 minute, let the layers separate and drain the acetonitrile fraction into a 
1-litre separatory funnel containing 650 ml of H 2 0, 40 ml of saturated NaCl 
solution and 100 ml of petroleum ether. Extract the petroleum ether 
solution in a 125-ml separatory funnel with three additional 30-ml portions 
of acetonitrile saturated with petroleum ether; shake vigorously for 1 
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minute each time and combine all extracts in the 1-litre separatory funnel. 
Hold the 1 -litre separatory funnel in the horizontal position and mix 
thoroughly for 30—45 seconds. Let the layers separate and drain the aqueous 
layer into a second 1-litre separatory funnel. Add 100 ml of petroleum ether 
to the second separatory funnel, shake vigorously for 15 seconds and let the 
layers separate. Discard the aqueous layer, combine the petroleum ether 
fraction with the petroleum ether in the original separatory funnel and. wash 
with two 100-ml portions of H20. Discard the washings and drain the petro-
leum ether layer through a column of anhydrous Na2S04 (25 mm X 50 mm 
long) into a 500-ml Kuderna-Danish concentrator. Rinse the separatory 
funnel and then the column with three ca. 10-ml portions of petroleum ether. 
Evaporate combined extracts and rinses to 5 —10 ml in the Kuderna-Danish 
concentrator. 

(4) Prepare a 22-mm i.d. column that contains 10 cm (after settling) of activated 
Florisil topped with ca. 1cm of anhydrous Na2S04. Prewet the column 
with 40—50 ml of petroleum ether. Place a Kuderna-Danish concentrator 
with a volumetric or graduated collection vessel under the column to receive 
the eluate. Transfer the petroleum ether solution of the sample extract 
to the column and let it pass through at ca. 5 ml/min. Rinse the container 
(and Na2S04 if present) with two 5-ml portions of petroleum ether, transfer 
rinsing to the column, and rinse walls of the chromatographic tube with 
additional small portions of petroleum ether. Elute the column at ca. 
5 ml/min with 200 ml of a mixture of ethyl ether and petroleum ether 
(6:94 vol. %). Change the receivers and elute at ca. 5 ml/min with 200 ml 
of a mixture of ethyl ether and petroleum ether (15:85 vol. %). Concentrate 
each eluate to a volume of ca. 5 ml in a Kuderna-Danish concentrator. 

(5) Adjust the volume of the purified extracts to 5 ml with petroleum ether. 
Mix well and radioassay. 

(6) The 6% eluate is usually suitable for GLC and TLC without further clean-
up; however, the 15% eluate may require additional clean-up. 

(7) Confirm the identity of the pesticide in the extract with an appropriate 
TLC/autoradiography or GLC analysis. 

Meat 

(1) Weigh a 10 g sample of lean meat, slice it into small pieces, and place it in 
a mortar with 10 g of sand and sufficient anhydrous Na2S04 to take up 
the moisture. Grind this mixture until a uniform, dry power is formed. 
Prepare 3 ground samples in this manner. 

(2) Fortify the 3 samples with 10 (1 ppm), 50 (5 ppm) and 100 (10 ppm) jul 
of the 14C-labelled pesticide solution. Mix the powdered ground meat 
samples with the pesticide by additional grinding in the mortar. 
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(3) Transfer each sample to a 150-ml beaker. Wash the mortar with 50 ml of 
hexane and combine this with the sample in the beaker. Heat the hexane-
meat mixture over a water bath gently for 2—3 minutes while stirring with 
a glass rod. Cool the extract and decant the solvent into a glass flask. Repeat 
the hexane wash and extraction 3 more times with 20-ml portions of solvent. 
Combine the extracts, adjust to a known volume with hexane, and radioassay 
by LSC. 

(4) Clean up each sample as described for milk and analyse with an appropriate 
TLC/autoradiography or GLC procedure to confirm the identity of the 
extracted pesticide and provide supporting quantitative information. 

(5) Dry extracted meat samples and analyse subsamples with a combustion 
procedure to determine levels of unextracted radiocarbon. 

CALCULATION AND REPORTING OF RESULTS 

Determine the percentage of the applied dose that was extracted from 
fortified samples of milk and meat. For milk, calculate the ppm of 14C-labelled 
pesticide in the fat and in the whole milk. For meat, calculate the ppm of 
extractable or unextractable 14C-labelled pesticide. 

BIBLIOGRAPHY 

HAMMERSTRAND, K., Gas Chromatography Analysis of Pesticides, Varian Associates, 
Palo Alto, CA (1976). 

McMAHON, B. M., SAWYER, L.D., Pesticide Analytical Manual, Vol. 1: Methods which 
Detect Multiple Residues, US Department of Health, Education and Welfare, Food and 
Drug Administration (1977). 

EXERCISE 41. PESTICIDE RESIDUES IN FISH MEAT AND FAT 

The objective of this exercise is to provide an introduction to procedures 
used to determine residues of pesticides in fish tissues. Methods for blending 
relatively large samples of meat, and for separating fat from other tissues and 
cleaning it up for analysis will be demonstrated. 

Bodies of water are subjected to contamination by a broad array of xeno-
biotics from a multitude of sources. Consequently, aquatic plants and animals 
are exposed to and, as a result, incorporate some of these pollutants into their 
systems. Concentrations of certain water pollutants may accumulate through 
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the process of bioaccumulation in animals at the top of a contaminated food-
chain. These residues may accumulate to the extent that they damage the 
affected aquatic animals. Even worse, the residues might reach potentially 
hazardous levels in aquatic animals destined for comsumption by humans or 
domestic animals.; . • . • 

There are established methods for. detecting and measuring residues of 
xenobiotics in aquatic organisms. The procedure described is a modification 
of one approved, by the Association of Official Agricultural Chemists for use 
in determining organochlorine pesticide residues in fish. For convenience, 
in this exercise the fish sample will be fortified with a known concentration of 
14C-labelled organochlorine pesticide that is probably in excess of that which 
would normally be encountered. 

MATERIALS AND EQUIPMENT 

(1) 14C-labelled chlorinated hydrocarbon insecticide such as dieldrin. aldrin, 
. DDT, methoxychlor etc: , 

(2) Fresh whole fish (ca. 200 g), frozen 
(3) 10-litre stainless steel, heavy-duty blender and motor unit 
(4) Dry ice 
(5) Buchner funnel (12 cm), "sharkskin" filter paper 
(6) 500-ml suction flask 
(7) Kuderna^Danish concentrator 
(8) Pesticide grade, organic solvents: acetonitrile, petroleum ether, ethyl alcohol 
(9) Anhydrous Na2S04 . 

(10) Liquid scintillation counter, and chemicals 

PROCEDURE 

(1) Prepare a solution, of 14Crlabelled pesticide in acetonitrile to give a 
concentration of 0.1 mg/ml. Radioassay to determine specific activity 
(counts/min-jug) in counting system used. 

(2) Remove the fish from the freezer, weigh, slice into small pieces 
(0.5 X 0.5 X 2.5 cm) with a heavy knife and mallet. Break ca. 200 g 
of dry ice into small pieces (ca. 0.5 cm) and place in the blender. Add the 
fish sample to the blender and begin grinding at low speed. (Hold a piece 
of aluminium foil over the top of the blender to prevent loss of material. 
Wear protective asbestos gloves to prevent frostbite.) When the sample 
is blending smoothly, increase blender speed to maximum and continue 
until the sample is reduced to a fine powder (ca.' 3 - 5 minutes). Pour 
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the sample into a plastic bag, close the top, and store in a freezer overnight 
to allow sublimation of the dry ice (should be complete in ca. 8 hours). 

(3) Thaw the sample, weigh 60 g into a 400-ml beaker. Add 600 fil of 14C-labelled 
pesticide solution and mix thoroughly. Collect several 0.5 g subsamples for 
combustion analysis (air-dry and weigh samples before combusting). 

(4) Weigh 50 g of the ground and mixed fish into a 1-litre high-speed blender. 
(Sample size may have to be adjusted so that no more than ca. 3 g of fat 
will be extracted.) Add 100 g of anhydrous Na2S04 to combine with water 
present and to disintegrate sample. Alternately blend and mix with a spatula 
until the sample and Na2S04 are well mixed. Scrape down the sides of the 
blender jar and break up caked material with the spatula. Add 150 ml 
petroleum ether and blend at high speed for 2 minutes. Decant petroleum 
ether supernatant through a 12-cm Buchner funnel, fitted with two sharkskin 
papers, into a 500-ml suction flask. Scrape down the sides of the blender 
jar and break up caked material with a spatula. Reextract residue in blender 
jar with two 100-ml portions of petroleum ether, blending 3 minutes each 
time. (After one minute blending, stop blender, scrape material from sides 
of blender jar, and beak up caked material with spatula; continue blending 
for one minute.) Scrape down the sides of the blender jar and break up 
caked material between extractions. Decant petroleum ether supernatants 
through the Buchner funnel and combine with the first extract. After the 
last blending, transfer the residue from the blender jar to the Buchner 
funnel, rinsing the blender jar and materials into the Buchner funnel with 
three 25 to 50-ml portions of petroleum ether. Immediately after the last 
rinse, press the residue in the Buchner funnel with the bottom of a clean 
beaker to force out the remaining petroleum ether. Pour combined extracts 
and rinses through a column of anhydrous Na2S04 (25 mm X 50 mm long) 
and collect eluate in a 500 or 1000-ml Kuderna-Danish concentrator with 
plain tube. Wash the flask and then the column with small portions of 
petroleum ether; evaporate most of the petroleum ether from combined 
extracts and rinses in a Kuderna-Danish concentrator. Transfer the fat 
solution to a tared beaker, using small amounts of petroleum ether. 
Evaporate petroleum ether at steam bath temperature under a current of 
dry air to obtain the fat. When the petroleum ether is completely removed, 
weigh and record the amount of fat extracted. Radioassay the fat sample. 

Record the weight of fait that will be used for clean-up [wt fat for clean-up)/ 
(wt fat extracted) X wt original sample = wt fish sample analysed]. If it is 
known that 3 g or less fat will be extracted from a particular sample, do not 
evaporate the solvent to weigh the fat prior to petroleum ether-acetonitrile 
partitioning, but use the total amount of fat obtained. Determination is then 
based on the weight of the original sample. Report results on whole fish basis. 
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(Note: Oils extracted from some fish have shown a tendency to form emulsions during 
acetonitrile partitioning. This effect can usually be avoided by taking a smaller sample of the 
fish or a smaller aliquot of the isolated oil.) 

(5) Weigh ca. 3 g of fat into a 125-ml separatory funnel and add petroleum ether 
so that the total volume of fat and petroleum ether is 15 ml. Add 30 ml 
of acetonitrile saturated with petroleum ether, shake vigorously 1 minute, 
let the layers separate and then drain the acetonitrile into a 1 -litre separatory 
funnel containing 650 ml of H 20, 40 ml of saturated NaCl solution and 
100 ml of petroleum ether. Extract the petroleum ether solution in the 
125-ml separatory funnel with three additional 30-ml portions of acetoni-
trile saturated with petroleum ether, shaking vigorously for 1 minute each 
time. Combine all extracts in the 1-litre separatory funnel. Hold the separa-
tory funnel in a horizontal position and mix thoroughly for 30—45 seconds. 
Let the layers separate and drain the aqueous layer into a second 1-litre separatory 
funnel. Add 100 ml of petroleum ether to the second separatory funnel, 
shake vigorously for 15 seconds and let the layers separate. Discard the 
aqueous layer, combine the petroleum ether with that in the original separa-
tory funnel and wash with two 100-ml portions of H20. Discard the washings 
and drain the petroleum ether layer through a column of anhydrous Na2S04 

(25 mm X 50 mm long) into a 500-ml Kuderna-Danish concentrator.. Rinse 
the separatory funnel and then the column with three ca. 10-ml portions of 
petroleum ether. Evaporate combined extracts and rinses to 5 - 1 0 ml in a 
Kuderna-Danish concentrator for transfer to a Florisil column. 

(6) Prepare a 22-mm i.d. column that contains 10 cm (after settling) activated 
Florisil topped with ca. 1 cm of anhydrous Na2S04. Prewet the column 
with 40-50 ml petroleum ether. Place a Kuderna-Danish concentrator with 
a volumetric or graduated collection vessel under the column to receive the 
eluate. Transfer the petroleum ether solution of the sample extract to the 
column, letting it pass through at about 5 ml/min. Rinse the container 
(and Na2S04 if present) with two ca. 5-ml portions for petroleum ether, 
transfer rinsings to the column, and rinse the walls of the chromatographic 
tube with additional small portions of petroleum ether. Elute the column 
at ca. 5 ml/min with 200 ml of a mixture of ethyl ether and petroleum ether 
(6:94 vol.%). Change receivers and elute at ca. 5 ml/min with 200 ml a mixture 
of ethyl ether and petroleum ether (15:85 vol. %). Concentrate each eluate 
to a volume of ca. 5 ml in a Kuderna-Danish concentrator. 

(7) Adjust the volume of the purified extracts to 5 ml with petroleum ether. 
Mix well and radioassay. 

(8) The 6% ethyl ether eluate is usually suitable for GC or TLC without further 
clean-up. The 15% eluate may require additional clean-up. 

(9) Confirm the identity of the pesticide in the extract with an appropriate 
TLC/autoradiography or GC analysis. 
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CALCULATION AND REPORTING OF RESULTS 

From combustion analyses of tissue samples taken before extraction, cal-
culate the ppm of 14C-labelled pesticide based on the fresh weight of the whole 
fish. . . . • 

Determine the percentage of the applied dose that was recoverd in the 
extracted fat. Calculate the ppm of 14C-labelled pesticide in the fat and on a whole 
fish basis. 

BIBLIOGRAPHY 

BENVILLE, P.E., Jr., TINDLE, R.C., J .Agric. Food Chem. 18 (1970) 948-49. 

McMAHON, B.M., SAWYER, L.D., Pesticide Analytical Manual, Vol. 1: Methods which 
Detect Multiple Residues, US Department of Health, Education, and Welfare, Food and 
Drug Administration (1977). 

EXERCISE 42. EFFECTS OF PROCESSING ON PESTICIDE RESIDUES IN 
EDIBLE OILS 

The objective of this exercise is to determine the fate of a pesticide in 
edible seed and oil during the refining process. 

In the processing of oil, seeds and nuts the oil is typically separated from 
the seeds by crushing or solvent extraction and then the oil and solids are pro-
cessed to prepare different edible products. For example, the oil may be refined 
by alkali treatment, bleaching and deodorization. Even if residues of pesticides 
were initially present in the seed, it is highly probable that their concentrations 
would be reduced and that the-y would be altered chemically during such re-
finement. Thus in the total evaluation of the environmental consequences of 
the use of a pesticide on any food crop, it is essential to determine the disposition 
and fate of residual products during processing for eventual human or domestic 
animal consumption. 

In this exercise samples will be fortified with 14C-labelled carbaryl (or 
other pesticide as available) and then different processing operations will be 
simulated to demonstrate their effects on the pesticide. 

MATERIALS AND EQUIPMENT 

(1) 14C-ringlabelled carbaryl; technical-grade samples of non-radiolabelled 
carbaryl and 1-naphthol 
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(2) Sample of a typical oil seed such as cotton, sunflower, soybean, peanuts, 
rapeseed etc. [for convenience in this exercise, use peanuts, which are 
readily available and are high in oil content (ca. 50%)] 

(3) Pesticide grade organic solvents: chloroform, methanol, methylene chloride 
(4) Actividad charcoal, bentonite, NaOH 
(5) Combustion apparatus 
(6) Soxhlet apparatus 
(7) Rotary evaporator with water bath 
(8) Liquid scintillation counter (LSC) and chemicals 
(9) Steam generator; vacuum source 

(10) Wiley mill (or mortar and pestle) 
(11) Stirring hot plate 
(12) Centrifuge 
(13) Standard laboratory glassware and equipment 

PROCEDURE 

(1) Determine the specific activity of 14C-labelled carbaryl (counts/min -fig) and 
checkits purity by TLC/autoradiography. If not >95% pure, purify a 
sufficient amount by preparative TLC. 

(2) Prepare a solution of 14C-labelled carbaryl in acetone with a concentration 
of 1 mg/ml. Radioassay solution by LSC to determine the specific activity 
(counts/min • yug) in the counting system used. 

(3) Prepare a solution of non-radioactive carbaryl and 1-naphthol in acetone 
(0.2 mg/ml). 

(4) Prepare a IN solution of alcoholic KOH. Prepare a chromogenic spray 
reagent by stirring a solution of 10% diethylene glycol in ethanol for 
2 minutes with sufficient p-nitrobenzenediazonium tetrafluoborate for 
saturation (ca. 25 mg/100 ml). (The latter reagent should not be held 
longer than 3 days.) 

(5) Remove shells from mature peanuts, dry the meats in an oven, and then 
mill enough of the meats to provide ca.75 g samples of finely ground 
material. 

(6) Add 300 jul of 14C-labelled carbaryl solution to 60 g of ground peanuts in 
a beaker. Allow the solvent to evaporate and then mix the treated material 
thoroughly (5 ppm). 

(7) Weigh several subsamples of the treated nut material and analyse them by 
oxygen combustion procedures to establish the initial levels of 14C-labelled 
carbaryl residues. (These should be ca. 5 ppm.) 

(8) Weigh 50 g of the treated seed sample and extract it for 8 hours in a Soxhlet 
apparatus with a 1:1 mixture of chloroform and methanol. Dilute the extract 



244 PART V. LABORATORY EXERCISES 

to a known volume with the same solvent. Radioassay aliquots by LSC. 
Dry and weigh the extracted seed residue and analyse subsamples by 
combustion to determine unextracted radioactivity. 

(9) Remove the solvent from the extract with the rotary evaporator (under 
vacuum with sufficient heat). Determine the weight of the oil residue 
and radioassay some small aliquots. 

(10) Add 0.1N NaOH to the flask containing the oil and stir vigorously on a hot 
plate at 70—80°C for 15-30 minutes. The amount of alkali used is 
usually 10-20% in excess of the free fatty acid content of the oil. Centri-
fuge, decant the alkali fraction, and wash the oil twice with water. Combine 
these washes with the alkali fraction and radioassay. Weigh and radioassay 
the oil. 

(11) Treat the alkali-treated oil with 0.5% activated charcoal and bentonite 
(1:1 wt %) by stirring vigorously at 80°C for 30 minutes. Centrifuge to 
separate the oil. Radioassay an aliquot of the bleached oil. Radioassay 
the charcoal/bentonite by combustion procedures. 

(12) Treat the bleached oil with a slow stream of steam under vacuum for ca. 
4 hours (deodorization). Radioassay an aliquot of the deodorized oil. 

(13) If there is sufficient radioactivity present, extract the refined oil and analyse 
it by TLC/autoradiography as described in Exercise 39. 

(14) Acidify the alkaline solution (from step 10 above) and extract it with 
methylene chloride. Radioassay both fractions, and then dry the organic 
fraction with anhydrous Na2S04, concentrate under vacuum, and analyse 
by TLC as described in Exercise 38. 

CALCULATION AND REPORTING OF RESULTS 

Calculate the percentage of the applied dose that is present in each of the 
radioassayed fractions. Construct a table comparing the effects of different 
processing steps on the 14C-labelled carbaryl used for initial fortification. 

BIBLIOGRAPHY 

McMAHON, B.M., SAWYER, L.D., Pesticide Analytical Manual, Vol. 1: Methods which 
Detect Multiple Residues, US Department of Health, Education, and Welfare, Food and 
Drug Administration (1977). 

SAHA, J.G., NIELSON, M.A., SUMNER, A.K., J. Agric. Food Chem. 18 (1970) 43 -44 . 
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Appendix VI —1 

HOW TO PUT ON AND TAKE OFF RUBBER GLOVES1 

The technique employed in this procedure is such that the inside of a glove is not touched by its 
outer side or the outside of the other glove, nor is any part of the outside of a glove allowed to come 
into contact with the bare skin. The procedure is as follows: 

Putting on the gloves 
( 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 part with the other hand. 
( 4 ) Put the second glove on by holding it with the fingers of the gloved hand tucked in the fold 

and only touching the outside of the glove. 
(5 ) Unfold the gloves (cuffs) by manipulating the fingers inside the fold. 

Taking off the gloves 
( 6 ) In taking off the gloves, seize the fingers of one glove by the other gloved hand and pull free. 
( 7 ) Take off the other glove by manipulating the fingers of the free hand under the cuff of the 

glove and fold it back so that an internal part is exposed which may be seized, and the 
remaining hand freed. 

It is a great advantage if the inside and the outside of the gloves are distinctly different, for example 
in colour or texture. 

1 Adapted from BOURSNELL, J.C., Safety Techniques for Radioactive Tracers, Cambridge University 
Press, London (1958). 

2 4 7 
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Appendix VI—2 

RADIOACTIVE WASTE CONTROL AND DISPOSAL2 

VI —2.1. WASTE COLLECTION 

Suitable receptacles should be available in all working places where radioactive waste may originate. 

Solid waste should be deposited in refuse bins with foot-operated lids. The bins should be lined 
with removable plastic or paper bags to facilitate removal of the waste without contamination. 

If no other facilities for liquid-waste disposal exist, liquid waste should be collected in bottles kept 
in pails or trays designed to retain all their contents in the event of a breakage. Containers are available 
for liquid waste, which are provided with a suitable absorbent so that the waste is held in a solid form 
for subsequent storage or disposal. 

All receptacles for radioactive waste should be clearly identified. In general, it will be desirable to 
classify radioactive waste according to methods of storage or disposal, and to provide separate containers 
for the various classes of waste. Depending upon the needs of the installation, one or more of the 
following bases for classifying waste may be found desirable: 

(a) Gamma radiation levels (high, low); 
(b) Total activity (high, medium, low); 
(c) Half-life (long, short); 
(d) Combustible, non-combustible. 

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

Shielded containers should be used when necessary (e.g. for gamma emitters). 

It is generally desirable to maintain an approximate record of the quantities of radioactive waste 
released to drainage systems or to sewers, or for burial. This may be particularly important in the case 
of long-lived radioisotopes. For this purpose it may be desirable or necessary to maintain a record of 
estimated quantities of radioactivity deposited in various receptacles, particularly for high levels of 
activity or long-lived radionuclides. Depending upon the system of control used by the installation, it 
may be desirable to provide for the receptacle to be marked or tagged with a statement of its contents. 

Radioactive waste should be removed from working places by designated personnel under com-
petent supervision. 

V I - 2 . 2 . WASTE STORAGE 

All waste which cannot be immediately disposed of in conformity with the requirements of the 
competent authority must be placed in suitable storage. 

Storage may be temporary or indefinite. Temporary storage is used to allow for decrease of activity, 
to permit regulation of the rate of release of activity, to permit monitoring of materials of unknown 
degree of hazard or to await the availability of suitable transport. Indefinite centralized storage in 
special places must be provided by the competent authority for the more hazardous waste for which 
no ultimate disposal method is available to the particular user. 

2 
Based on §8 of Safe Handling of Radionucl ides , 1973 Edi t ion , Safety Series N o . l , IAEA, Vienna 

(1973) . See also: The Management of Radioactive Wastes Produced by Radioisotope Users, Safety Series 
No.12, IAEA, Vienna (1965) : The Management of Radioact ive Wastes Produced by Radioiso tope Users: 
Technical A d d e n d u m , Safety Series No.19, IAEA, Vienna (1966) . 
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Storage conditions should meet the safety requirements for storage of sources, as set forth in the 
IAEA's Safety Series No. 1, §4. 3 

The storage site should not be accessible to unauthorized personnel. (Control of animals should 
not be overlooked.) 

The method of storage should prevent accidental release to the surroundings. 

Appropriate records should be kept of the storage. 

VI —2.3. E F F L U E N T R E L E A S E TO THE ENVIRONMENT 

V I - 2 . 3 . 1 . General considerations 

Radioactive effluent releases to the environment should be carried out in accordance with con-
ditions established by the radiological health and safety officer and by the competent authority. 

The ways in which radioactive materials may affect the environment should be carefully examined 
in relation to any proposed method of effluent release. 

The capacity of any route of disposal to accept radioactive effluent safely depends on the evalua-
tion of a number of factors, many of which depend on the particular local situation. By assuming 
unfavourable conditions with respect to all factors, it is possible to set a permissible level for effluent 
release which will be safe under all circumstances. This usually provides a very considerable safety 
factor. The real capacity of a particular route of effluent release can only be found from a lengthy 
study by experts. 

The small user should first try to work within restrictive limits which are accepted as being safe and 
which will usually provide a workable solution to the problem of effluent release. Such a restrictive safe 
limit may be arrived at by identifying: 

(a) The critical radionuclide; 
(b) The critical pathway to man; 
(c) The critical group of the population concerned; 
(d) The critical organ. 

Thereafter it will be possible to calculate the amount and rate of radioactivity that may safely be released 
at a given point in the environment, taking into account any alternative requirements the competent 
authority may impose if local studies by experts provide reasonable justification for other levels. More 
detailed guidelines for this exercise can be found in the appropriate Safety Series publications of the 
International Atomic Energy Agency. In practice, however, the small user seldom requires to go into 
such detailed considerations since the type of work and the amount and nature of the radionuclide 
involved would not in all probability pose a significant environmental problem. 

V I - 2 . 3 . 2 . Effluent release to drains and sewers 

The release of radioactive effluent into drains does not usually need to be considered as a direct 
release into the environment. Hence, a restrictive safe limit will usually be provided if the concentration 
of radioactive effluent, based on the total available flow of water in the system averaged over a moderate 
period (a day or a month), does not lead to exposure of individual members of the public to doses in 
excess of the dose limits prescribed in the Agency's Basic Safety Standards for Radiation Protection4 . 
In arriving at the dose rates and amounts of discharge the factors summarized in the last paragraph of 
the previous section may need to be considered in some cases. Finally, before release of radioactive 

3 I N T E R N A T I O N A L ATOMIC ENERGY AGENCY, Safe Handling of Radionuclides, 1973 Edi t ion , 
Safety Series N o . l , IAEA, Vienna (1973) . 

4 I N T E R N A T I O N A L ATOMIC E N E R G Y AGENCY, Basic Safety S tandards for Radiat ion Protec t ion , 
1976 Edi t ion, Safe ty Series No.9, IAEA, Vienna (1967) . 
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effluent to public drains, sewers or rivers, the competent authority should be consulted to ascertain that 
no other radioactive effluent is being released in such a way that the accumulated releases will create a 
hazardous situation. 

Radioactive release to drains should be readily soluble or dispersible in water. Account should be 
taken of possible changes of pH-value due to dilution or other physico-chemical factors, which might 
lead to precipitation or vaporization of diluted materials. 

In general, the excreta of persons being treated by radioisotopes do not call for special consideration. 

Wastes should be flushed down the pipe by a copious stream of water. 

The dilution of radioactive effluent by the addition of stable isotopes of the radioactive elements 
present in the effluent may be considered. 

Maintenance work on active drains within an establishment should only be carried out with the 
knowledge of the radiological health and safety officer and under competent supervision. Special 
attention should be given to the possibility that small sources may have been dropped into sinks and 
retained in traps or catchment basins. 

The release of radioactive effluent to sewers should be done in such a manner as not to require 
protective measures during maintenance work on sewers outside the establishment, unless other agree-
ment has been reached with the authority in charge of those sewers. This authority should be informed 
of the release of radioactive effluent into the sewer system; mutual discussion of the technical aspects 
of the waste disposal problem is desirable to provide protection, and to avoid unnecessary anxiety. 

V I - 2 . 3 . 3 . Effluent release to the atmosphere 

Any release of radioactive effluent in the form of gases or aerosols into the atmosphere should con-
form with the requirements of the competent authority. 

If protection is based on an elevated release point from a stack, levels of release should only be set 
after examination of local conditions by an expert. 

The need for filtration of gases or aerosols before release as waste should be assessed. 

Used filters should be handled as solid waste. 

VI—2.3.4. Burial of waste 

Burial of waste in soil sometimes provides a measure of protection not obtained if the waste is 
released directly to the environment. The possibilities of safe burial of waste should always be appraised 
by an expert. 

Burial under a suitable depth of soil (about one metre) provides economical protection from the 
external radiation of the accumulated deposit. 

A burial site should be under the control of the user, and adequate steps to exclude the public 
from it should be taken. 

A record should be kept of disposals into the ground. 

VI—2.3.5. Incineration of waste 

If solid waste is incinerated to reduce the bulk to manageable proportions, adequate precautions 
should be taken. 

The incineration of active waste should only be carried out in equipment embodying such features 
for filtration and scrubbing as may be necessary for the levels of activity to be disposed of. 

Residual ashes should be prevented from becoming a dust hazard, for example by damping them 
with water, and should be properly dealt with as active waste. 
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Appendix VI—3 

BETA-PARTICLE RANGE AS A FUNCTION OF ENERGY (Emax) 

M A X I M U M R A N G E IN A L U M I N I U M , o -X ( mg cm"2) 
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Appendix VI—4 

INTEGRATION OF EQUATION (1-1). THE RADIOACTIVE DECAY LAW 

Given E q . ( I - 1 ) in Part I: 

dN 
— = -XN (VI—4.1) 
dt 

Separating variables for the indefinite integration: 

dN 
— = - A / d t + constant (VI—4.2) 
N 

Now integrating 

In N = —Xt + C ( V I - 4 . 3 ) 

where C is the constant of integration. C is evaluated at any initial conditions which are: 

N = N0 at t = t0 

That is, N0 is the number of atoms present at any initial time, t0. Therefore, at t = t 0 : 

C = In N0 + Xt0 ( V I - 4 . 4 ) 

Substituting Eq . (VI -5 .4 ) into ( V I - 5 . 3 ) : 

In N - l n N0 = - X t + Xt0. ( V I - 4 . 5 ) 

l n G f ) = _ X ( t ~ t o ) (VI—4.5') 

Now taking the antilogarithm: 

— = e-X(t - 1 0 ) (v i _4 .6 ) 
N0 

N = N 0 e - X ( t _ t o ) ( V I -4 . 7 ) 

In the special case of t0 = 0 , E q . ( V I - 5 . 7 ) becomes: 

N = N0 e"X t 

giving the desired equation ( 1 - 3 ) . 



APPENDIX VI-S. DERIVATION OF EQ. (1-31) 2 5 3 

Appendix VI—5 

DERIVATION OF EQUATION (1-31) 

From Eq. ( 1 - 3 0 ) in Part I: 

where an at,R is the natural standard deviation of the net sample count-rate. 
By squaring and taking the time derivative of both sides 

2°nat,Rs • d o n a t , R s = - £ dT - dT„ ( V I - 5 . 2 ) 

To obtain the minimum value, set danat ,R s = 0 ; a n d since the given total period counting time, T t o t , has 
to be apportioned between T and Tb: 

T t o t = T + T h (VI—5.3) 

( V I - 5 . 4 ) 

d T = - d T b ( V I - 5 . 5 ) 

Therefore, rearranging E q . ( V I - 6 . 2 ) for dan a t r s = 0: 

( V I - 5 . 6 ) 

T ! R dT 

and introducing E q . ( V I - 6 . 5 ) : 

Tk 
(VI—5.7) 

which is the desired equation ( 1 - 3 1 ) . 

The partition of T t o t (between T and Tb) in conformity with E q . ( V I - 6 . 7 ) corresponds mathe-
matically to the smallest, i.e. best-partition, on a t ,Rs value which is obtainable under the given conditions. 
If we call the fractional natural standard deviation of the net count-rate of the sample f, then, from 
formula ( 1 - 3 0 ) : 
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and using Tb + T = T tot and Eq. (VI-6 .7) to substitute in Eq. (Vl-6 .8 ) for T(, and T, one obtains for 
the best, partition value, fbpv: 

f bpv=- I 1 r (VI—5.9) 

For a given sample activity in a proportional counter (e.g. gas-flow or scintillation), the values of 
R and R|, may be altered independently by variation of the high voltage and/or the input-bias voltage. 
For a certain setting of these two variables, the so-called optimum setting, (^/R - \ / R b ) will attain its 
maximum value, and the natural uncertainty (for the best partition of the given Ttot) will, according 
to Eq.(VI-6.7) , attain its minimum value, fbpv,min- E ° r another sample containing a different activity 
the optimum setting corresponding to fbpvjnin W'U ' n general be different. 

Theoretically, the choice of operating conditions (high voltage and input-bias voltage) on the basis 
of minimum natural uncertainty is thus a complex problem. However, natural counting uncertainty, 
at least in biological experimentation, is usually not critical in comparison with technical uncertainty, 
except when low activity samples (R — Rb) are to be measured. But when R is not much greater than 
Rb, the difference RT - Rr may be approximated5 by ((R - Rb)/2Rr], so that the optimum setting 

(corresponding to fbpv,min) may be approximated by that for which [(R - Rb)/2R£] or (R - Rb)2/Rb 
attains its maximum value. Since this approximate optimum criterion for low activities is equivalent 
to e2/Rb attaining its maximum value, it is independent of sample activity (e is the overall counting yield). 

In tracer work (non-GM counter) operating conditions are usually chosen as optimum on the basis 
of minimum natural uncertainty for very low-activity samples; i.e. the maximum of (R - Rb)2/Rb o r 

e21 Rb is taken as the criterion. However, for expediency, a medium or high-activity source is normally 
used in finding the operating conditions that give the maximum value of (R - Rb)2/Rb, which is per-
missible because this maximum, as mentioned above, is independent of sample activity. 

5 RV-Rj=[Rb +(R-Rb)]V-RT = RT{[| + ( R - R b ) / R j r - 1 } 
so, for R — Rb ,using the binomial expansion: 

r V - R b " R b 11 + i ( R - R b " R b ~ 1] = RJ (R - R b ) / 2 R b 

or 
RKRV^(R-Rb)/2RV 
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Appendix VI -6 

DERIVATION OF EQUATIONS (1-56) AND (1-57) 

If the rate of exchange or turnover is proportional only to the amount of the substance present 
at any time, the process is random and any single particle may have a lifetime varying from 0 to <*>. The 
average lifetime (t) will be the sum of the existence times of all the particles divided by the initial number. 
Therefore, if A 0 represents the initial number of tracer particles present: 

A 0 / 

t=°= 

t dA (VI -6.1) 
t=0 

However: 

A = A 0 e " k t ( V I - 6 . 2 ) 

when the loss is by a first-order process, and thus: 

Substituting in Eq . (VI-7 .1 ) : 

A , 
o 
J tkA0 e~kt dt = k J t e " k t dt 

(VI -6.3) 

t = — I tkA0 e"Kl dt = k / t e"KI dt ( V I - 6 . 4 ) 

Integrating: 

7=k ( 0 + ? H (v,-6-s» 
which is Eq.(I 56), and since: 

0 .693 
k = - (see 1 - 5 1 ) 

1 f, biol 

then: 

r = 0 . 693^ . i b f a l = l - 4 4 T ^ (VI"6-6 ) 

which is the desired equation (1 -57 ) . 
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Appendix V I - 7 

DERIVATION OF EQUATION (1-69) 

When 14N and 15N atoms combine randomly to form Nrmolecules, the latter will be binomially 
distributed, i.e. with fractional abundances of 1 4N1 4N, 1 4N1 5N and 15N15N given by 

(P + q)2 ( V I - 7 . 1 ) 

p2 + 2pq + q2 

where p = fractional abundance of 14N, q = fractional abundance of 15N, and p + q = 1. 

By definition: 

( V I - 7 . 1 ' ) 

K = -
abundance of 14N14N 

abundance of 14N'SN 

H, 

H, 
(see Eq.(I—69)) 

Therefore, according to Eq. (VI-8 .1 ' ) : 

2pq 2q 2q 

Solving for q in Eq. (VI-8 .3 ) , we find: 

_ 1_ 

q ~ 2K+1 

Finally, 

AbN . 1 5 (at.%) = lOOq 

Thus, by introduction of Eq . (VI -8 .4 ) into Eq . (VI-8 .5 ) : 

100 A b v . t (at.%) = 2K+1 

which is the desired equation ( 1 - 6 9 ) . 

(VI—7.2) 

(VI - 7 . 3 ) 

(VI - 7 . 4 ) 

(VI--7.5) 

(VI—7.6) 
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Appendix VI -8 

CHARACTERISTICS OF SOME COMMON RADIONUCLIDES 
USED IN BIOLOGICAL RESEARCH 

Radionuclide Radiation emitted 

Z 
Symbol 
and 
mass No. 

Half-life Type 
„ . . . . , , Additional radiation 
Energies m MeV 

,. • * from 
(Per cent disintegration) 

- - daughter nuclide 

1 3H 12.35 a 0" max. 0.0186 (100) 

6 14C 5730 a 0" max. 0.156 (100) 

9 18p 109.7 min r max. 0.635 (97) 

( 
y 

(3) 

11 MNa 15.0 h 0~ 
y 

max. 1 .389(100) 

2 . 7 5 4 ( 1 0 0 ) ; 1 .369(100) jsKSSra- -
12 28Mg 21.1 h r 

ya 

max. 0.46 (100) 
1 .34(69) ; 0 . 9 4 ( 2 8 ) ; 0 . 4 0 ( 3 1 ) ; 28Al radiations 
0.031 (95) 

13 28 Al 2.24 min max. 2.86 (100) 

y 1 .780(100) 

IS 32 p ,14,3 d " r max. 1 .710(100) 

16 35 s 88.0 d 0- max. 0 . 1 6 7 ( 1 0 0 ) 

17 38 CI 37.3 min 0- max. 4.91 (56); 2 . 7 4 ( 1 1 ) ; 
1 . 10 (33 ) 

19 4 0 K 1.28 X 109(a 
y 

e 
7 

2 .17 (44 ) ; 1 .64 (33) ^ (JciiyV^ 

max. 1 .314 (89 ) ; avg."0.490 — ^ ^ 

1 .460(11 ) IT 

19 42 K 12.36 h > 
y 

max. 3.52 (82); 2.00 (18); others 
1 .524 (18 ) ; 0.31 (0.2); others 

20 4 5 Ca 164 d 0~ max. 0.26 (100) 

20 4 7 Ca 4.53 d 0-
7 

max. 1.98 (18); 0.69 (82); others 
1.30 (75) ; 0.815 (7); 0.49 (7); 4 1 Sc radiations 
others' 

21 4 7 Sc 3.40 d r 

7 

max. 0 .600 (30) ; 0.44 (70) 
0 . 1 6 0 ( 7 0 ) 

23 18 V 16.0 d r 
e 

max. 0.696 (49) 

(51) N 
2 .241 (3 ) ; 1 .312(97) ; 0.983 (100) ; \ 
0.945 (10 ) " J 

24 51 Cr 27.7 d e 

7 a 

0 . 0 0 5 0 ( 2 2 ) 

0 . 3 2 0 ( 1 0 ) 

a Gamma-ray emission is significantly affected by internal conversion (ejection of an atomic 
orbital electron occurring sometimes instead of the emission of a gamma photon). 
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Appendix VI-8 (cont.) 

Radionuclide Radiation emitted 

Z 
Symbol 
and 
mass No. 

Half-life Type 
. . . . , , Additional radiation 

Energies in MeV ^ ^ 
(Per cent disintegration) , 

daughter nuclide 

25 " M n 5.7 d r 
e 
y 

max. 0.575 (28);avg. 0 .24 

0 .0055 (17) 

1.434 (100) ; 0 .935 (94) ; 
0 . 7 4 4 ( 8 5 ) ; others 

25 * M n 313 d e 0 .0055 ( 2 4 ) 

26 " F e 2.7 a 

7 a 

e 

0.835 ( 1 0 0 ) 

0 . 0 0 6 0 ( 2 6 ) 

26 s ' F e 44.6 d r 

y 

max. 0 .475 (53) ; 0 .27 (46);others 
1.292 (44) ; 1.095 (56) ; 
0 .192 (2 .8) ; 0 .143 (0 .8) 

27 " C o 270 d e 
y 

0.0065 (54) 

0 .692 (0 .14) ; 0 .136 (11) ; 
0 .122 (86) ; 0 .014 (9 ) 

27 58Co 7 1 . 3 d r 
e 
y 

max. 0 . 4 7 4 ( 1 5 ) 

0 .0065 (26) 

1.67 (0.6) ; 0 .865 (1 .4) ; 0 .810 (99) 

27 " C o 5.26'a* r max. 0 .32 (100) ; others 

y 1 . 3 3 2 ( 1 0 0 ) ; 1 . 1 7 3 ( 1 0 0 ) 

29 6 4 Cu 12.8 h r 

e 
ya 

max. 0 .573 (38);avg. 0.175 

max. 0 . 6 5 ( 1 8 ) 

0 . 0 0 7 6 ( 1 4 ) 

1.34 (0 .5) 

29 6 7Cu 59 h r 

y" 

max. 0.57 (100) 

0 .184 (40) ; 0 .092 (23) 

30 " Z n 244 d r 
e 
y> 

max. 0 . 3 2 7 ( 1 . 7 ) 

0.0081 ( 3 5 ) 

1.115 (51) 

33 74 As 17.9 d r 

r 
e 

y 

max. 1.36 ( 3 2 ) 

max. 1 . 5 4 ( 2 9 ) 

(39) 

0.635 (14) ; 0 .596 (61) 

a Gamma-ray emission is significantly affected by internal conversion (ejection of an atomic 
orbital electron occurring sometimes instead of the emission of a gamma photon). 



APPENDIX VI-8. CHARACTERISTICS OF RADIONUCLIDES 

Appendix VI -8 (cont.) 

2 5 9 

Radionuclide Radiation emitted 

Z 
Symbol 
and 
mass No. 

Half-life Type 
Energies in MeV 
(Per cent disintegration) 

Additional radiation 
from 
daughter nuclide 

34 75 Se 120.4 d e 

7 * 

0.011 (54) 

0.401 (12); 0 .280 (25) ; 0.265 
(84) ; 0.13 (72) ; 0.121 (17) ; 
0.097 (3.3) ; 0 . 0 6 6 ( 1 ) 

35 82 Br 35.4 h r 

7 

max. 0 .444 (98) ; others 
1.475 (17) ; 1.317 (28) ; 1.044 
(29) ; 0 .828 (24) ; 0.777 (83) ; 
0.698 (27) ; 0 .619 (43) ; 0 .554 (72) 

38 85 Sr 64.5 d e 0 . 0 1 4 ( 6 0 ) 

42 " M o 66.2 h 

7 a 0 . 5 1 4 ( 9 9 ) 

(80) ; 0.45 (19); others 

43 " T c m 6.02 h 

i 0.780 (5) ; 0 .740 (14); 0.372 (1) ; 
0.18 (7) ; 0.041 (2) 

.. 0 .140~(90)\ 

" T c m radiations 

44 106 Ru 368 d r max. 0 . 0 3 9 ( 1 0 0 ) 

48 109Cd 453 d e 
7.a . . 

a o o n 

0.j088 | 

49 " 3 I n m 1.66 h 7 a 0.393 (64) 

50 113Sn 115 d e 

7 

0.025 (97) 

0.26 (2) " 3 I n m radiations 

53 

53 

12 5j 

131, 

60.2 d 

8.06 d 

i X Z 

r r ^ 

e 
7 a 

0 . 0 2 T ( 8 6 T 7 c p W 7 

S S S J D T 
mTx~6T806(iOO); 0-61 (90) ; 
0.33 (7); others 
0 . 0 3 0 ( 5 ) 
0.723 (1j6); 0.637 ( 6 ^ ) ; 0 .364 

((82) ;*0.284,(6) ; 0 .08 (2-6) 

55 134Cs 2.07 a r 

7 

max. 0 .662 ( 7 1 ) ; 0 . 0 9 (27) ; 
others 
1.365 (34) ; 1.168 (1.9); 1.038 (1) ; 
0 .796 (99) ; 0.605 (98) ; 0.57 (23) 

a Gamma-ray emission is significantly affected by internal conversion (ejection of an atomic 
orbital electron occurring sometimes instead of the emission of a gamma photon). 
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Appendix Vl-8 (cont.) 

Radionuclide Radiation emitted 

Symbol 
Z and Half-life 

mass No. 

. Additional radiation 
Energies m MeV 

Type , . . . . . from 
(Per cent disintegration) , , 

daughter nuclide 

55 137Cs 30.0 a 

56 1 3 7Bam 2 .554 min 

79 198Au 2.697 d 

80 197Hg 64.1 h 

80 203Hg 46.6 d 

(T max. 1.17 (6) ; 0.51 (94) ' 

\ 7 a 0 .662 (85) . S 

V 0 .662 (85) 

(T max. 0 .962 (99) ;others 

y' 1.088 (0.2) ; 0 . 6 7 6 ( 1 ) ; 

0 . 4 1 2 ( 9 6 ) 

£ 0 . 0 7 0 ( 7 2 ) 

y' 0 .268 (0 .15) ; 0.191 (2) ; 

0.077 (20) 

fT max. 0 . 2 1 4 ( 1 0 0 ) 

e 0 . 0 8 ( 1 3 ) 

ya 0 . 2 7 9 ( 8 2 ) 

a Gamma-ray emission is significantly affected by internal conversion (ejection of an atomic 
orbital electron occurring sometimes instead of the emission of a gamma photon). 
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Appendix VI—9 

CHEMICAL NAMES OF PESTICIDES MENTIONED IN THIS MANUAL 

Aldrin 1,2,3,4,10,10-hexachloro-l ,4,4a,5,8,8a-hexahydro-exo-l ,4-endo-
5,8-dimethanonaphthalene 

Allethrin 2-methyl-4-oxo-3(2-propenyl)-2-cyclopenten-l-yl-2,2-dimentyl-3-
(2-methyl-l-propenyl)cyclopropanecaiboxylate 

Aminoparathion 0 ,0 -d iethyl O-4-aminophenyl phosphorothioate 

Benomyl methyl l-[(butylamino)carbonyl]-lH-benzamidazol-2-ylcarbamate 

Butralin 4-( 1,1 -dimethylethyl)-N-( l-methylpropyl)-2,6-dinitrobenzamine 

carbaryl 1-naphthalenyl methylcarbamate 

DDA bis(p-chlorophenyl)acetic acid 

DDT 1,1 '-(2,2,2-trichloroethylidene)bis[4-chlorobenzene] 

Diazinon 0 ,0 -d iethyl 0-[6-methyl-2-(l-methylethyl)-4-pyrimidinyl] 
phosphorothioate 

Dieldrin 3,4,5,6,9,9-hexachloro-laa,2/3,2aa,3/3,6/3,6aa,7(3,7a-octahydro-
2,7:3,6-dimethanonaph[2,3-b]oxirene 

Diflubenzuron N-[[(4-chlorophenyl)amino]carbonyl]-2,6-difluorobenzamide 

Dimethoate O.O-dimethyl S-(N-methylcarbamoylmethyl)phosphorodithioate 

EPN O-ethyl 0-(4-nitrophenyl) phenylphosphonothioate 

Heptachlor l ,4,5,6,7,8,8-heptachloro-3a,4,7,7a-tetrahydro-4,7-methano-lH-indene 

Lindane 1,2,3,4,5,6-hexachlorocyclohexane, gamma-isomer 

Malathion 0 ,0 -d imethyl S-( 1,2-dicarbethoxyethyl)phosphorodithioate 

Methoxychlor l , l ' - (2,2,2-trichloroethylidene)bis[4-methoxybenzene] 

Paraoxon 0 ,0 -d iethyl O-4-nitrophenyl phosphate 

Parathion 0 ,0-diethyl 0-4-nitrophenyl phosphorothioate 

Phorate 0 ,0-diethyl S[(ethylthio)methyl] phosphorodithioate 
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Photoaldrin 

Photodieldrin 

l.l^.S.Sa^a-hexachloro^.S.Sa^.eaJJa-octahydro^J-metheno-
1 H-cy clopenta[a ] pentalene 

l,l,2,3,3a,7a-hexachloro-5,6-epoxydecahydro-2,4,7-metheno-
1 H-cy clopenta[a] pentalene 

Rotenone [2R-(2a,6aa,12aa]-l,2,12,12a-tetrahydro-8,9-dimethoxy-2-
(l-methylethenyl)[l] benzopyrano[3,4-b]furo(2,3-h][l ]benzopyran-
6(6aH)-one 

Trifluralin 2,6-dinitro-N,N-dipropyM-(trifluoromethyl)benzenamine 

2,4-D (2,4-dichlorophenoxy)acetic acid 
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COMMERCIAL AND OTHER SOURCES OF 
RADIOLABELLED CHEMICALS3 

BELGIUM 

BRAZIL 

CZECHOSLOVAKIA 

EGYPT 

Institut National des Radioelements, 
Avenue General Eisenhower, 105 — 107, 
B-1030 Brussels 

Centro de Energia Nuclear na Agricultura (CENA), 
Caixa Postal 96, 
Piracicaba, Sao Paulo 

Institute for Research, 
Production and Application of Radioisotopes, 
Pristavni 24, 
17004 Prague 7 

Atomic Energy Establishment, 
Nuclear Chemistry Department, 
Isotope Division, 
Atomic Energy Post Office, 
Cairo 

FRANCE Commissariat a l'Energie Atomique, 
CEN Saclay, 
B.P. No. 2, 
91190 Gif-sur-Yvette 

APC-Azote et produits chimiques, 
Departement des ventes 75646, 
62, rue Jeanne d'Arc, 
Paris 

GERMAN DEMOCRATIC 
REPUBLIC 

GERMANY, 
FEDERAL REPUBLIC OF 

Isocommerz GmbH, 
Permoserstrasse 15, 
705 Leipzig 

NEN Chemicals GmbH, 
Research Products, 
Postfach 1240, 
Daimlerstrasse 23, 
D-6072 Dreieichenhain bei Frankfurt/Main 

a Only a few sources are listed. 
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Becton, Dichinson GmbH, 
Waldhaferstrasse 3, 
6900 Heidelberg-Wieblinger 
(represents Schwarz/Mann for European market) 

Amersham-Buchter GmbH & Co. KG, 
Harxbutteler Strasse 3, 
D-3301 Wenden iiber Braunschweig 

Sharp and Dohme GmbH, 
Produktgruppe Isotope, 
Lenchtenberging 20, 
D-8000 Munchen 80 

INDIA 

UNION OF SOVIET 
SOCIALIST REPUBLICS 

UNITED KINGDOM 

UNITED STATES OF AMERICA 

Bhabha Atomic Research Centre, 
Department of Atomic Energy, 
Labelled Compounds Section, 
Isotope Division, 
Trombay 400 085 

Tekhsnabexport, 
32/34, Smolenskaya-Sennaya, 
121200 Moscow 

Huntingdon Research Centre, 
Huntingdon PE18 GES, 
Cambs. 

PROCHEM (British Oxygen Co., Ltd.), 
Deer Park Road, 
London SW 19 3 UF 

The Radiochemical Centre Amersham, 
White Lion Road, 
Amersham, 
Buckinghamshire 

Amersham-Searle Corporation, 
2636 S. Clearbrook Drive, 
Arlington Heights, Illinois 60005 

Merck, Sharp and Dohme, 
International Department, 
Rahway, New Jersey 07065 

New England Nuclear Chemicals, 
Mr. Leslie Holmes, Export Manager, 
549 Albany Street, 
Boston, Mass. 02118 
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PART VII. GLOSSARY OF SOME BASIC TERMS 
AND CONCEPTS 

Bold words in an explanation refer the reader to another Glossary entry. 

Certain definitions, mainly of quantities and units, are based on or taken from standards published 
by international bodies such as BIPM, ISO and ICRU. The references are listed below: 

[Gl ] BUREAU INTERNATIONAL DES POIDS ET MESURES. Le Systeme International 
d'Unites (SI), 3e Edition, OFFILIB, 48 rue Gay-Lussac, F-75005 Paris (1977): (An 
English translation entitled the International System of Units (SI) is available as National 
Bureau of Standards Special Publication 330, 1972 Edition, from the US Government 
Printing Office, Washington, DC, 20402, or from HMSO, London: the corresponding 
editions appear later than the French original.) 

[G2] INTERNATIONAL ORGANIZATION FOR STANDARDIZATION, International 
Standard ISO 1000 (1973), and International Standard ISO 31/0—XIII (the latter 
standard is published in 13 parts with a general introduction ISO 31/0: the various parts 
have various publishing dates). These two standards concern themselves with quantities, 
units and symbols. 

[G3] INTERNATIONAL COMMISSION ON RADIATION UNITS AND MEASUREMENTS, 
Radiation Quantities and Units, ICRU Report 19, ICRU, Washington, DC (1971), and 
Supplement to ICRU Report 19(1973). 

[G4] INTERNATIONAL ORGANIZATION FOR STANDARDIZATION, Nuclear Energy 
Glossary, International Standard ISO 921 (1972). 

267 
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absorbance, A, or optical density. The logarithm to the base 10 of the 
reciprocal of the transmittance, T, of an optically absorbing medium in a 
densitometric or spectrophotometric measurement: 

1 
A = logio _ 

T 

where r = I/I0, I0 being the incident luminous flux of the light and I 
the transmitted luminous flux [G2/VI], For example, A = 1.0 represents 
10% incident light transmitted, A = 2.0 represents 1% transmitted, etc. When 
this quantity is measured at a given wavelength of light, X, it is called spectral 
absorbance, A^, or spectral optical density. 

absorbed dose, D. The mean energy, d<F, imparted by ionizing radiation to matter 
in a suitably small volume element divided by the mass, dm, of matter in 
that volume element [G3]: 

D = — • 
dm 

The SI derived unit of absorbed dose is the gray (Gy) [GI ]; the traditional 
special unit is the rad, use of which is being phased out. 

absorbed dose rate, D. The increment in absorbed dose, dD, divided by the time 
interval, dt, in which it is accumulated [G3]: 

dD 
D = — 

dt 

In SI the unit of measurement is the gray per second (Gy/s), or multiples 
or submultiples thereof [GI ]. The traditional special unit was the rad per 
second (rad/s), or any multiples or submultiples thereof; use of these is 
being phased out. 

absorber. Any matter placed in the path of a radiation beam. Such matter causes 
a reduction in the radiation flux and, often, a change in radiation quality 
in the beam behind the absorber, the magnitude of the change varying 
with the type and spectrum of the radiation and the density and atomic 
constituency of the material. 
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absorber, semi-infinite. An absorber whose thickness is greater than the practical 
range of penetration of the radiation and whose lateral dimensions are 
considerably greater than those of the radiation field. 

absorbing event. An interaction, such as elastic or inelastic scattering, photo-
electric absorption, the Compton effect or pair-production, by which 
radiation energy is transferred to matter. 

absorption coefficient, see energy absorption coefficient. 

activity, A. The number, N, of spontaneous nuclear transformations occurring 
in a given quantity of radioactive nuclide during an incremental interval 
of time, dt, divided by that interval of time [G3]: 

dN 

The SI derived unit of activity is the becquerel (Bq) [G1 ]; the traditional 
special unit is the curie (Ci), use of which is being phased out. 

amber Perspex dose meter, see PMMA dose meters. 

annihilation. Commonly used for the event when a positron and electron 
annihilate on interaction; their rest energy is converted into two photons, 
each of 0.51 MeV energy (see annihilation radiation). 

annihilation radiation. Electromagnetic radiation of 0.51 MeV energy resulting 
from an annihilation interaction between a positron and an electron. 

area density, see mass per unit area. 

atomic fluorescence. The emission of characteristic X-rays as a result of the 
photoelectric effect: the photoeiectron is ejected from an atom, being replaced 
by an electron from an outer atomic orbit, accompanied by the emission 
of the K-shell, L-shell, etc. X-rays (the fluorescence yield increasing with 
the atomic number). It is in competition with the Auger effect. 
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attenuation coefficient (linear attenuation coeff icient, /i, or mass attenuation 
coefficient, ;u/p)- Of a substance i, the quantity (/z)j is defined for a 
parallel beam of specified radiation, where the expression GuAx); represents 
the fraction of indirectly ionizing particles that is removed from the incident 
beam by interactions in passing through a thin layer of thickness (Ax); of 
that substance. It varies with the spectral energy of the radiation. According 
as (Ax); is expressed in terms of length or mass per unit area, the attenuation 
coefficient is termed linear, (ju)j, or mass, (ju/p)j, where p represents the 
density of the substance [G4]. 

The ICRU definition is also given for completeness [G3]: The mass attenuation 
coefficient, flip, of a material for indirectly ionizing particles of specified energy is the 
quotient of dN/N by pdx, where dN/N is the fraction of particles that experience 
interactions in traversing a distance dx in a medium of density p: 

p. 1 ,dN 
p pN dx 

NOTES: (a) The term interactions refers to processes whereby the energy or direction 
of indirectly ionizing particles is altered, 

(b) For X or 7-ray photons: 

H = | qc | qcoh + a p p p p p 

where r/p is the photoelectric mass attenuation coefficient, o c /p is the total Compton 
mass attenuation coefficient, ocoh/p is the mass attenuation coefficient for coherent 
scattering, and n/p is the pair production mass attenuation coefficient. (This equation 
applies if the nuclear interactions are not important. An extra term for such inter-
actions may be required for X or 7-ray energies in excess of a few million electronvolts.) 

Auger effect. The non-radiative transition occurring in an atom, especially one 
of low atomic number, as a result of the photoelectric effect, in which 
orbital electrons (Auger electrons) other than photoelectrons are ejected 
from the atom as a result of electron orbital readjustments from excited 
states to lower energy states. It is in competition with atomic fluorescence. 

Auger electron. Fast electron ejected as a result of interaction between an X-ray 
photon and an orbital (valence) electron, resulting in a non-radiative transition 
of an atom to a lower excited electronic energy state (see Auger effect, 
isomeric transition). 

background. Signals (e.g. radiation) that are recorded by a measuring device (e.g. 
dose meter) and which do not emanate from the radiation source of interest. 
Background radiation may be from a source external to the dose meter or arise 
from radioactive contamination of the dose meter or holder. Because of the high 
levels of radiation used in food irradiation, this problem will not normally be of 
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importance in dose-meter calibration procedures. 
(Another 'background' effect is the alteration of the dose meter reaiding by 
allowing light, heat or aging to affect the sensitive volume of the dose meter.) 
See also noise. 

becquerel (Bq). The SI derived unit of activity, being one radioactive disintegration 
per second of time. It has dimensions of s"1, and its relationship to the 
traditional special unit, the curie (Ci), is: 

1 Bq = 2.7027 X 10"" Ci 

The term disintegration refers to a nuclear transformation, i.e. either a change of nuclide 
or an isomeric transition. 

beta-particle, |3-particle. A |T-particle is a high-speed (negatively charged) electron 
ejected from a nucleus during radioactive decay. A |3+-particle is a high-speed 
positron (positively charged electron) ejected from a nucleus during radioactive 
decay. 

bilateral irradiation. Irradiation of a product from two opposite sides simultane-
ously (see irradiator). 

binding energy. (1) For a particle in a system, the net energy required to move 
it from the system to infinity. 

(2) For a system, the net energy required to decompose it into its 
constituent particles. 

biological indicator. Biological system that undergoes a measurable and reproducible 
change on being irradiated. 

BIPM, see SI. 

bremsstrahlung. Photon radiation emitted by fast-moving charged particles that 
are decelerated or deflected by an electric or magnetic field (the 
originally German word means, literally, braking radiation). It is 
usually high-energy penetrating photon (electromagnetic) radiation 
produced by deceleration of fast electrons in high-atomic-number absorbers. 
It is physically identical to X-rays and similar to gammk rays and shows a 
broad spectral energy distribution having a maximum energy corresponding 
to the maximum energy of the incident electrons. 

broad beam. (1) The nature of a stream of incident radiation where the diameter 
is relatively large with respect to the size of the absorber or target (as con-
trasted with narrow beams): 

(2) In beam attenuation measurements, a beam in which the unscattered 
and some of the scattered radiation reach the detector. 
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build-up. In the passage of radiation through a medium, the increase with depth 
in energy deposition due to the forward-moving secondary radiation produced. 
It leads to a maximum in the depth-dose curve. For example, with 60Co 
7-radiation, this maximum is at a depth of 0.5 cm in water. 

bulk density. Weight per unit volume of the product 'en mass', as it would be 
irradiated (e.g. with potatoes, the air space between the potatoes is also 
considered in determining the bulk density). 

calibration curve. The response curve (radiation effect as a function of absorbed 
dose) established under controlled conditions in which the doses are deter-
mined by comparison with a standard reference dose meter. 

calorimeter. A device for determining energy deposition by means of the resulting 
temperature change in the calorimeter body or of some other thermal effect. 

Compton effect. Interaction (elastic, incoherent scattering) between a (high-
energy) photon and a free or loosely bound electron, whereby the photon 
suffers a change in direction and a loss in energy, and the electron gains an 
amount of kinetic energy equivalent to that lost by the photon. 

confidence level, see confidence probability. 

confidence limits. The upper and lower values in a distribution of data within 
which a mean value from a succeeding measurement falls with the confidence 
probability. Both values of the confidence limits are calculated from the 
parameters of the distribution (e.g. design uniformity ratio, U, and 
appropriate standard deviation, S(j) by the use of the t-value. 

confidence probability or confidence level. The probability with which a result 
will fall within specified limits. 

conversion efficiency (X-rays) or conversion ratio (X-rays). In the production 
of bremsstrahlung by the slowing down of electrons or other charged 
particles, the ratio of energy flux density of resulting photons to the energy 
flux density of incident electrons or particles. 

curie (Ci). The special unit of activity, which is being superseded by the 
becquerel (Bq). The curie is defined as: 

1 Ci = 3.7 X 1010 disintegrations per second = 3.7 X 1010 Bq 

The term disintegration refers to a nuclear transformation, i.e. either a change o f nuclide 
or an isomeric transition. 
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decay law, radioactive. The fractional rate of decrease of the number of radio-
active atoms of a specific radionuclide is constant, is independent of its age 
and surroundings, and is characteristic of that radionuclide. 

X _ _ I dN 
N dt 

where N is the number of radioactive atoms of a specific radionuclide at 
time t and X is the decay constant for the radionuclide. This equation can 
be integrated to give: 

N = N0e"Xt 

where N0 is the number of radioactive atoms present at t = 0. 

degraded spectrum. A radiation spectrum that has been shifted to lower energies 
owing to interaction with an absorber. 

density thickness, see mass per unit area. 

depth dose. The variation of absorbed dose with depth of penetration of a 
primary radiation beam incident perpendicularly on a planar medium, as 
determined along the central axis of the beam. 

direction, one- or two-, see irradiator. 

directly ionizing particles are charged particles (electrons, protons, a-particles, 
etc.) having sufficient kinetic energy to produce ionization by collision [G3]. 

dose, see absorbed dose 

dose distribution. The spatial variation in absorbed dose throughout the product, 
the dose having the extreme values Dm a x and Dmtn. 

dose meter. A device, instrument or system having a reproducible and measurable 
response to radiation that can be used to measure or evaluate the quantity 
termed absorbed dose, exposure or similar radiation quantity. [The word 
dosimeter has been replaced by dose meter [G4] as standard terminology 
(dose meter, but dosimetry, dosimetric).] 

dose meter probe. A dose meter that is inserted into material to be irradiated. 

dose rate, see absorbed dose rate. 

dose uniformity, see uniformity ratio. 

dosimeter, see dose meter. 

dosimetry. The measurement of radiation quantities, specifically absorbed dose 
and absorbed dose rate, etc. 

elastic scattering, see scattering. 
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electron. A small particle having a rest mass of 9.107 X 10 28 g, an atomic mass 
of of a hydrogen atom, a diameter of 10 12 cm, and carrying one 
elementary unit of positive or negative charge (1.602 X 10"19 C). The 
positively charged electron is called the positron, while the negatively 
charged electron is usually just termed electron (the term negatron is 
rarely used). See also beta particle. 

electron accelerator. A device for imparting large amounts of kinetic energy to 
electrons. 

electron beam. An essentially monodirectional stream of (negative) electrons which 
have usually been accelerated electrically or electromagnetically to high energy. 

electron capture (EC). Mode of radioactive decay of an atom in which its nucleus 
captures one of its orbital electrons, whereby a proton in the nucleus is 
transformed to a neutron and a neutrino is emitted. 

electron equilibrium, also called charged-particle equilibrium [G4]. The condition 
existing at a point, P, within a medium uniformly exposed to gamma or 
X-radiation whereby the sum of the kinetic energies of the electrons 
(liberated by the primary photons) entering an incremental volume con-
taining P equals the sum of the kinetic energies of electrons leaving that 
volume. This condition is approximately satisfied if the point P is surrounded 
on all sides by homogeneous material having a thickness equal to the maxi-
mum range of scattered electrons. Briefly stated — electron equilibrium 
exists if the energy fluence of the electrons throughout the immediate 
vicinity of the point P is constant. 

electronvolt (e V). A unit of energy . One electronvolt is the kinetic energy acquired 
by an electron in passing through a potential difference of one volt in a 
vacuum. It is defined as [G1 ]: 

1 eV = 1.602 19 X 10~19 J, approximately 

It is a unit used with the SI whose value is obtained experimentally [Gl]. 

energy absorption coefficient (linear energy absorption coefficient, nen, or 
mass energy absorption coefficient, jUen/p)- Of a substance i, the quantity 
(|ien)i is defined for a parallel beam of specified radiation, where the 
expression (/jenAx); represents the fraction of the energy of indirectly 
ionizing particles that is absorbed from the incident beam as it passes 
through a thin layer of thickness (Ax)i of that substance. It varies 
with the spectral energy of the radiation. According as (Ax)i is expressed 
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in terms of length or mass per unit area, the absorption coefficient is termed 
linear, (jUen)i, or mass, (Men/p)i> where p represents the density of the sub-
stance. The absorption coefficient is that part of the attenuation coefficient 
resulting from energy absorption only [G4], 

The ICRU definition is also given for completeness [G3]: The mass energy 
absorption coefficient, juen/P> of a material for indirectly ionizing particles of specified 
energy is the product of the mass energy transfer coefficient, /itr/p, for that energy and 
(1-g), where g is the fraction of energy of secondary charged particles that is lost to 
bremsstrahlung in the material. 

K; n = Mtr(l-g) 
p p 

While the two coefficients can differ considerably when the kinetic energies of the 
secondary particles are comparable with or larger than their rest energies; particularly 
for interactions in high-Z materials, in most applications considered in this Manual 
g is small and, hence, the two coefficients are, for practical purposes, identical. 

energy fluence, ty. At a given point in space or in an absorbing medium undergoing 
irradiation, the sum of the energies, exclusive of rest energies, of all particles 
incident during a given time interval on a suitably small sphere centred at 
that point divided by the cross-sectional area of that sphere. It is the same 
as the time integral of energy flux density [G4]. 

energy flux density, ip, or energy fluence rate. At a given point in space or in an 
absorbing medium undergoing irradiation, the sum of the energies, exclusive 
of rest energies, of all particles incident per unit time on a suitably small 
sphere centred at that point divided by the cross-sectional area of that sphere. 
It is identical with the product of the particle flux density and the average 
energy of the particles [G4]. j 

energy transfer coeff ic ient (linear energy transfer coeff icient, fitT, or mass energy 
transfer coefficient, n^/p). Of a substance i, the quantity (/%), defined 
for a parallel beam of specified radiation, where the expression (ntTAx)[ 
represents the fraction of the energy of indirectly ionizing particles transferred 
in passing through a thin layer of thickness (Ax), of that substance. It varies 
with the spectral energy of the radiation. According as (Ax), is expressed in 
terms of length or mass per unit area, the transfer coefficient is termed linear, 
(jUtj)i, or mass, (/Xtr/p)i, where p represents the density of the substance. 

The ICRU definition is also given for completeness [G3]: The mass energy transfer 
coefficient, Mtr/P. a material for indirectly ionizing particles of specified energy is the 
quotient of dEjj/E by pdx when dE^/E is the fraction of incident particle energy 
(excluding rest energies) that is transferred to kinetic energy of charged particles by 
interactions in traversing a distance dx in a medium of density p. 

Mtr = _1_ dE ; 
p pE dx 

(From Ref. [G3], which should be consulted for more detailed information.) 
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entrance dose, surface dose. The absorbed dose in a product at the entrance 
surface (or extrapolated to this surface), i.e. where the radiation beam 
enters the product. 

error probability. The probability with which a result will fall outside the 
specified limits. 

ethanol-chlorobenzene dose meter. A dose meter in which radiation dissociates 
chlorobenzene with the formation of hydrochloric acid and other radiolytic 
products. Useful dose range: 40 krad to 20 Mrad (0.4 to 200 kGy). 

exit dose. The absorbed dose in a product at the exit surface (or extrapolated 
to this surface), i.e. where the radiation beam leaves the product. 

exposure, X. For gamma or X-rays in air, the sum of the electrical charges 
of all the ions of one sign produced in air when all electrons (negatrons and 
positrons) liberated by photons in a suitably small volume element of air 
are completely stopped in air divided by the mass of air in the volume 
element [G3], The special unit of exposure is the roentgen, R: 

1 R = 2.58 X 10~4 C/kg 

In SI, the unit is coulombs per kilogram: there is no derived unit for this 
quantity. (See kerma.) 

exposure rate, X. The increment of exposure during a suitably small interval of 
time divided by the time interval. The unit of exposure rate is of the form 
roentgens per time, e.g. R/s, mR/h, etc., or, in SI units, C kg-1 • s _ i , etc. 

external standard. (1) Any suitable radioactive source that is accurately defined 
and can be used as a standard to calibrate a measuring system. 

(2) Any standard or master system that is used to calibrate a measuring 
system (e.g. 'master' ferric ion solution for calibrating the Fricke dose meter). 

FAO. Food and Agricultural Organization of the United Nations, Rome (Italy)'. 

ferrous sulphate/cupric sulphate dose meter. A dosimetry system similar to the 
ferrous sulphate (Fricke) dose meter system, but whose sensitivity is 
decreased by the addition of CuS04. The absorbed dose range covered is 
~ 2 0 0 - 8 0 0 krad ( 2 - 8 kGy), although it can be used down to ~60 krad 
(0.6 kGy) with some loss of accuracy. 

ferrous sulphate dose meter, see Fricke dose meter. 

ferrous sulphate dosimetry. Dosimetry making use of the oxidation of ferrous 
ions to ferric by ionizing radiation. 
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film badge. Small radiographic film in light-tight envelope worn by personnel 
working in radiation areas to register exposure to ionizing radiation. 

fluence, energy, see energy fluence. 

fluence, particle, see particle fluence. 

flux density, energy see energy flux density. 

flux density, particle see particle flux density. 

frequency distribution. An arrangement of statistical data that exhibits the 
frequency of occurrence of the values of a variable. 

Fricke dose meter. Dose meter using the change in ultraviolet absorption 
caused by oxidation by ionizing radiation of ferrous ions to ferric. It is 
accepted as a standard system for calibrating other dose meters. The 
absorbed dose range covered is ~ 4 X 103 to ~ 4 X 104 rads (40-400 Gy). 
With oxygen saturation of the dose meter solution (this system is called the 
"super" Fricke dose meter) it can be used up to ~ 2 X 10s rads (2 kGy). 

gamma rays, 7-rays. Penetrating electromagnetic radiation (photons) emitted 
from a specific radionuclide in the process of nuclear transition or from 
any material as a result of particle annihilation. With food irradiation, 
gamma rays are generally high-energy penetrating photons as emitted from 
60Co or 137Cs radionuclide sources. 

Gaussian distribution, see normal distribution. 

geometry. A term used loosely to designate the arrangement in space of the 
various components of an irradiation or measuring system. This 
designation includes positions of source, detector and any intervening 
absorber. The solid angle around the source that is irradiated or measured 
is also sometimes indicated, e.g. '2n geometry'. (See irradiation geometry.) 

glass dose meters. The absorption of ionizing radiation in silver-activated phosphate 
glass gives rise to fluorescing or colour centres. The darkening can be measured 
spectrophotometrically, or use can be made of the radiophotoluminescence. 

gray (Gy). The SI derived unit of absorbed dose of ionizing radiation, being equal 
to one joule of energy absorbed per kilogram of matter undergoing irradiation. 
It has dimensions of J/kg, and its relationship to the traditional special unit, 
the rad, is: 

1 Gy= 100 rad (= 1 J/kg) 

G-value. The radiation yield of chemical changes in an irradiated substance, in 
terms of the number of specified chemical changes produced per 100 eV or 
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per joule of energy absorbed from ionizing radiation. Examples of such 
chemical changes are production of particular molecules, free radicals, ions, 
etc. In the case of molecules affected, it is sometimes called molecular 
yield. 

At present, most data are given as number of chemical changes per 100 eV. To 
convert to SI units, transform to per-eV value and divide by 1.602 X 10~19 to obtain 
data in per-joule value, i.e. 

15.6 per 100eV-» 15.6 X lO^eV" ' ^ * J"1 ->• 9.74 X 1 0 1 7 r ' 

half-life, radioactive, T1/2. For a single radioactive decay process, the time 
required for the (radio) activity to decrease to half its value by that process. 

heat capacity. The quantity of heat (i.e. energy) required to raise the temperature 
of a given mass of substance by one degree of temperature difference. (In 
the SI system, the unit would be J/K, and the specific heat capacity, or heat 
capacity per unit mass, would be J 'kg - I - K _ I . ) 

IAEA. International Atomic Energy Agency, Vienna (Austria). 

ICRP. International Commission on Radiological Protection, Sutton (Surrey, UK). 

ICRU. International Commission on Radiation Units and Measurements, 
Washington, DC (USA). 

indirectly ionizing particles are uncharged particles (neutrons, photons, etc.) 
which can liberate directly ionizing particles or can initiate nuclear 
transformations. 

inelastic scattering, see scattering. 

integrated dose. The total absorbed dose received by a material, determined by 
summing up all individual dose contributions over a period of time or after 
completion of an irradiation process. 

internal conversion (IC). A process whereby an atomic nucleus, that would other-
wise emit a 7-ray photon, de-excites by interacting with one of its own 
orbital electrons (usually in the K, L or M shell), the electron being ejected 
at high velocity. The ejected electron (termed the conversion electron) has 
a kinetic energy which is the difference between the transition (de-excitation) 
energy and the binding energy. 

inverse-square law. A law stating that the intensity of radiation emanating 
uniformly over the full solid angle (47t) from a source in vacuum decreases 
proportionally and monotonically with the square of the distance from the 
source, i.e. is inversely proportional to the square of the distance. 

ionization. Production of ion pairs, one of which may be an electron. 
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ionization chamber. A device used in dosimetry, in particular for the measurement 
of absorbed dose and exposure. Its operation is based on measuring the 
number of ions produced by the radiation in a gas-filled vessel (by measuring 
the charge collected). 

ionizing radiation. Any radiation, consisting of directly or indirectly ionizing 
particles, or a mixture of both. 

ISO. International Organization for Standardization, Geneva (Switzerland). 

isomeric transition (IT). Decay with a measurable half-life of an isomer (in a 
metastable state) to an isomer of lower energy. De-excitation of a nucleus 
may occur by emission of a gamma photon or by internal conversion (IC), 
with emissions of X-rays and/or Auger electrons. 

isotopes. Nuclides having the same atomic number (i.e. the same chemical 
element) but having different mass number (i.e. same Z, different A). 

kerma, K. (This quantity may replace exposure in the near future.) The kerma 
is the quotient of dEte by dm, where dEto is the sum of the initial kinetic 
energies of all the charged particles (electrons) liberated by indirectly 
ionizing particles (photons) in a volume element of the specified material, 
and dm is the mass of the matter in that volume element: 

dm 

The SI derived unit of kerma is the gray (Gy); the traditional special unit is 
the rad, use of which is being phased out. Kerma may be a useful quantity 
in photon dosimetry when electron equilibrium exists in the material at the 
point of interest, and bremsstrahlung losses are negligible. It is then equal 
to the absorbed dose at that point [G3]. 

k-value. In statistical treatment of measured data, the k-value is a function of the 
fraction of measurements considered, the confidence probability required 
and the number of measurement values available. 

labyrinth. A passage linking two areas that is designed to follow a tortuous path 
such that no radiation originating in one area can pass into the other area 
without undergoing at least a single reflection or absorption at a passage-
wall interface. 

LET, see linear energy transfer. 

linear absorption coefficient, see energy absorption coefficient. 
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linear attenuation coefficient, ju, see attenuation coefficient. 

linear energy transfer (LET) , also called restricted linear collision stopping 
power, L^- The average energy locally imparted to a medium by a charged 
particle of specified energy along a suitably small element of its path, 
divided by that element [G4]. 

The ICRU definition is also given for the sake of completeness [G3]: The linear 
energy transfer, L^, of charged particles in a medium is the quotient of dE by dx, where 
dx is the distance traversed by the particle and dE is the energy loss due to collisions 
with energy transfers less than some specified value A. 

(a) Although this definition specifies an energy cut-off and not a range cut-off, the 
energy losses are sometimes called "energy locally imparted". 
(b) In order to simplify notation and to ensure uniformity it: is recommended that 
A be expressed in electronvolts. Thus, Lioo is the LET for an energy cut-off of 100 eV. 
(c) Loo = Sco| : see stopping power. 

linear stopping power, S, see stopping power, 

limiting dose uniformity ratio, see uniformity ratio. 

luminescence. The property of a material which causes it to emit light as a 
result of some excitation or 'stimulation' (the term does not include 
incandescence). The two types of luminescence are (i) fluorescence, 
present only as long as the excitation is applied, and (ii) phosphorescence, 
which persists after the excitation has ceased. All such materials are termed 
phosphors, and may show either or both of the two effects. Luminescence 
is classified by the method of excitation, e.g. photoluminescence - lumines-
cence caused by excitation with light, usually u.v., thermoluminescence — 
excitation with heat, etc. If the luminescence arises owing to prior irradiation, 
the complex term is prefixed by radio-, e.g. radiophotoluminescence, 
radiothermoluminescence, effects that can be used in dosimetry. Radio-
fluorescence, i.e. luminescence in a phosphor due to prompt release of 
energy absorbed from ionizing radiation, is termed scintillation. 

lyoluminescent dose meters. Certain organic and inorganic materials which emit light 
when dissolved in water or other solvent after irradiation (lyoluminescence). 
A measurement of the integrated light output gives a measure of absorbed 
dose. The absorbed dose range covered is ~ 103—106 rads (0.01 — 10 kGy). 
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mass absorption coefficient, Men/pi s e e energy absorption coefficient. 

mass attenuation coefficient, ju/p, see attenuation coefficient. 

mass energy absorption coefficient, see energy absorption coefficient. 

mass energy transfer coefficient, see energy transfer coefficient. 

mass per unit area. A parameter used for specifying thickness of absorber that, 
for a given radiation, is independent of the absorbing material itself over a 
wide range. It is obtained by multiplying the absorber thickness, i.e. path-
length through the absorbing medium, by the density of the medium. There 
is no agreement on a name for this, it being called variously surface density, 
density thickness, area density, mass thickness and, simply, thickness. The 
dimensionally descriptive title is used in this Manual. 

mass stopping power, S/p, see stopping power. 
master ferric ion solution. A standard ferric ion solution prepared to enable a 

spectrophotometer to be calibrated before determining absorbed dose as 
derived from the yield of ferric ions due to irradiation of the ferrous 
sulphate (Fricke) or the ferrous sulphate/cupric sulphate dose meter, 

molar extinction coefficient, e, or molar absorption coefficient. A constant 
relating the absorbance of an optically absorbing medium at a given wavelength 
(spectral absorbance) per unit pathlength to the molar concentration of that 
medium in its host substance: 

where A^ is the spectral absorbance at a given wavelength X, d is the optical 
pathlength, and [i] is the concentration of the absorbing medium. 
Units of measurement are: 

d [i] 

traditional units SI units 

d cm 

mol/1 or 
l - m o f ' - c r a " 1 or 

or M 

m 
mol /m 3 

m 2 m o r 1 

Traditional data for e-, are multiplied by 10 1 to obtain SI values. 

molecular yield, see G-value. 

monitoring. General routine measurements of parameters related to the radiation 
treatment. Monitoring may involve either simply a qualitative indicator 
measurement or a precise measurement of radiation quantities. 
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monoenergetic radiation. Radiation comprising photons or particles that all have 
the same spectral energy. 

narrow beam. In beam attenuation measurements, a beam in which only the 
unscattered and small-angle forward scattered radiations reach the detector. 
(See also broad beam.) 

negatron, see electron. 

noise. Background signals and those originating in the measuring equipment that 
interfere with the measurement and, in measuring small signals, determine 
the limiting sensitivity of the measuring system. 

normal distribution, or Gaussian distribution. Symmetrical arrangement of 
replicate values that deviate randomly on either side of a mean value. This 
bell-shaped distribution is described mathematically by the Gaussian 
equation. It is completely determined by two parameters, the mean value 
and the standard deviation. 

nuclear transformation. This term designates a change of nuclide or an isomeric 
transition. 

nuclide. Any given atomic species characterized by (1) the number of protons, 
Z, in the nucleus, (2) the number of neutrons, N, in the nucleus, and (3) 
the energy state of the nucleus (in the case of an isomer). 

optical density, see absorbance. 

pair production. The simultaneous formation of a positive and negative electron 
(positron and negatron) as a result of the interaction of a photon of sufficient 
energy ( > 1.02 MeV) with the field of an atomic nucleus or other particle. 
(The reverse process produces annihilation radiation.) 

particle fluence, At a given point in space or in an absorbing medium under-
going irradiation, the number of particles incident during a given time 
interval on a suitably small sphere centred at that point divided by the 
cross-sectional area of that sphere. It is the same as the time integral of 
particle flux density [G4]. 

particle flux density, or particle fluence rate. At a given point in space or in 
an absorbing medium undergoing irradiation, the number of particles 
incident per unit time on a suitably small sphere centred at that point 
divided by the cross-sectional area of that sphere. It is the same as the 
product of the particle density and the average speed of the particles [G4]. 

peak dose. D m a x in a depth-dose curve. 
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per cent transmission. The transmittance represented as a percentage, i.e. 
multiplied by 100 (see absorbance). 

photoelectric absorption, or photoelectric effect. The complete absorption o f 
a photon by an atom. The energy of the photon is transferred to an (inner) 
orbital electron that is then ejected from the atom. Atomic fluorescence 
(a characteristic X-ray) is emitted as this orbital electron is replaced by an 
electron from an outer atomic orbit. 

photon. A quantum or unit of electromagnetic radiation, the photon being 
considered as an elementary particle. A photon of frequency v has an energy 
of hp, where h is Planck's constant (6.6256 X 10""34 Js) . 

plaque source. An arrangement of radionuclide sources in planar configuration. 

plastic film dose meters. Dose meters consisting of plastic films which undergo 
an irradiation effect that can be used as a measure of absorbed dose. In most 
cases, the measured effect is a change of absorbance (optical density), which 
at specified optical wavelengths can be correlated with the dose by means 
of a calibration curve. 

PMMA dose meters. This plastic (polymethyl methacrylate) undergoes changes 
in absorbance (optical density) at certain wavelengths that are correlated 
with absorbed dose of ionizing radiation. Depending on the thickness, the 
dose ranges measurable are 100 krad to 10 Mrad (1 to 100 kGy). Red and 
amber varieties are used as well as the colourless, i.e. "clear". Trade-names 
for PMMA are Perspex, Lucite, Plexiglas, etc. 

pocket dose meter. A robust electrometer-type instrument designed to be worn 
in the pocket to register the integrated dose of penetrating (photon) radi-
ation to which, for example, an operator in an irradiation facility might 
have become exposed. 

polymethyl methacrylate dose meters, see PMMA dose meters. 

polyvinyl chloride dose meter, see PVC dose meter. 

position, single-, 2-, 3-,. . . or multi-, see irradiator. 

positron, see electron. 

primary radiation. Incident radiation before interaction with an absorber. 

PVC dose meter. A plastic film (polyvinyl chloride) which undergoes changes in 
absorbance that are correlated with absorbed dose. It is not recommended 
for accurate dosimetry, but can be used for monitoring functions. 
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rad (rad). The special unit of absorbed dose [G3], which is being superseded by the 
gray (Gy). The rad is defined as: 

1 rad = 0.01 Gy = 0.01 J/kg (= 100 erg/g) 

radiation. To be understood as referring to ionizing radiation in this Manual. 

radiation energy. The spectral energy of the particles in the radiation beam. The beam 
may be monoenergetic, comprise particles of a number of discrete energies 
or comprise a mixture of energies giving rise to a continuous energy spectrum 
(see spectral energy). 

radiation quality. A loose qualitative term indicating the spectral characteristics 
of a radiation field. For example, softness and hardness as radiation qualities 
represent, respectively, relatively low and high spectral energies in the given 
radiation field. 

radiation quantity. A quantity characteristic of a particular radiation and capable 
of being measured. Thus particle flux density is a radiation quantity, while 
hardness (see above) is not [G4]. 

radiation source. An apparatus or radioactive substance in a suitable support 
that constitutes the origin of the ionizing radiation (e.g. cobalt-60 source 
rods in a frame, or an electron accelerator). 

radiation spectrum. The distribution of spectral energy of a given radiation. 

radioactive decay law, see decay law, radioactive. 

radioactivity, see activity. 

radiochromic dye dosimetry system. This system is based on the intense, perma-
nent coloration produced by ionizing radiation in triphenylmethane dye 
cyanide, dye methoxide, or other leuco dye solutions. Both the solutions 
themselves and thin plastic films impregnated with the solutions can be used 
for dosimetry. Solutions have a useful dose range of 1 -1000 krad (10 -10 4 Gy) ; 
the film dose ranges extend from 1 krad to 30 Mrad (10 Gy to 300 kGy), 
depending on the film type. 

radiochromic dye system. A precursor of a dye that is transformed to dye by 
the absorption of radiation energy; used in dosimetry. 

radionuclide. A radioactive nuclide [G4]. 

radiophotoluminescent material. A substance that, after irradiation, emits 
luminescence radiation when stimulated by optical radiation (e.g. ultra-
violet or visible radiation). 
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range. The distance that a charged particle will penetrate a given substance before its 
kinetic energy is reduced to such a level that it will no longer cause ionization. 
As used of alpha and beta particles of given (maximum) energy, the maximum 
distance they will penetrate a given substance in a specified direction (since 

particle tracks, in particular, are tortuous). 
red Perspex dose meter, see PMMA dose meters. 
reference dose meter. A standard dosimetric system with which absorbed dose 

can be determined in terms of measurements of radiation-induced changes 
of physical quantities, ionization current, electric charge or temperature, or 
in terms of measurements of radiation chemical yields from standard solutions 
that are readily available from stock and can be accurately reproduced at any 
time in any laboratory. These reference systems do not need calibration 
against some other standard dose meter, 

relative biological effectiveness (RBE). A factor which allows for the fact that radiations 
with different specific ionizations, i.e. with different linear energy transfers, will 
produce different effects in an organism for the same absorbed dose. 

rem (rem). The unit of dose equivalent used for radiation protection purposes 
only (see ICRU Report 19 and its Supplement [G3]). Its dimensions are joules 
per kilogram (i.e. energy per mass), 

response, f. The measured radiation effect per unit absorbed dose. 

rest energy, electron, or rest-mass energy of an electron. The energy equivalent 
of the mass of an electron at rest, namely 0.51 MeV. 

roentgen (R). The special unit of exposure (q.v.), defined as: 

1 R = 2.58 X 10"4C/kg 
There is no SI derived unit for this quantity (see kerma). 

routine dose meter. A dose monitor or dose meter having a reproducible response, 
which must, however, be calibrated against a reference dose meter in order 
to make an accurate dose interpretation. 

scattering. Change in direction of a particle or photon due to a collision or inter-
action with another particle, an atom or a system, (i) If the total kinetic 
energy is conserved, the process is termed elastic scattering, (ii) If some of 
the total kinetic energy raises a target atom or nucleusTo a'higher energy 
state, the process is termed inelastic scattering, (iii) If the scattering centres 
act "such that the scattered particles bear a phase relationship to one another, 
coherent scattering results; for example, a crystal lattice will scatter particles 
ina way that-results in a diffraction pattern, (iv) If no phase relationship 
exists, the scattering is incoherent;' for example, Compton scattering (see " 
Compton effect), (v) If the scattering angle is less than 90°, theTerm " ' "" 
forward scattering is used; is it greater than 90°, the term back-scattering 
is used, (vi) A photon or particle may undergo single or multiple scattering. 
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secondary radiation. Radiation resulting from the interaction of primary radiation 
with an absorbing medium. 

SI; The abbreviation for the International System of Units. This coherent 
system is administered by the International Bureau of Weights and Measures 
(BIPM) in Sevres, France. The Resolutions and Recommendations are 
taken by the General Conference on Weights and Measures (CGPM). Most 
countries are now committed to changing over to SI, which will eventually 
be a single, practical, worldwide system of units. The CGPM, which started 
its work in 1889, introduced the new radiation units, the becquerel and the 
gray, in 1975, in co-operation with ICRU. 

To facilitate conversion of units that may be met with into SI equivalents, a con-
version table has been appended at the end of this Glossary to aid the reader. This is 
followed by a list of most of the SI units. 

source strength. Of a gamma-ray radiation source, the strength defines the 
activity of the radioactive nuclide source material; it is expressed in becquerels 
(or curies). 

specific activity. The number of spontaneous nuclear disintegrations per unit mass 
of a given material per unit time interval. Expressed in becquerels or curies 
per mole or per gram. (See activity.) 

specific heat capacity. The quantity of heat (i.e. energy) required to raise the 
temperature of unit mass of a substance by one degree of temperature 
difference. In the SI system, the unit of specific heat is the joule per kilo-
gram per degree of temperature difference in Kelvin. The relation between 
the SI and the metric system unit, the thermochemical calorie, is: 

1 Ikg~ ' • K_1 = 0.2390 cal kg"1 • K"1 = 2.390 X 10"4 cal •g-1- K"1 

spectral energy. (1) For a particle, the energy (quantum energy) carried by the 
particle, usually given in units of electronvolts (eV); it is proportional to 
frequency, i.e. is inversely proportional to wavelength (see photon). 

(2) For continuous radiation spectra, the energy contained in a given 
interval of quantum or particle energy. 

spectrophotometer, transmission. An instrument for measuring either transmittance 
of light or the absorbance (optical density) of a material as a function of wave-
length. In dosimetry with films or solutions, it is usually used to compare the 
absorbance (optical density), at a specified wavelength for the dosimetry system 
being used, either before and after irradiation or after irradiation against 

• that of a standard. 

spectrum, radiation, see radiation spectrum. 
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stopping power, for charged particles (linear stopping power, S, or mass stopping 
power, S/p). A measure of the energy lost (dE) by a charged particle of 
specified incident energy while traversing an incremental distance (dx) j in a 
substance i. It varies with the spectral energy of the particles. It is defined as 
Sj = (dE/dx)j. According as dx is expressed in terms of length or mass per 
unit area, the stopping power is termed linear, Sj, or mass, (S/p);, where p 
represents the density of the substance. 

The ICRU definition is also given for completeness [G3]: The total mass stopping 
power, 5/p, of a materia) for charged particles is the quotient of dE by pdx, where dE 
is the energy lost by a charged particle of specified energy in traversing a distance dx, 
and p is the density of the medium. 

For energies at which nuclear interactions can be neglected, the total mass stopping 
power is: 

where Scoi is the linear collision stopping power (see linear energy transfer) and Srad is 
the linear radiative stopping power. 

surface dose, see entrance dose and exit dose. 

technical uncertainty. Statistical deviations in replicate observations as a result 
of instrumental and operational variations and/or errors. 

thermoluminescent dose meter (TLD). A dose meter making use of the pheno-
menon of thermoluminescence, comprising a holder and some thermo-
luminescent material. 

thermoluminescent material. Material that luminesces when excited 
(stimulated) by heat (see luminescence). 

tolerance limits. The upper and lower values in a distribution of data within 
which a certain fraction of succeeding individual measurements falls with 
a certain confidence probability. Both limit values are calculated from 
the parameters of the distribution (e.g. the average of the Dm j n or D m a x 

measurements and the appropriate standard deviations, sbd) by the use 
of k-values. 

total attenuation coefficient, see attenuation coefficient. 

S = i d E 
p p dx 

transmittance, see absorbance. 
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t-value, or Student's t-value. The value used in statistical analysis to determine 
the range and reliability of measurements and results. It is a function of 
the confidence probability required and the number of measurement values 
available. 

uniformity ratio, U, or dose uniformity ratio. The ratio of maximum to minimum 
absorbed dose in the product, i.e. U = Dmax/Dmin-

units. To facilitate conversion of units that may be met with into SI equivalents, 
a table has been appended at the end of this Glossary to aid the reader. 

utilization efficiency. The fraction of radiation energy emitted that is absorbed 
by the total product after the completion of an irradiation cycle. 

water equivalence. The quality of a material being irradiated such that its radiation 
absorption characteristics correspond closely to those of water. 

WHO. World Health Organization, Geneva (Switzerland). 

X-rays. Penetrating electromagnetic radiation (photons) usually produced by 
high-energy electrons impinging upon a metal target. (See atomic 
fluorescence, Auger effect, photoelectric absorption, Compton effect, 
bremsstrahlung). 

Z. Atomic number, i.e. proton number of a nucleus. High-2' or low-Z refers to 
high- or low-atomic-number substances, respectively. 
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SI base units are the metre (m), kilogram (kg), second (s), ampere (A), kelvin (K), 
candela (cd) and mole (mol). 

Multiply by to obtain 

Radiation units 

becquerel 1 Bq (= 2.7027 X 10~" Ci) 
disintegrations per second (1 dis/s) = 1.00 X 10° Bq 
curie (= 3.7 X 10 lodis/s) 1 Ci = 3.70 X 1010 Bq 
roentgen 1 R = 2.58 X 10'4 C/kg 
gray 1 Gy (= 1.00 X 10° J/kg) 
rad 1 rad = 1.00 X 10"2 Gy 

(= 1.00 X 10'2 J/kg) 
rem (in radiation protection only) dimensions of J/kg 

Mass 

unified atomic mass unit 
(75 of the mass of 12C) 1 u = 1.661 X 10"27 kg 

pound mass (avoirdupois) 1 lbm = 4.536 X 10"' kg 
ounce mass (avoirdupois) 1 ozm = 2.835 X 101 g 
ton (long) (= 2240 lbm) 1 ton = 1.016 X 103 kg 
ton (short) (= 2000 lbm) 1 short ton = 9.072 X 102 kg 
tonne (=metric ton) 1 t = 1.00 . X 103 kg 

Length 

statute mile 1 mile = 1.609 X 10° km 
yard 1 yd = 9.144 X 10"1 m 
foot 1 ft = 3.048 X 10"' m 
inch 1 in = 2.54 X 10"2 m 
mil (= lO"3 in) 1 mil = 2.54 X 10'2 mm 

Area 

hectare 1 ha = 1.00 X 104 m2 

(statute mile)2 1 mile2 = 2.590 X 10° km2 

acre 1 acre = 4.047 X 103 m2 

yard2 1 yd2 = 8.361 X 10 -1 m2 

foot2 1 ft2 = 9.290 X 10'2 m2 

inch2 1 in2 = 6.452 X 102 mm2 

barn 1 b = 1.00 X 10"28 m2 
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Multiply by to obtain 

Volume 

yard3 1 yd3 = 7.646 X 10"1 m3 

foot3 1 ft3 = 2.832 X 10"2 m3 

inch3 1 in3 = 1.639 X 104 mm 
gallon (Brit, or Imp.) 1 gal (Brit) = 4.546 X 10"3 m3 

gallon (US liquid) 1 gal (US) = 3.785 X 10~3 m3 

litre 1 1 = 1.00 X 10'3 m3 

Force 

dyne 1 dyn = 1.00 X 10~s N 
kilogram force 1 kgf = 9.807 X 10° N 
poundal 1 pdl = 1.383 X IO-1 N 
pound force (avoirdupois) 1 lbf 4.448 X 10° N 

Density 

pound mass/inch3 1 lbm/in3 - 2.768 X 104 kg/m3 

pound mass/foot3 1 lbm/ft3 1.602 X 101 kg/m3 

Energy 

British thermal unit 1 Btu - 1.054 X 103 J 
calorie 1 cal = 4.184 X 10° J 
electron volt 1 eV 1.602 X 1 0 - 1 9 J 
erg 1 erg = 1.00 X 10~7 J 
foot-pound force 1 ft-lbf = 1.356 X 10° J 
kilowatt-hour 1 k W h = 3.60 X 106 J 

Temperature, energy /area- time 

Fahrenheit, degrees-32 °F—32 5 °C 
Rankine °R 9 K " 
1 Btu/ft2-s = 1.135 X 104 W/m2 

1 cal/cm2 'min = 6.973 X 102 W/m2 
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A ampere 
E> A angstrom 
t> a are 
> atm atmosphere 
> bar bar 
C> b barn 

Bq becquerel 
cd candela 
C coulomb 
Ci curie (1 Ci= 37 GBq) 

> d day 
° degree (of angle) 
°C degree Celsius 
eV electronvolt 
F farad 
g gram 
Gy gray (1 Gy= 1 J/kg) 

> ha hectare 
H henry 

> h hour 
J joule 
K Kelvin 
Hz hertz (= cycles per second) 
kg kilogram 
1, ltr litre (one may now use ltr 

throughout if the ell and the one 
on the typeface are identical or 
similar, e.g. not 1 1 but 1 ltr) 

lm lumen 
lx lux 
m metre 

minute (of angle) 
> min minute (time) 

mol mole 
N newton 

Q, ohm 
Pa pascal (= N/m2) 
rad rad (100 rad = 1 Gy) 
rad radian 

> R rontgen (1 R = 258 /iCi/kg) 
' second (of angle) 
s second (time) 
S siemens (= ohm"1) 
sr steradian 
T tesla 
t tonne (1000 kg) 
u unified atomic mass unit 
V volt 
w watt 
Wb weber 

Prefixes 

d (deci) 10"1 

c (centi) lO"2 

m (mill!) 10"3 

M (micro) 10~6 

n (nano) 10"9 

P (pico) 10'12 

f (femto) 10" l s 

a (atto) 10"18 

da (deka) 101 

h (hecto) 102 

k (kilo) 103 

M (mega) 10s 

G (giga) 109 

T (tera) 1012 

P (peta) 1015 

E (exa) 1018 
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