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Foreword 

I t is a remarkable coincidence that the three components of the 
respiratory gases oxygen, carbon dioxide and nitrogen are available 
labelled with short-lived radioactive isotopes. The half-lives of 
oxygen-15, carbon-11 and nitrogen-13 are approximately 2, 20 and 
10 minutes respectively and these nuclides together with several 
others in the rare gas series form a versatile group of radioactive 
labels with some remarkable features for medical research. 

The short physical (and therefore biological) half-life means that 
the cumulative radiation dose per unit of administered radioactivity 
is low. Thus astonishingly large amounts of radioactivity can be 
injected or inhaled into the body giving very high counting rates and 
allowing rapid dynamic processes to be followed. For example, one 
of the first uses of oxygen-15 was to follow the removal rate of 
C^^Oj from specific regions of the lung during a few seconds of 
breathholding after a single inspiration of this gas. This demon
strated striking topographical differences in pulmonary blood flow 
and these have subsequently been shown to have many important 
implications in disease. In addition, these nuclides can be used to 
label blood at high activities (for example as " C O or C'^O) and 
thus studies of blood flow in a variety of organs are possible. A further 
advantage is that many of these nuclides are positron emitters so 
that coincidence counting can be used with its high inherent 
resolution. 

I f these nuclides are so versatile, why are they not used more 
extensively ? The answer is the considerable difficulties of producing 
them continuously as is required by their short half-lives. In practice 
this means a dedicated cyclotron near facilities for clinical investi
gation. Although the cost of such an installation is not prohibitive 
by modern standards in medical research, its effective use requires a 
great deal of planning. For example it is essential that several teams 
of investigators have ready access to such a facility in order for it 
to be used efficiently. Otherwise there is a danger that any one 



investigator will be under pressure to use the cyclotron and thus 
have a machine influence the direction of his research. 

I t is a tribute to the farsightedness of the Medical Research Council 
that the facilities of the Cyclotron Unit (and the Radiotherapeutic 
Research Unit before it) at Hammersmith Hospital were not only 
the first in this field but remain the best. By a happy compromise, 
the Unit has maintained an academic air which has allowed the 
continuous development of new methods in this sophisticated area 
while at the same time it has made these techniques available to a 
variety of clinical investigators. This monograph contains much of 
the original work on the preparation and processing of these short
lived isotopes. I t is a pleasure to acknowledge my ten-year 
association with this stimulating group and to wish this monograph 
well. 

La Jolla, California John B. West, M D , PhD 



Preface 

During the past decade the short-lived radioactive gas has become 
of increasing importance in chnical diagnosis. It offers a quick and 
safe method of investigating disease and malfunction of the respira
tory and circulatory systems, measuring blood volumes and flow 
rates, and determining the position and performance of organs with 
blood pools. 

This book has been written for those having an interest in the 
use of radioactive tracers in clinical diagnosis, but with little or no 
experience in the handling of radioactive gases. I t does not attempt 
to cover every possible use (indeed new applications are continually 
being found), but it is hoped that the more important ones are 
included. 

Whilst the clinical results of the uses of short-lived radioactive 
gases are well documented, very little has been published about the 
technological aspects, and it is with this in mind that this monograph 
has been written. It is intended to cover the general principles of 
the production, processing and dispensing of short-lived radioactive 
gases. Specific examples are related to the use of the Medical 
Research Council's cyclotron at Hammersmith Hospital where 
much of the original work was pioneered in close co-operation with 
the Postgraduate Medical School of the University of London. 

No book of this kind is written without the encouragement and 
co-operation of one's colleagues. In particular we would like to 
express our gratitude to the Director of the Medical Research 
Council Cyclotron Unit, M r D. D. Vonberg, for his permission to 
write this monograph and for his continual encouragement through
out its preparation. We are also greatly indebted to Dr D. J. Silvester, 
Professor J. B. West and Professor C. T. Dollery, whose foresight 
and enthusiasm made the work possible. 

Other colleagues to whom we are indebted for valuable dis
cussions and suggestions concerning both the theoretical and prac
tical aspects of the work, include M r I . A. Watson, M r L. C. Baker, 



M r T. Jones, Miss Rosemary Arnot, M r G. J. Batra, Dr J. M . B. 
Hughes, M r G. Burton, Dr D. K. Bewley, Dr A. J. Palmer, Dr. H . I . 
Glass, M r G. R. Forse, M r C. G. Rhodes, Professor J. F. Fowler 
and Professor Yukio Murakami. We also gratefully acknowledge 
the continual co-operation of M r J. Sharp and the team of cyclotron 
operators without which none of the work would have been possible. 
Much of the targetry and other equipment construction was carried 
out by M r L. W. Brown and M r W. Edwards. We are also indebted 
to M r P. L. Horlock, M r B. T. Hine, M r P. Ashton and M r F. Paice 
for valuable technical assistance with much of the experimental 
work, and to Dr S. L. Waters and Dr M . L. Thakur for their help 
with spectrometric and analytical measurements. 

Many people helped with the preparation of the manuscript. Much 
of the original typescript was prepared by Mrs Eileen Gillmore to 
whom we are most grateful. The completion of the manuscript was 
due to the continued and patient efforts of Mrs Valerie Diaz, Mrs 
Frances Westbrook, Mrs Sylvia Goodall, Mrs Christine Didcock 
and Mrs Patricia Robinson to whom we express our sincere thanks. 
We are also greatly indebted to M r K. Finding for his preparation 
of the isometric illustrations, to Sheila Webster for her accurate and 
painstaking preparation of the graphs and fine drawings used 
throughout the work, and to M r M . Ealy for additional graphical 
assistance. 

Finally we wish to acknowledge the part played by our wives, 
Patricia Clark and Audrey Buckingham, whose continued patience, 
insight and encouragement have helped us to make this monograph 
a reality. 

J. C. C. 
P. D. B. 



Introduction 

1.1 HISTORY 

Why have radioactive gases become of such value in clinical diag
nosis? What is meant by the term 'short-lived radioactive gas'? 
How are such gases made and used ? These are some of the questions 
that this book is intended to answer. 

Before dealing in detail with radioactive gases as such, we would 
do well to consider the basic nature of artificially produced radio
isotopes and briefly the development of the machines in which they 
are made. 

I t may be said that one of the most significant advances in nuclear 
science was made in 1930 when E. O. Lawrence and his associates 
built the first operational cyclotron at the University of California, 
Berkeley. With his cyclotron Lawrence was able to demonstrate 
nuclear transformation, a discovery which was to result in the large-
scale use of radioisotopes in medicine, industry, agriculture and 
science. By 1939 cyclotrons were being used in many parts of the 
world for the production of a wide range of radioisotopes. One of 
the main limitations of the cyclotron, however, is its inability to 
produce large quantities of radioactive material. Only one or two 
radioisotopes are made at a time resulting in high production costs. 
Thus the development of the nuclear reactor in 1942 by Fermi and 
his colleagues at the University of Chicago was seen by many to be 
the answer to the problem of hmited radioisotope production. Using 
a reactor it is possible to make large quantities of several different 
radioisotopes simultaneously at a relatively low cost compared with 
those made on a cyclotron. As with the cyclotron, so the nuclear 
reactor was developed so that today, both are used extensively for 
radioisotope production. 



I N T R O D U C T I O N 

The cyclotron and nuclear reactor may be considered as being 
complementary. The cyclotron produces limited amounts of a wide 
range of radioisotopes; the reactor produces large quantities of a 
more limited range of radioisotopes. 

At about the same time as the invention of the cyclotron, the 
Van de Graaff accelerator was developed by the person so named. 
Although not as powerful as the cyclotron, i t is capable of producing 
small amounts of radioisotopes. 

The cyclotron, the nuclear reactor and to a lesser extent the Van 
de Graaff accelerator, are used for the production of radioactive 
gases. 

1.2 ELEMENTS OF N U C L E A R PHYSICS 

L2.1 Atoms 
All matter consists of atoms. Each atom has at its centre a nucleus 

consisting of protons and neutrons, collectively called nucleons. 
Orbiting the nucleus are electrons. The size of an atom is approxi
mately the diameter of the orbit of the outermost electrons, about 
10~*cm. Most of the volume occupied by an atom consists of empty 
space. Nuclei are between 10"'^ and 10"'^ cm in diameter. On a 
more comprehensible scale, i f the nucleus were one centimetre dia
meter, the atom would be about 500 metres across. 

Electrons are very light compared with protons or neutrons; about 
99.9 per cent of the mass of an atom is in the nucleus. Being nega
tively charged, the orbiting electrons maintain their positions by the 
equal but positive charge of the protons in the nucleus. Neutrons 
have no charge. 

Since the atom is electrically neutral the number of orbiting 
electrons is equal to the number of protons. This number, called the 
atomic number is represented by the letter Z. The electrons can be 
thought of as orbiting the nucleus in a series of'shells' of increasing 
diameter, the shell closest to the nucleus being termed the K shell, 
the next outermost, the L shell and so on. The maximum number 
of electrons in the K, L, M and N shells is 2, 8,18 and 32 respectively. 
The chemical properties of all elements depend upon the number of 
orbital electrons in their atoms. Consequently it may be said that 
the number of electrons or atomic number Z identifies the element. 

1.2.2 Nuclides and Isotopes 
We have seen that the chemical properties of a given atom are 

dependent upon the number of electrons orbiting the nucleus. Since 
2 



E L E M E N T S O F N U C L E A R P H Y S I C S 

the neutrons in the nucleus have no effect upon the charge and 
consequently no effect upon the required number of electrons, some 
of the atoms of a given element may have different numbers of 
neutrons from other atoms of the same element. We designate the 
number of neutrons in an atom by the letter N . We see therefore 
that the atoms of a given chemical element have the same atomic 
number Z, but may have different values of N . 

16 17_ 

0 0 
8 8 8 9 

e©oo ©eooo ©eoo ©©oo 
©©OO ©©GO 
©©GO ©©GO 

Proton = Neutron = 

Figure 1.1 Schematic representation of ' ^ O and ' ^ O nuclei 

The total mass of a nucleus is effectively the sum of the masses 
of Z protons and N neutrons. This total mass is known as the atomic 
mass, A; i.e. A = Z + N . * Thus a nucleus is identified by its values of 
A and Z. Nuclei with various values of A are known as nuclides. 

For example, an atom having a nucleus consisting of eight protons 
and eight neutrons will be referred to as oxygen-16, i.e. A = Z- l -N = 
8-1-8 = 16. Since we have seen that the number of neutrons can be 
different for the same element, we can consider an oxygen atom 
having eight protons and nine neutrons, i.e. A = Z- l -N = 84-9 = 17. 
Such an atom would be referred to as oxygen-17 (Figure 1.1). These 
atoms, oxygen-16 and oxygen-17 are called isotopes of oxygen, an 

* See section 1.3 (page 11) with reference to mass defect. 

3 



I N T R O D U C T I O N 

isotope being defined as an atomic species of the same atomic 
number Z, that is belonging to the same element but having different 
mass numbers A. 

A nuclide is written symbolically thus: where X is the element 
concerned. Oxygen-16 would therefore be written as ' lOs , and 
oxygen-17, ^lOg. Often the values of Z and N are omitted so that 
we have the simplified forms, ^^O and '^O or Ô *̂  and O'^. 

It is important to note that all the isotopes of a given element 
have identical chemical properties. The element hydrogen has only 
three isotopes; other elements such as mercury and tin have 22 and 
24 isotopes respectively. Most elements have both stable and 
radioactive isotopes. 

1.2.3 Radioactivity 
A stable nuclide is one in which the number of protons and 

neutrons of its constituent atoms never changes. It is not radioactive 
and emits no energy of any kind. In order that stability may be 
maintained, the ratio of protons to neutrons must lie around a certain 
value. For very light atoms the ratio is 1:1, for atoms in the middle 
of the periodic table it is about 1:1.3 and for heavy elements it is 
about 1:1.6. If there is any marked deviation from the stable ratio, 
changes will take place within the nucleus in order that a more stable 
ratio may be achieved. Radiation is emitted as this happens and the 
atom is said to be radioactive and is called a radionuclide, or a 
radioisotope of the element concerned. 

Radionuclides such as uranium, thorium and radium occur 
naturally and are therefore known as natural radionuclides, or 
natural radioisotopes of these elements. However, by using powerful 
devices such as the cyclotron, the nuclear reactor and Van de Graaff 
accelerator it is possible to alter the number of nucleons present in 
the atoms of any given element, thus causing them to become 
unstable and therefore radioactive. Such nuclides are called artificial 
radionuclides. Many of these may be incorporated in radioactive 
gases, some of which are of value in clinical diagnosis. The kinds 
of emission that radionuclides can exhibit are alpha, beta, gamma 
and x-radiation, or frequently a combination of these. The nucleus 
is known as the parent nucleus before, and the daughter nucleus after 
the change of nucleons. The transition is known as radioactive decay 
or disintegration of the nucleus. 

1.2.4 Alpha Emission 
Alpha particles (a particles) consist of two protons and two 

neutrons, are thus positively charged and are generally only emitted 
4 
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by the heavier elements. When a nucleus emits an alpha particle, its 
charge Z is reduced by two and its mass number A by four. The 
resultant nucleus is that of an atom of a different element. An example 
is the alpha disintegration of uranium-238 to give thorium-234. The 
decay process is written: 

238TT =1 , 234X1, 92U146 > 9 0 t n i 4 4 

Since an alpha particle consists of two protons and two neutrons 
(A = 4, Z = 2), it is effectively the nucleus of a helium atom. Thus 
the above decay process may also be written: 

^92 U146 • ' 9 o T h i 4 4 + 2 H e 2 

Alpha particles are heavily ionizing and not very penetrating; a 
sheet of paper easily stops them. Although emitted by many radio
active elements, alpha particles are of little value in clinical diagnosis. 
None of the radioactive gases with which we are concerned exhibits 
alpha emission. 

1.2.5 Beta Emission 
Beta emission is the commonest form of radioactive decay. Beta 

particles ( P particles) are high speed electrons and may be either 
negatively or positively charged. Negatively charged p particles { p ~ 
particles or electrons) are emitted from the nucleus when a neutron 

]»2 • 2"̂ . 

©00—•©©o-^-
~ The basic decay process being: _ 

O • 
Figure 1.2 (a) Schematic representation of decay by P~ emission 

'changes' into a proton, the atomic number Z being increased by 
one, the mass number A remaining unchanged. The resultant atom 
is that of a different element—in fact the next highest element in the 
periodic table [Figure 1.2a). 

5 



I N T R O D U C T I O N 

An example of /?" emission is the disintegration of trit ium, 1H2 , 
to form an isotope of helium, i H c i (Figure 1.2a). This decay process 
may be written: 

m 2 - ^ ! H e , or \H2 • l H e , + / ? -

This decay process is shown in the form of a decay scheme in 
Figure 1.2 (b). 

Positively charged p particles (̂S"̂  particles or positrons) are 
emitted from the nucleus following the 'change' of a proton into a 
neutron. In this case the atomic number Z is reduced by one, the 
mass number A again remaining unchanged. The result is the 
formation of an atom of the next lowest element in the periodic 
table (Figure 1.3a). 

1^2 12 3y 

^He, Stable 

Figure 1.2 (b) Simplified decay scheme for 

/J"̂  particles are emitted when for example, the oxygen isotope 
' iO? changes into the nitrogen isotope (Figure 1.3a). Such a 
decay process is written." 

^ i 0 7 - ^ M N 8 or ' i O v >MN8 + / r 

The decay scheme of this decay process is shown in Figure 1.3 (b). 
Sometimes either ^"^ or p~ particles may be emitted following 

disintegration of the atom. For instance 29CU35 changes to either 
28Ni36 or 3oZn34 as follows: 

ttCuis 4t^h6 + P^ and ^^Cujs 4tZn,^ + r 

(x-rays due to electron capture, and gamma rays are also emitted.) 
/^-particles vary widely in energy. However, all but the most 

energetic are absorbed by a millimetre of copper or one or two 
metres of air. Most of the radioactive gases that we shall be consider
ing decav by emitting either or j?"̂  particles. 

6 
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• >. + f 

e©oo eeoo eeoo ®e o 

®0OO 
eeoo e oo 

The basic decay process being 

© 
Figure 13 (a) Schematic representation of decay by ji* emission 

'e*^? 2 07min 

S tab le 

Figure IJ (b) Simplified decay scheme for '^O 

1.2.6 Electron Capture 
Another way in which an excess proton in the nucleus can become 

a neutron is by a process known as electron capture. Instead of the 
nucleus becoming more 'negative' by emitting a positron [fi* 
particle), a proton in the nucleus 'captures' an electron, usually from 
the innermost or K shell, but sometimes from the L shell, and 
becomes a neutron. When this happens an electron from an outer 
shell jumps into the vacant orbit, a process which results in the 
emission of an x-ray, the energy of which is characteristic of the new 
element produced. 

7 



I N T R O D U C T I O N 

An example is the decay of radioactive cobalt, 2 7 C 0 3 0 , into the 
stable nuclide of iron, ieFeai. In this instance the transition is 
entirely by electron capture, but often both P'^ emission and electron 
capture occur together. 

As in P'^ emission a nuclide decaying by electron capture has no 
change in its mass number A, but has its atomic number Z reduced 
by one. 

1.2.7 Gamma Emission 
Gamma radiation (y radiation) consists of high energy electro

magnetic radiation and is often emitted by those atoms which under
go /^-particle disintegration. When, for instance, a proton is created 
by the emission of a P" particle from a neutron the nucleus may find 
itself in an 'excited state'. This excited state represents an excess of 
energy which can be emitted as quanta of y radiation. I f there are 
several possible 'energy states' between that initially produced and 
the lowest possible energy level known as the 'nuclear ground state', 
then a characteristic line spectrum of gamma rays may be emitted. 

Unlike a or ^ particles, gamma rays have no charge. This being so 
they effect no change in either the atomic number or mass number 
of the atom. An example of gamma ray emission is the decay of 
cobalt-60 to nickel-60 by the following decay process: 

6OC033 _60Ni3*^ + ^ -

60Ul3*2 • 2S^h2ts +71.17 McV + 7l.33 McV 

The N i nuclide is produced in an excited state (fsNia^i) and emits 
two gamma rays before reaching its ground state (fsNiaigs)- A 
simplified decay scheme for ''^Co is shown in Figure 1.4. 

Sometimes the y-ray emitted from an excited nucleus may interact 
directly with one of the orbital electrons with the result that the 
electron is ejected from the atom. X-rays, resulting from the sub
sequent rearrangement of electrons between orbits, are then emitted. 
This process is known as internal conversion. 

Some nuclei remain in an excited state for times ranging from 
seconds to years. Such a nucleus is called an isomer of the same 
nuclide in its nuclear ground state which may itself be either stable 
or radioactive. 

An example of a nuclear isomer is '^''Ba'". This results from the 
p- decay of ' " C s . 

'55CS82 •'^^Bag'i +/?" (The suffix'm' denotes a metastable state) 
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The ' " B a ^ t h e n decays to ^"Bags with a half lifef of 2.5 min with 
the emission of a y-ray. 

' l eBas i > 'seBajigs -I-70.662 Mev 

The decay scheme for '^^Cs is shown in Figure 1.5. 

1-33 MeV 

•f^Nij^lexcited State) 

•2gNi32gj(ground s l a t e ) 

Figure 1.4 Simplified decay scheme for ̂ "Co 

' " C s 

55̂ 8̂2 30-Oy 

13' ^ 
- 5 6 S ° 8 i T i = 2 - 5 m i n 

( M e t a s t a b l e 
s t a t e ) 

5 6 ^ ° 8 i 9 5 s t a t e ) 

Figure 1.5 Simplified decay scheme for '^'Cs 

Radioactive gases which are used clinically exhibit electron 
capture, x-ray and gamma ray emission and y-rays derived from 
isomeric states, and we shall be considering these in detail. 

Gamma rays are extremely penetrating. They travel easily through 
substances which readily absorb alpha or beta rays. To reduce 
f For the definition of half-life see section 1.2.8 (page 10). 

9 
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I N T R O D U C T I O N 

gamma radiation to an acceptable level it is often necessary to use 
several centimetres of lead shielding. 

1.2.8 Radioactive Decay—Half-life 
In the preceding sections we have considered what takes place 

when the nucleus changes from that of one atom to that of another. 
This change, accompanied by the emission of radiation, we have 
called disintegration or decay of the nucleus. We shall now consider 
the quantitative aspects of radioactive decay. 

If N is the number of atoms of a radioactive substance present at 
time t then: 

d N 
- = - A N (1.1) 

where 2 is a constant known as the decay constant. (The negative 
sign indicates that N is decreasing.) dN/dt is the rate of change of N , 
i.e. the number of disintegrations per unit time. 

We can determine the number of nuclei which will survive at any 
elapsed time: 
Re-arranging (1.1): 

Integrating: 

Putting t = O: 

d N 

l o g e N = - A t + C (1.2) 

(1.3) 

where No is the number of atoms at time t = O. 
From (1.2): 

C = 10geN + /lt 

Substituting for C in (1.3): 
l ogeNo=log ,N- f ; . t 

.•. l 0g ,N = logeNo-;.t 

.-. N = N „ e - ' ' (1.4) 

This is a fundamental equation. By inserting a value for t we can 
determine the number of nuclei N , remaining after this period of time 
has elapsed. A case of particular interest is when N = 7N0. That is 
to say when the number of nuclei has decayed to half its original 
number. Let us call the time for this to happen T^. 

10 



R A D I O N U C L I D E P R O D U C T I O N 

Then substituting T i in equation (1.4) we have: 

The value of T^ is known as the half-life of the radionuclide and 
is a term often used to help identify a given nuclide. Half-lives 
range from microseconds to thousands of years; for a given nuclide 
however, the half-life never varies.'* 

The relationship between half-life T^ and decay constant A, is given 
in equation (1.6). As with A, T i never changes for a given nuclide 
but varies enormously between nuclides. 

By plotting the disintegration rate of a radioactive substance 
against time, we get a decay curve from which we may determine 
the value of T^. Figure 1.6 shows such a curve. 

1.2.9 Units 
The generally accepted unit of radioactivity is the Curie. This is 

defined as the quantity of any radioactive material in which the number 
of disintegrations per second is 3.7 x 10'°. Since the Curie is incon
veniently large for most laboratory and clinical appUcations the 
more familiar units of millicurie (mCi) or microcurie {^iCi) have been 
adopted. These have values of 3.7 x 10^ and 3.7 x 10* disintegrations 
per second respectively. 

1.3 R A D I O N U C L I D E PRODUCTION 

Although the masses of atomic particles are extremely small, their 
values have been very accurately determined. The unit of mass used, 
the Atomic Mass Unit (amu) is defined as A the mass of the carbon 
nuclide 'iCe- The mass of the neutron is 1.0086654 amu and that 
of the proton 1.0072766 amu. However, a deuteron (the nucleus of a 
deuterium atom, f H i ) , consisting of a proton and a neutron has a 
mass of 2.0135536 amu, an apparent loss in mass of 0.0023884 amu 
{Figure 1.7). 

From the Theory of Relativity we have an equivalence of mass 
and energy (£ = mc^, where E is the energy available if a mass m is 

* By changing the electron density near the nucleus very small changes in the half-
life of 'Be have been observed. 
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'converted' into energy and c is the velocity of light, 2.997925 x 10'° 
cm s"'). 

In other words, when protons and neutrons combine to form a 
nucleus a certain amount of energy is released which is equivalent 

u) 0-8 

2 0-4 

Time ( h a l f l i fe p e r i o d s ) 

Figure 1.6 (a) Decay curve (linear plot) 

to the apparent loss in mass. This energy is called the binding energy 
of the nucleus and its equivalent mass is known as the mass defect. 
Conversely, in order to split up a nucleus into its component 
nucleons an amount of energy at least equivalent to the binding 
energy has to be supplied. Al l nuclei undergo energy changes when 
they are formed and all have a mass defect. 

In the cyclotron and Van de Graaff accelerator energy is given 
to ions by accelerating them to very high velocities; they are then 
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directed at the 'target' to be made radioactive. The accelerated ions 
(usually protons, deuterons, alpha particles or helium-3 nuclei), 
having an energy of several milHons of electron volts (MeV), which is 
sufficient to overcome the repulsion of the positively charged nucleus 

c 0-7 

'>2 '7 
T i n n e l h a l f l i f e p e r i o d s ) 

Figure 1.6 (b) Decay curve (semi-logarithmic plot) 

(Coulomb Barrier), then penetrate some of the nuclei of the 'target' 
atoms, causing a change in their proton/neutron ratio. 

The nuclear reactor works on a different principle. Uranium-235 
nuclei are spht up by neutron bombardment into two nuclei of 
approximately equal mass known as fission products. This fission 
process can become a chain reaction resulting in the release of large 
numbers of neutrons and copious amounts of energy. The fission 
products consist of many radionuclides and are one source of reactor 
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Proton m a s s = 1 - 0 0 7 2 7 6 6 Q.m.u. 

Neut ron n n a s s 

o 
= 1 - 0 0 8 6 6 5 4 a .m.u . 

Proton • neutron m a s s = 2 - 0 1 5 9 4 2 0 a .m.u . 
D e u t e r o n m a s s = 2 - 0 1 3 5 5 3 6 a.m.u. 

Proton-f n e u t r o n m a s s - D e u t e r o n m a s s = 0 - 0 0 2 3 8 8 4 a . m . u . * 

* T h i s va lue is k n o w n a s the M A S S D E F E C T or 
B I N D I N G E N E R G Y 

1 a . m . u . ( a t o m i c m a s s uni t ) = 931-5 MeV ( '^C s c a l e ) 

Figure 1.7 Calculation of the mass defect of the deuteron 

produced radionuclides. The other source is the neutron bombard
ment of elements inserted into the neutron flux within the reactor. 
Again, changes in the proton/neutron ratio occur due to neutron 
capture. 

Nuclear reactions may be written in a shorthand notation, for 
example: 

" B ( p , n ) ' > C 

i.e. Target /^Bombarding Ejected \ Product 
material Vparticle particle/ nucleus 
nucleus 

It will be seen that in the above reaction the resultant or product 
nucleus is that of a carbon-11 atom. Since this is deficient by one 
neutron for its stability it is radioactive. 

1.4 FACTORS D E T E R M I N I N G T H E USE OF 
SHORT-LIVED RADIOACTIVE GASES 

By detecting the radiations emitted as a radionuclide decays, its 
presence may be known. Detectors in common use are geiger and 
scintillation counters. We have seen that all the nuclides of a given 
element have identical chemical properties. I f we 'label' a molecule 
or compound by using radioactive atoms in its structure, we have a 
radioactive.tracer and can detect its presence in a complex physical 
or chemical system. 
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Such a technique is used in the clinical application of radio
nuclides. A pharmaceutical is labelled with a suitable radionuclide 
and administered to the patient. Its position and concentration is 
subsequently monitored, usually by external counters. 

Nearly one hundred nuchdes may exist as radioactive gases. For 
clinical use it is important to select a radioactive gas having 
suitable physiological, physical and chemical properties. This 
restricts the potential number to about nine, most of which have 
half-lives ranging from a few seconds to a few days. These we refer 
to as short-lived radioactive gases and are listed in Table 1.1. 

In selecting a radioactive gas for a specific clinical application one 
usually has to compromise between many conflicting requirements. 
Firstly the gas must be physiologically suitable for the test concerned. 
Secondly its radiation characteristics and half-life must be such that 
the radiation dose to the patient is kept to a minimum whilst 
allowing accurate measurements to be made. Then there is the 
question of availability. It will be seen from Table 1.1 that many 
of the gases are cyclotron produced and some have very short half-
lives. Often this restricts their use since such gases usually have to be 
continuously produced, the cyclotron being in the vicinity of the 
clinical investigation room. Although the cost and size of cyclotrons 
have been considerably reduced in recent years, they are still very 
expensive machines requiring highly skilled personnel for their 
operation and maintenance. 

Many other factors have to be considered: how many different 
types of diagnostic test are to be performed and with what frequency; 
is a particular radioactive gas capable of being produced on a given 
machine; what radioactive concentration and specific activity are 
required and are the radioactive and chemical impurities going to be 
within acceptable limits; is the production of labelled gaseous 
compounds envisaged; does the gas have to be sterile and pyrogen 
free; are solutions of high radioactive concentration or double 
labelling techniques to be used? These and many related factors 
have to be carefully considered before embarking on the use of 
cyclotron produced radioactive gases. 

The user of short-lived reactor produced radioactive gases has 
fewer factors to balance, since only one such gas, '^^Xe, is generally 
available. Its relatively long half-hfe (5.3 days) enables it to be 
well isolated from the point of production. This gas is available in 
high radioactive concentrations in a sterile condition and is widely 
used. Whilst useful for many measurements, it does have its 
limitations. 

Other factors for consideration are the handling, processing, dis-
15 



I N T R O D U C T I O N 

T A B L E 1.1 

SOME S H O R T - L I V E D R A D I O A C T I V E G A S E S W I T H T H E I R P R I N C I P A L C H A R A C T E R I S T I C S A N D 
SOME C L I N I C A L A P P L I C A T I O N S 

Nuclide Half-
life 

Radiation 
emissions 

and energies 
in MeV 

Method of 
production Clinical application 

^ ' K r - 13 s y 0.19 Cyclotron 

(Daughter 
of »'Rb) 

Pulmonary ventilation 
and perfusion 

Radiocardiography 
Cerebral blood flow 

• ' O (as '̂ 02, 
C'=02. c"o, 
and Ha'^O) 

2.07 min 1.74 Cyclotron Regional pulmonary ven
tilation and blood flow 

Cardiac malfunction 
Cardiac output, myo

cardial, renal and 
cerebral blood flow 

'^N (as '^Nj) 10.0 min 1,19 Cyclotron Regional pulmonary ven
tilation and blood flow 

" C ( a s " C O 
and " C O 2 ) 

20.3 min P* 0.96 Cyclotron Blood volume estimation 
Placental localization 
Spleen function studies 
Pulmonary investigations 
C O 2 pools 

" K r " 4.4 h /? - 0.83 
y 0.15, 

0.315, 
others 

Cyclotron 
Reactor 

Cerebral blood flow 

' " X e 9.2 h r 0.91 
y 0,25 

Reactor Regional pulmonary ven
tilation and blood flow 

" K r 34.5 h 
E . C . 

/?+ 0,6 
y 0.04, 

0.26, 
others 

Cyclotron 
Reactor 

Cerebral blood flow 

' " X e 5.3 d p- 0.35 
y 0.08 
X , 0.03 

Reactor Regional pulmonary ven
tilation and blood flow 

' " X e 36.4 d 
E . C , 

y 0.20, 
others 

Cyclotron Cerebral blood flow 
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pensing and waste disposal of cyclotron and reactor produced 
radioactive gases. 

Al l the above are discussed in the relevant chapters of this 
monograph and it is hoped that our experience at Hammersmith 
Hospital will prove of value to those wishing to use radioactive gases 
clinically. 

1.5 SHORT-LIVED RADIOACTIVE GASES I N 
C L I N I C A L DIAGNOSIS 

It should be emphasized that in general, radioactive gases are not 
used in primary diagnostic tests, although information is often 
procured which could not have been obtained in any other way. The 
overwhelming advantages of the diagnostic use of radioactive gases 
are that the patient suff"ers little or no discomfort, repeat or serial 
measurements can be quickly and safely performed, and the pro
visional results of the tests are often immediately available—in fact 
in less time than it takes to process an x-ray film. Such advantages 
immediately become apparent when one has to deal with children, 
the elderly or weak patient. 

It is fortunate that elements of such physiological importance as 
oxygen, carbon and nitrogen have radioactive nuclides with half-
lives and radiation characteristics which although not always ideal, 
are often satisfactory for clinical investigations. It may therefore be 
said with some justification that oxygen-15, carbon-11 and nitrogen-
13 labelled gases are the most widely used cyclotron produced 
radioactive gases to date. 

The fact that oxygen-15 may be produced as '^02, C O , C O 2 
and Hz '^O, and that carbon-U can be made as " C O and "CO2 
has meant that many fundamental physiological studies have been 
carried out, which would otherwise have been difficult or impossible. 
The insolubility of '̂ N2 is of equal value in such work and measure
ments using physiological saline solutions labelled with high specific 
activity '^Na are proving of great interest. 

The short-lived radioactive gas is therefore a valuable tracer for 
many dynamic physiological studies, being of particular value in the 
investigation of pulmonary and cardiac malfunction. Regional 
pulmonary ventilation and perfusion are easily measured and recent 
studies have included investigations of pulmonary oedema. Cardiac 
onditions which may be diagnosed include pulmonary and mitral 

itenosis and circulatory shunts. The possibility of measuring cardiac 
output and myocardial blood flow is currently being investigated. 
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Other apphcations include total blood volume determination, 
placental localization, spleen function studies, radiocardiography 
and the investigation of cerebral and renal blood flow. 

The short-lived radioactive gas is a valuable diagnostic aid. Its 
use in dynamic physiological studies has been well proven during 
the last 10 years. I t is to be expected that the next decade will bring 
many advances in this rapidly expanding field. 
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The Production of Short-Lived 
Radioactive Gases 

2.1 METHODS OF PRODUCTION 

Short-lived radioactive gases for clinical research and diagnosis are 
usually produced by a cyclotron at or near the medical facility where 
they are to be used. The range of gases which may be made depends 
principally upon the types of accelerated particles available, their 
energy and intensity. 

The modern 'compact' cyclotron having an azimuthally varying 
magnetic field is capable of accelerating a wide range of charged 
particles. In some compact cyclotrons it is possible to vary the energy 
of the accelerated particles. Such machines are increasingly being 
used for short-lived radioactive gas production at many centres of 
nuclear medicine. 

The 'classical' cyclotron, using a uniform magnetic field, is also 
used at some centres and whilst not as versatile as the compact 
cyclotron, is nevertheless capable of producing a useful range of 
radioactive gases. 

Van de Graaff accelerators have been used for short-lived radio
active gas production, but their widespread use is limited by the 
relatively low beam energies available from this type of particle 
accelerator. 

Reactor produced radioactive gases are available for clinical use 
arid are used by many centres not possessing a particle accelerator. 

The types of charged particles in common use for short-lived 
radioactive gas production are protons, deuterons, helium-3 nuclei 
and alpha particles. Some possible reactions using these particles 
are listed in Table 2.1. 
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T A B L E 2.1 

T A B L E O F N U C L E A R R E A C T I O N S 

Product Nuclear reaction 
Abundance of 
target nuclide 

% 

Q value 
(MeV) 

Threshold 
Energy 

ET 
(MeV) 

" C " B ( p , n ) " C 
'*N(p,a)"C 
"'B(d,n)"C 
"B(d ,2n)"C 
'*N(d,an)"C 

80.4 
99.6 
19.6 
80.4 
99.6 

- 2.76 
- 2.92 
+ 6.47 
- 4.99 
- 5.14 

3.01 
3.13 

5.89 
5,88 

1 3 N "'N(p,pn)'^N 
'*0(p,a)'^N 
'^C(d,n)'^N 
"'N(d,dn)''N 
'*N(d,t)''N 
'*0(d,an)'^N 

99.6 
99,8 
98.9 
99.6 
99.6 
99.8 

-10,55 
- 5,21 
- 0.281 
-10.55 
- 4.30 
- 7.44 

11.3 
5.5 
0.328 

12.06 
4,91 
8.37 

'"O "'N(d,2n)"'0 99.6 - 8.115 9.27 

'*N(d,n)'=0 
'5N(p,n)'50 

99.6 
0.366 

+ 5.07 
- 3.54 3.8 

" K r " B r ( p , n ) " K r 
"Br(d ,2n)"Kr 
'«Kr(d,p)"Kr 

50.5 
50.5 
0.354 

- 2.4 
- 4.63 
+ 6,17 

2.43 
4.74 

«'Rb "Br('He,n)^'Rb 
«'Br(3He,3n)*'Rb 
"Br(a,2n)«'Rb 

50.5 
49.5 
50.5 

+ 6.21 
-11.85 
-14.39 

12.26 
15.12 

" K r " ^*Kr(d,p)*'Kr'" 56.9 + 4.90 — 

" ' K r «'^Kr(d,p)«''Kr 17.4 + 3.28 — 

' " X e ' " I ( p , n ) ' " X e 
'"I (d ,2n) '"Xe 

100 
100 

- 1,33 
- 3.55 

1.34 
3.50 

2.2 C Y C L O T R O N TARGETS FOR SHORT-LIVED 
RADIOACTIVE GAS P R O D U C T I O N 

Targets for radioactive gas production are generafly positioned 
outside the cyclotron dee box vacuum chamber and are known as 
'external targets'. For the production of some radionuclides, targets 
may be situated inside the dee box. These are of quite different 
design from external targets and are known as 'internal targets'. Since 
all the targets which we shall be considering are of the external type, 
we shall refer to them simply as 'targets' or 'target boxes'. 
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The purpose of the cyclotron target is to support the target 
material during bombardment and contain the radioactive gas 
produced. I f the product is very short-lived it is continuously swept 
out of the target during bombardment with a gas known as the 
sweep gas. Figure 2.1 shows an exploded view of a target of the 
continuously swept type used for the production of nitrogen-13 

Figure 2.1 Target for continuous radioactive gas production (nitrogen-13) 

labelled molecular nitrogen, '̂ N2 (T^ = 10 min). Longer-lived 
products may be produced batch-wise, being retained in the target 
box until the end of bombardment. Figure 2.2 shows a target box 
used in this way, the radioactive gas in this case being krypton-85m 
labelled krypton (T^ = 4.4 h). 

Many targets for radioactive gas production are constructed on 
the lines of the ones just discussed. Sometimes, however, the target 
material is a salt, the crystals being melted or pressed firmly into 
grooves cut in an aluminium or copper plate (Figure 8.2). The target 
material may be a gas in which case the target is simply a hollow 
box pressurized with the target gas, or continuously flushed with a 
sweep gas which may itself be the target gas. 

In general, five principal factors have to be taken into account 
when designing targets for short-lived radioactive gas production: 
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(a) The physical properties and chemical purity of the target 
material which may be a solid or a gas. 

(b) The selection of a beam energy that wil l maximize the yield of 
the required radionuclide and minimize the yield of possible 
impurities. 

(c) The method to be used to recover the radioactive gas from the 
target during or after bombardment. 

(d) The selection of suitable materials for the component parts of 
the target box. 

Figure 2.2 Target for batch-wise radioactive gas production (krypton-85 m) 

(e) The provision of cooling adequate to ensure minimum 
temperature rise of the beam entry foil window consistent with 
optimum temperature rise of the target material. 

2.2.1 Target Materials 
Target materials used for short-lived radioactive gas production 

are invariably gases or solids, although during bombardment solids 
sometimes become molten or eroded. The choice of element for the 
target material is largely governed by the energies and types of 
accelerated particles available, the required radionuclide, and the 
nuclear reactions most likely to occur (Table 2.1). Other factors 
include the available beam current, the isotopic abundance and 
nuclear cross-section of the target element, the specific activity and 
radioactive concentration of the required radionuclide, possible 
contamination by undesired nuclear reactions and the ability to 
support the target material in the ion beam for sufficiently long 
periods. 
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Gases as Target Materials 
Gases are used as the target material for the production of some 

radionuclides, for example, ^=0, ^^N, ^'Cand ^^Kr"". There is rarely 
any difficulty in containing the gas in the beam, the target being 
basically a gas-tight hollow box with a beam entry foil window at 
one end (Figures 2.2, 5.3 and 7.2). When the product radionuclide is 
short-lived, e.g. ^^O (T^ = 2.07 min), it is made continuously, the 
sweep gas being the target gas. Longer-lived radioactive gases such 
as ^^Kr"' (T^ = 4.4 h) are made in a pressurized target box and 
extracted after bombardment. Continuous flow targets are operated 
at about 0.7 kg cm"^ (10 lb in"^) gauge. Pressurized targets have 
been operated successfully at pressures up to 10.5 kg cm"^ (150 lb 
in"^) gauge during bombardment''^'^*, the hmiting factor invariably 
being the mechanical strength of the target window. 

Since the beam is less easily absorbed in a gas than a solid, targets 
using a gas as the target material are longer in the direction of the 
beam path than other targets, typically 10 cm to 100 cm. For 
optimum target yield it is necessary for the beam to be degraded 
within the target material to the practical threshold energy of the 
desired nuclear reaction (see section 2.2.2, page 27). Figure 2.3 shows 
the ranges of protons and deuterons in some gases. Some improve
ment in beam absorption is effected by increasing the gas pressure 
where this is possible. 

Gases used in targets should be prepared from high purity (99.9 
per cent) stock, except where the presence of trace impurities has 
been shown to be immaterial. The presence of certain trace impurities 
has sometimes been thought to be beneficial in some methods of 
production. Often, however, the level of the impurity is variable and 
not always easily determined, leading to variable yields and on 
occasions, misleading results. 

Enriched target gases are rarely used due to their high cost. 
Fortunately krypton is the only target gas currently used having a 
large number of stable nuchdes and it is inevitable that undesired 
nuclear reactions occur. In such cases one can often obtain accept
able results by the careful control of bombardment conditions 
(section 2.2.2, page 27) and by allowing any short-hved contaminants 
to decay before the product is used (see section 8.3.2, page 273). 

When a gas is used as the target material its life is Hmited only 
by the rate at which it is permanendy lost from the target, either 
deliberately as a sweep/target gas, by accidental leakage in the case 
of pressurized targets, or by radiolysis. In some systems the sweep/ 
target gas is continuously recirculated through the target in order to 
increase the radioactive concentration. Such systems are known as 
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Figure 2.3 Range versus energy relationship for protons and deuterons in some 
gaseous target materials. Derived from data contained in references (1), (2) and (10) 

The approximate range of deuterons in various materials may be obtained from the range of protons in the 
same materials using the following expression;"' 

Range of deuterons of energy 2E = twice the range of protons of energy E . 

Conversely: 
Range of protons of energy E = half the range of deuterons of energy 2E. 
These expressions are valid for deutcrons having an energy in excess of approximately 2 MeV'". tSee also 
reference (5). page 99.) 

Example of thi- iisf of langi'/fnirgy curves 
Determine the energy lost by a 26 MeV proton beam as it passes through 45 cm of N j at a pressure of 

8 atmospheres and a temperature of 15^C. 
Density of at 1 atmosphere and 15°C = 0.00132 g c m ' ^ 

. . Density of N ; at 8 atmospheres and 15°C = 8 x 0.00132 g cm" = 
= 0.0106 g e m " ' 

.-. 4 5 c m N 2 a t 15°C and 0.0106 g c m " ' s 45 cm x 0.0106 g cm" = 
= 0.477 g cm 

From Ficfiii-c 2.3: 
Range of 26 McV protons in N j =0 .79gcm_^ 
.-. Residual range after passing through 0.477 gcm"^ N2 = 079 g cm ' -0 ,477 gcm ' 

= a 3 1 3 g c m - = 

.'. Emergent energy (corresponding to 0.313 g cm" ̂ ) = 15.5 MeV 

.•. Energy lost = 2 6 - 1 5 . 5 MeV 
= 105 McV 

Noft'. In practice the beam power deposited in the nitrogen would cause it to reach a temperature in excess of 
15°C with resulting pressure and density changes. Thus when designing gas targets, allowance should be made 
for this. 
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'closed circuit systems'. Conversely, those in which the sweep/target 
gas is not recirculated, but continuously removed, are known as 
'open circuit systems'. 

In some target systems the radionuclide is produced largely in the 
required chemical form within the target, often simplifying the sub
sequent chemical processing. When this is not the case, more 
extensive chemical processing is necessary. 

Solids as Target Materials 
Solid target materials are sometimes used, as in the production 

of " C , i ^ N , '* 'Rb(«'Kr'"), " K r a n d ' " X e . The method of support
ing the material is determined principally by its physical properties 
at the temperature reached during bombardment. Carbon, for the 
production of ^^N is simply held with a spacer in a recess in the 
target body (Figure 2.1); other elements such as bromine or iodine 
for ^'Rb, ' '^Kr and '^''Xe production, are used as the chemical com
pounds NaBr, LiBr and Nal . These materials may be either pressed 
into grooves cut in an aluminium backing plate, or melted onto a 
grooved copper plate (Figures 2.5 and 8.2). 

Usually the target material is held normal to the beam, the product 
radionuclei being either immediately removed from the target by a 
sweep gas or retained in the target material for extraction after 
bombardment. Boron, used as a target material in the form of B2O3 
for " C production is, in one target system, not held normal to the 
beam, but melted onto a stepped aluminium or brass wedge which 
is deliberately in poor thermal contact with the surrounding box 
(Figure 7.6). During bombardment the beam strikes the B2O3 at 
grazing incidence with sufficient power to melt it, releasing '^C 
labelled gases into a sweep gas continuously passed through the 
target box. 

Since solids are generally about 10* times more dense than gases, 
the beam is more readily absorbed in solid target materials resulting 
in higher 'nuclear' efficiehpies (Figure 2.6). For optimum target yield 
it is necessary for the beam to be degraded within the target 
material to the practical threshold energy of the desired nuclear 
reaction. Figure 2.4 shows the ranges of protons and deuterons in 
some solids. Typical target material thicknesses are the order of 
0.1 cm to 1 cm. However, although the 'nuclear' efficiency is usually 
higher in targets using a solid target material than in those using a 
gas, the extraction efficiency is usually lower since it is often difficult 
to remove all the product nuclei from the crystal lattice. 

A high degree of chemical purity of solid target materials is 
desirable in some cases. As we have seen, solid target materials are 
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Figure 2.4 Range versus energy relationship for protons and deuterons in some 
solid target materials and some metals used for beam entry windows. Derived from 

data contained in references (6) and (10). 

Ttie approximate range of deuterons in various materials may be obtained from the range of protons in ttie 
same materials using the following expression:"* 

Range of deuterons of energy 2E = twice the range of protons of energy E . 

Conversely: 
Range of protons of energy E = half the range of dcuterons of energy 2E. 
These expressions are valid for deutcrons having an energy in excess of approximately 2 M e V " . (See also 
reference (5), page 99.) 

Example of the list* of range/energy ctirvfs 
Determine the energy lost by a 22 McV proton beam as it passes through a 1.5 mm aluminium window. 

Density of aluminium =2.7 g e m " ' 

.'. 1.5 mm aluminium = 0.15 cm x 2.7 g c m " ' 
= 0.405 g cm "^ 

From Figiiii' 2.4: 
Range of 22 MeV protons in aluminium = 0.68 g cm" ^ 
Residual range after passing through 0.405 g cm"^ Al window = 0.68 g cm" ̂ -0.405 g cm"^ 

= a275 g c m - ^ 
Emergent energy (corresponding to 0.275 g cm" )̂ = 13.2 MeV 

,-. Energy lost = 2 2 - 1 3 . 2 MeV 
= 8.8 MeV 
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often in the form of compounds and the nuclear reactions resulting 
from the bombardment of all the elements in such compounds have 
to be considered. The isotopic abundance of the particular target 
nuclide may also be of importance.* However, bombardment con
ditions can often be selected to give rise to the required product 
radionuclide in reasonable concentrations, contaminating radio
nuclides being removed during processing. 

The life of the target material is largely determined by either its 
migration from the beam strike area during bombardment, or its 
chemical reaction with, and removal by, the sweep gas. Useful life 
times for solid target materials range from one to 12 hours. 

2.2.2 The Selection of Beam Energy 

Practical Threshold Energy 
In the course of radionuclide production it is often useful to refer 

to a term 'practical threshold energy'*^'. This is a rather qualitative 
term which refers to the energy of the incident nuclear particle that 
will cause a given nuclear reaction to proceed in good yield, or in the 
case of a reaction causing an impurity, the particle energy at which 
the reaction may effectively be suppressed. 

In reactions where the Q value'^* is negative, the practical thres
hold energy will generally be somewhat higher than the threshold 
energy Ej, the term usually referred to in nuclear physics*^'. In 
reactions where the Q value is positive, the practical threshold 
energy may be quite low. 

Thus, for example, an interfering reaction with a negative Q value 
may readily be suppressed in the presence of a desired reaction that 
has a positive Q value. In a practical case (see section 5.2, page 126) 
the energy is reduced and the absence of interfering products 
demonstrated. 

2.2.3 The Recovery of Radioactive Gas from the Target 
The method of recovering a radioactive gas from the target in 

which it is made depends upon the type of target and whether the 
gas is to be removed during or after bombardment. 

Removal during Bombardment (Continuous Flow Target) 
To remove radioactive gases during bombardment, a sweep gas is 

passed through the target at a suitable flow rate. Targets of this type 
are known as continuous flow targets and include those for the 
production of ^ 'O, ' ^ N and [Figures 5.3, 6.2, 6.4, 6.10, 7.2 and 

* For example when only low deuteron energies are available it is advantageous 
to use enriched ' " 8 2 0 3 for " C production. 
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7.5). The flow rate used for a given target depends mainly on the 
half-life of the product nuclei and the required radioactive concen
tration of the effluent gas, but is usually between 25 ml min~^ and 
500 ml m i n " ^ In general, high sweep gas flow rates are used for very 
short-lived radionuclides such as ' ^O ; lower flow rates are used for 
the longer-lived radionuclides, ^^N and ^'C. 

The factors which can determine the total yield recovered from a 
continuous flow target include the following: the sweep gas composi
tion, its pressure and flow rate; the total swept volume; the position 
of the input and output ports relative to each other and to the 
beam strike area; the target material temperature (solid target 
materials). 

The product radionuclei are produced as highly excited free 
radicals ('hot atoms') which will readily react with the constituents 
of the sweep gas. The addition of a small percentage of stable carrier 
to the sweep gas will sometimes enhance the recovered yield, 
although it will reduce its specific activity. 

The radioactive concentration of the gas swept from the target 
may be controfled to some extent by varying the target input flow 
rate and hence the flow rate of the effluent gas. Maximum radioactive 
concentration is attained when as many of the product radionuclei 
as possible are removed with the minimum sweep gas flow rate. The 
volume of continuous flow targets is usually made as low as possible 
in order to maximize the radioactive concentration of the product. 
However, targets using the sweep gas as the target material should 
have sufficient depth for the contained gas to fully utilize the beam; 
this tends to set a limit to the minimum volume of this type of 
target (section 2.2.1, page 23). The maximum volume is limited by 
the gas residence time in the target compared with the half-life of 
the product nuclei, and the required radioactive concentration of the 
effluent gas (see sections 5.4.6, page 164 and 6.2.1, page 176). 

The gas input and output ports in all continuous flow targets 
should be positioned to avoid 'streaming' of the sweep gas between 
them and thus leaving some of the product nuclei in the target box. 
Ideally they should be placed as far apart as possible, preferably in 
opposite diagonal corners of the box if the target is of the type where 
the sweep gas is the target material. In targets using a solid target 
material, the sweep gas may be made to flow directly across the 
beam strike area, the input and output connections being on the sides 
of the target. 

The temperature of solid target materials during bombardment is 
of particular importance since, for the product to be released from 
the crystal lattice, the target material often has to be either molten 
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or eroded in the beam strike area. Careful target design can usually 
result in the beam power effecting an adequate temperature rise. 

Removal after Bombardment 
Different methods are used to recover the radioactive gas from 

the target after bombardment. The principal factors which determine 
a particular method are the nature of the target material (solid or 
gas) and the required radioactive concentration and specific activity. 

In general, the mobility of the product radionuclei is largely 
determined by the nature of the target material in which they are 
formed. Thus if the target material is a gas, for example krypton for 
85j(-j.m production, the radionuciei will be dispersed within the gas; 
if a solid, which has remained a solid during bombardment, for 
instance sodium iodide for '^ 'Xe production, they will be trapped 
within its crystal lattice. 

Product nuclei dispersed within a gas can sometimes be removed 
from the target by sorption pumping, suitable media being molecular 
sieve or activated charcoal, at either — 72°C (industrial methylated 
spirit (IMS) and solid CO2 mixture) or - 1 9 6 ° C (liquid nitrogen). 
Molecular sieve is preferable where possible since its characteristics 
are more reproducible than those of activated charcoal. 

An alternative method of extracting the target activity is simply to 
flush the target gas into a suitable container with another gas. The 
choice of the flushing gas will be determined by the required radio
active concentration, specific activity and the clinical application. 
Helium, nitrogen, carbon dioxide or a gas of the same chemical 
species as the product are some possible choices. Whichever flushing 
gas is used the radioactive concentration of the extracted product 
will be reduced; if the gas is of the same chemical species as the 
product, the specific activity will also be reduced. Generally, 
sorption pumping results in a high extraction efficiency and maxi
mum radioactive concentration; flushing, in a lower extraction 
efficiency and less than the maximum possible radioactive concen
tration. 

To extract the product nuclei from the crystal lattice of a solid 
target, the target material (usually a salt) is put into a gas-tight 
container to be subsequently dissolved in a few millilitres of water. 
The released gas is transferred to a collection vessel using a suitable 
flushing gas. As before, the radioactive concentration and specific 
activity depend upon the type and volume of the flushing gas used. 
Gases which have been used include air and carbon dioxide; when 
the latter is used the radioactive concentration may be increased by 
absorption of the CO2 in sodium hydroxide solution. 
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2.2.4 Materials Used in the Manufacture of Cyclotron Targets 
Two main factors determine the choice of target box materials. 

One is the possible production of long-lived radionuclei within the 
materials due to ion and neutron bombardment; the other is the 
abihty of the materials to withstand the temperatures and pressures 
reached during bombardment. The effects of chemical attack by the 
products of radiolysis or by the desired product species must also 
be considered. Aluminium is usually to be preferred since all likely 
nuclear reactions with it result in radionuclides with short half-lives. 
However, unless it is of high purity, aluminium often contains traces 
of magnesium which can result in the production of sodium-22 
(T^ = 2.6 years). 

The high thermal conductivity of aluminium is an advantage since 
it is usually necessary to remove several hundred watts of heat from 
the target during bombardment. Aluminium targets which have to be 
fabricated rather than machined from the solid may be argon arc 
welded. A disadvantage in some applications of aluminium is its lack 
of strength. Care should be taken in the design of aluminium targets 
which have to be pressurized. During bombardment the pressure 
may rise to more than twice its original value which could result 
in distortion or even fracture. An example is the target for ^^Kr"" 
production. The use of strengthening members which also form the 
water cooling channels is shown in Figure 2.2. 

The most vulnerable component of nearly all radioactive gas 
targets is the beam entry foil window. This is usually made as thin 
as possible to minimize the amount of energy deposited in it. An 
exception is the use of thick windows which act as beam energy 
degrading filters. Window materials which have proved successful 
include 0.025 mm stainless steel foil (type EN58B), 0.006-0.025 mm 
Havar* (another stainless steel), 0.025 mm titanium, 0.050 mm 
aluminium and 1 mm magnesium. Stainless steels contain many 
elements which can produce long-lived radioactive contaminants 
such as " C o (T^ = 77.3 d), " C o (T^ = 270 d), '^Co (T^ = 71 d), 
^^Cu (T^ = 3.3 h) and " Z n (T^ = 9.3 h) under high energy ion 
bombardment; such foils become very active after prolonged use. 
Aluminium is to be preferred whenever possible. Magnesium pro
duces sodium-22 (T^ = 2.6 years) under deuteron bombardment by 
the •^'^Mg(d,a)^^Na reaction and can be a useful by-product for use 
as a long-lived P'*' standard'^*. 

Another material used in the manufacture of target boxes is brass. 
Although stronger and more easily worked than aluminium it has the 
disadvantage of producing a variety of contaminants in use, the 
* Hamilton Precision Metals, Lancaster, Pennsylvania, U.S.A. 
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longest-lived being ^^Zn with its 245 d half-life. Useful materials for 
applications where corrosion is anticipated are stainless steel* '̂, 
'litanium, nickel '" ' , silica'^* and glass'*-". 

Graphite is used in some targets as a target material retaining 
medium. This material may also be used for beam defining apertures. 

Targets are usually made gas tight with 'O' ring seals. Provided 
the temperature does not exceed 110°C, Neoprene is quite satis
factory. For higher temperatures up to 170 ° C ' Viton' 'O ' rings should 
be used. Plastics such as silicone rubber (250°C) and polytetrafluo-
roethylene (PTFE) (200°C) are sometimes used in seals and connec
tions. Provided these materials are not intercepted by the beam and 
are used within their temperature limits they are quite satisfactory, 
long-term radiation damage or the effects of radiolytically produced 
corrosive materials being the most likely causes of premature failure. 

Table 2.2 lists some properties of typical materials used in the 
manufacture of cyclotron targets. 

2.2.5 Target Cooling 
Since practically all of the charged particle beam power is dissi

pated as heat, efficient cooling of the target is necessary to ensure 
the optimum temperature rise of all its component parts. The total 
amount of power involved may be 1500 W or more, the actual value 
depending upon the beam current and energy. 

The beam power density is of particular importance; if it is high 
the beam current which can safely be applied to a given target may 
be severely limited. The cross-sectional area of the beam at the 
cyclotron dee box exit port can be as low as 1 cm^, resulting in 
peak beam power densities in excess of 2000 W cm" ^ in some cases. 

Target cooling can therefore present some formidable problems. 
The most effective solution is a combination of beam spreading and 
the rapid removal of heat from the most vulnerable parts of the 
target. In the Medical Research Council cyclotron the emergent 
particle beam is defocussed by quadrupole magnets to cover a 
relatively large area (5-10 cm wide and ~ 1 cm high). 

Generally speaking, the target box, 'O' ring seals and beam entry 
foil window need to be kept as cool as possible, the temperature 
reached by the target material being allowed to vary widely depend
ing upon the particular element or compound under bombardment. 
For example, to avoid surface melting and loss of product nuclei, 
the temperature of sodium iodide (^ '̂'Xe) must be kept as low as 
possible, whilst that of carbon ('^N) has to reach over 1400°C for 
the target to work efficiently. Figure 2.5 shows how the beam power 
is deposited according to the type of target used. 
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M A T E R I A L S F O R T A R G E T M A N U F A C T U R E 

Material 

Typical induced 
radionuclides with 

T^ > 2h Fabrication 
techniques 

Typical 
maximum 
operating Typical 

application 
Particle Product temp. 

°C 

Typical 
application 

Aluminium d 
a 

" N a 
Negligible 

Inert gas 
welding 

200 Target boxes 
Window/beam 
filters. Backplates 

Brass d 

a 

'* 'Zn,"Ga, 
" G a 

'^^Ga,"Ga 

Brazing 200 Target boxes 
Stepped wedges 
Gas fittings 

Magnesium d 
a 

" N a , " N a 
Negligible 

Machining 200 Window/beam 
filters 

Copper d 
a 

" Z n 
" G a , " G a 

Brazing and 
inert gas 
welding 

250 Backplates 
Gas tubes 

Glass d 
a 

" N a 
Negligible 

Glass-
working 

400 Target liners 

Titanium d 
a 

*«Va 
" C r 

Inert gas 
welding 

700 Windows 
Target boxes 

Nickel d 
a 

" C u 
" Z n 

Inert gas 
welding-

800 Windows 
Corrosion resist
ant targets and 
fittings 

Silica d 
a 

Negligible 
Negligible 

Glass-
working 

800 Target liners 

Stainless steel d 
a 

"Co,<*'Cu 
" Z n 

Brazing and 
inert gas 
welding 

800 Windows 

Graphite d 
a 

Negligible 
Negligible 

Machining 1200 Target material 
Target material 
retainers. Beam 
defining apertures 

Neoprene — — — 110 'O' rings 

Tufnol — — Machining 
Epoxy resin 

150 Electrical 
insulators 

Viton — — — 170 'O' rings 

P T F E Machining 
Hot swaging 

200 Gaskets. Electrical 
insulators. Corro
sion resistant gas 
fittings 

Silicone rubber — — — 250 Gaskets 
'O' rings 
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Air blast for 
foil cooling 

Inciident deuteron beam 
16 MeV 50MA 

Total power input 

16MeV X 5 0 M A = 8 0 0 W 

jWoter cooling 
[channels 

0 7mm Aluminium 
combined entry 
window and beam 
energy degrading 
filter attenuates 
beam by - lOMeV 

H'U Oi in Nz 
sweep/target gas 
ideally stops emerging 
beam 

Power deposited Power deposited 

- lOMeV X bOfiA ; « 5 0 0 W ~6MeV x SO^A =»300W 

2 - 5 0 

Figure 2 5 (a-c) Schematic representation of beam power deposition in various 
types of target: (a) oxygen-15 target; (b) nitrogen-13 target; (c) xenon-127 target. 

Incident deuteron beam 
16 MeV 50/xA 

Total power input 

16 MeV x 5 0 A =800W 

Water cooling 
channels 

Air blast 
for foil 
cooling 

2 5 b 

0 025 mm stainless 
steel foil window 
attenuates beam 
by 0 7 MeV 

Power deposited 

0-7MeV xSOfiA = 35 W 

1-3cm carbon 
target material 
completely stops 
emerging beam 

Power deposited 

15-3MeVx50/iA=765W 
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Cooling is achieved in two ways; deionized water is circulated at 
about 91 m i n " ' through the target body or front plate or both, and 
a recirculating air or inert gas flow ( ~ 140 1 m i n ^ ' ) is used for the 
beam exit and target entry foi l windows. I f air is used it wil l become 
highly radioactive since it wil l have been recirculated through the 
beam throughout the bombarding period. Although most of the 

Air b last for 
foil cool ing 

W a t e r cool ing 
c h a n n e l 

S o d i u m iodide 
ta rge t m a t e r i a l a n d 3 m m 
copper or a l u m i n i u m 
b a c k i n g plate 
c o m p l e t e l y s t o p s b e a m 

P o w e r depos i ted 

15 5 MeV X SO/iA = 775W 

Inc ident deuteron b e a m 
16 MeV 50/xA 

Total p o w e r input 

16 MeV X 50AtA = 800W 

0 0 2 5 m m a lumin ium 
target m a t e r i a l 
r e t a i n i n g foi l 
a t tenuates b e a m 
b y v O - S MeV 

P o w e r depos i ted 

0 5 M e V x 5 0 / i A = 2 5 W 

2 5 c 

activity wil l be short-lived, long-lived components such as argon-41 
(T^ = 1.83 h) may be present. Special care is therefore necessary in 
the disposal of waste coohng air (see section 3.9, page 86). 

Where possible an inert gas such as helium is preferred. The 
advantages are that it has a high thermal conductivity, corrosion is 
eliminated and no undesirable activity is induced in this gas. 
However, to avoid a loss of helium the recirculating gas system must 
be leak free. 

In practice the foil window is cooled not only by the recirculating 
gas but also by conduction to the mounting plate and target body 
between which it is clamped (Figure 2.1). Thus the shape of the beam 
entry window will have a significant effect upon the amount of heat 
removed from the foil by conduction. Clearly for maximum heat 
removal the beam entry window must have the maximum perimeter 
for the minimum area, i.e. it must be a rectangle. Conversely, the 
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minimum amount of heat is removed by conduction from a circular 
beam entry foil window. 

In targets for radioactive gas production the foil window is usually 
the first component to fail, often due to the combined effects of heat 
and pressure. Usually problems do not arise if the beam power 
density can be kept below about 100 W cm~^. In targets where a 
high peak beam power density is required (e.g. ' ^ N graphite matrix 
target) (see section 6.2.2, page 179), special attention must be paid to 
the foil window material and to the effectiveness of the recirculating 
gas cooling system. 

2.3 TARGET EFFICIENCY MEASUREMENTS 

I t is often desirable to be able to determine the efficiency of a given 
target system used for radioactive gas production. This is particularly 
necessary when the comparative performance is required of different 
systems used for the production of a specific radionuclide. The term 
'target efficiency' requires some definition. As we shall see, there are 
various parameters which may be related to give a measure of the 
target efficiency. I t should be noted that all efficiency determinations 
are made using steady state output levels, that is to say the maximum 
output of which a target system is capable under the conditions 
being investigated. 

The parameters to be considered in the determination of target 
efficiency for the production of a given radionuclide are: 

(a) The number of product nuclei actually produced in the target 
material per unit time. This value is determined principally by the 
incident charged particle flux, the charged particle energy, the total 
nuclear cross section and the thickness of the target material. 

(b) The number of product nuclei released from the target material 
per unit time. The properties of the target material whether solid 
or gas largely determine this value. In the case of solids, the physical 
release of volatile products from the lattice at elevated temperatures, 
and chemical/radiation chemical reactions are controlling factors. 
However, in the case of gaseous target materials the predominating 
factors are chemical and radiation chemical. 

(c) The number of product nuclei recovered from the target per 
unit time. The factors determining this value include the flushing or 
sweep gas composition and flow rate, the reactivity with the target 
box and gas connection tube materials of any labelled compounds 
formed, and the temperature and volume of the whole target system. 

Now (a) reflects the 'nuclear' efficiency, (b) affects the release 
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efficiency and (c) controls the extraction efficiency (see Figure 2.6). 
However the authors have found that in practice the most useful 
expression is c/a x 100%, i.e. 

The number of product nuclei recovered from the target per second 

The number of product nuclei actually produced in the target material per second 
^ X 100% 

which we shall call the combined efficiency and uses parameters which 
are relatively easy to determine by direct measurement. 

To determine the combined efficiency for a given target system it 
is necessary to perform two bombardments under known irradiation 
conditions. The first is a dynamic bombardment to establish the rate 

S w e e p g a s in 

C t i a r g e d 
p a r t i c l e 

b e a m 

P r o d u c t n u c l e i r e l e a s e d 
f r o m t a r g e t m a t e r i a l 

S w e e p g a s a n d product 
n u c l e i out 

Target box 

Targe t 
m a t e r i a l 

P r o d u c t n u c l e i 
f o r m e d in t a r g e t 
m a t e r i a l 

Figure 2.6 Schematic representation of various target efficiency factors: a = 'nuclear' 
efficiency; h = release efficiency; c = extraction efficiency 

of recovery of the desired product nuclei under given practical 
irradiation and flow rate conditions; the second is a static bombard
ment to determine the induced activity in the target material itself, 
under conditions where there is no loss of product nuclei from the 
target. 

I t should be noted that whilst the dynamic bombardment may be 
made at a normal beam current, the static bombardment should be 
carried out using as low a beam current as practicable (typically 
1-5 idA). This low beam current is especially necessary when 
irradiating solid target materials of low melting point, to avoid the 
loss of product nuclei into the gas space in the target. 

2.3.1 Efficiency Measurements on Continuous Flow Targets which 
Use a Gaseous Target Material 

In general, the value of the combined efficiency is higher in targets 
having a gas as the target material than in those in which a sohd is 
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used, since in the dynamic bombardment the product nuclei, if in a 
volatile chemical form, are free to be swept out of the target. The 
dynamic bombardment is carried out using normal irradiation and 
flow conditions, preferably using a spiral and high pressure re
entrant ionization chamber for the activity measurement (see section 
3.7, page 73). Care should be taken to ensure that the spiral is not 
made of a material which will trap any of the output activity at 
room temperature. The target is irradiated until the monitored 
output activity has reached an equilibrium level, the value of which 
is then noted together with the beam current and flow rate. 

The static bombardment is made at a low beam current with the 
target sealed. The irradiation time can be shorter than that required 
to produce saturation activity, provided that the beam current and 
irradiation time are accurately known. As soon as possible after the 
end of bombardment the target is removed and the activity induced 
in the target gas is measured. For this type of target this can be 
difficult. It is not sufficient just to flush the gas out, since some of the 
product nuclei may have formed labelled compounds which may 
stick to the interior surfaces of the target box. This being the case, 
a simple method of making the static measurement is to determine 
the activity of the intact target and subtract the contribudon due 
to the activity induced in the target box itself, using decay curve 
analysis. It is useful to carry out a 'simulated' irradiation with the 
target gas replaced with a suitable pressure of helium. However, 
quite a large ionization chamber is needed to measure a large target. 

An alternative arrangement is to use a target containing an easily 
removable alumiruum foil lining. The gas is extracted either by 
flushing or preferably by sorption pumping and the lining removed, 
the activity in the gas and on the lining then being measured. The 
target gas and lining are likely to contain activities other than the one 
of interest. Therefore samples of the gas and fining should be obtained 
and studied using a Ge/Li gamma ray spectrometer. All radionuclides 
present in the system should then be readily identifiable, their 
half-lives being subsequently used in any decay curve analyses. 

Having established the activity in the target gas it is possible to 
calculate the rate of production at the same beam current as that 
used for the dynamic bombardment. Hence the combined efficiency 
can be obtained (see Appendix 1). 

2.3.2 Efficiency Measuremeots on Continuous Flow Targets which 
Use a Solid Target Material 

Efficiency measurements are easier to carry out on targets using a 
solid target material than on those using a gas. The reason for this 
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is that it is a relatively simple matter to remove the target material 
for the static measurement with little or no significant loss of 
product nuclei. Even so, care should be taken to collect any activity 
in the gas space of the target box before removal of the target 
material. This is especially necessary when the latter is likely to 
produce volatile products during the irradiation, as for example in 
the case of boron trioxide. Target materials such as carbon do not 
readily release product nuclei and this problem does not then arise. 

The dynamic bombardment is carried out using normal irradia
tion and flow conditions, preferably using a spiral and high pressure 
re-entrant ionization chamber for the activity measurement (see 
section 3.7, page 73). Care should be taken to ensure that the spiral 
is not made of a material which will trap any of the output activity 
at room temperature. The target is irradiated until the monitored 
output activity has reached an equilibrium level. This value is then 
noted together with the beam current and gas flow rate. 

The static bombardment is made at a low beam current with 
the target sealed. The irradiation time can be shorter than that 
required to produce saturation activity, provided the beam current 
and irradiation time are accurately known. As soon as possible after 
bombardment the target is removed, and if of a type where there 
are likely to be any volatile labelled products, is flushed with a 
suitable gas to collect these in a container. The target material is 
then removed and its activity measured in a calibrated ionization 
chamber together with the volatile labelled products. Products other 
than the one of interest are likely to be present. Therefore samples 
of the target material and volatile products should be subjected to 
qualitative gamma ray spectrometry as described in the previous 
section. 

Knowing the beam current, bombardment time and time of ioniza
tion chamber measurement, it is possible to calculate what the rate 
of production would have been in the target material at the same 
beam current as that used for the dynamic bombardment. Hence the 
combined efficiency can be obtained (see Appendix 1). 

Sometimes the target material is supported by a substance which 
produces nuclei of a relatively long half-life compared with those 
formed in the target material. Such is the case when B 2 O 3 is melted 
onto an aluminium wedge for deuteron irradiation; ^*Na (Tx = 
15.4 h) may be formed in the wedge and this will add to the ionization 
chamber reading. Decay curve analysis may be used to determine 
the ^'^Na contribution. 

As we have seen, the combined efficiency refers to the ratio of the 
rate of recovery from the target and the rate of production in the 
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target material. Now unless the target material is sufficiently 'thick' 
to reduce the energy of the charged particle beam to the practical 
threshold energy for the reaction being considered, the figure 
obtained for the combined efficiency may not be maximal. 

A practical test to determine the 'thickness' of the above target 
material requires two static measurements. The first determines the 
maximum number of product nuclei formed in a 'thick' target; the 
second determines the corresponding number for the target material 
thickness actually used. Again, a good example is the B2O3 wedge 
target (Figure 7.6). Due to the shape of the stepped wedge, the 
thickness of the B2O3 on the wedge is very variable and may be 
insufficient to reduce the beam energy adequately. Thus to obtain a 
'wedge efficiency' factor, a static irradiation is carried out using a 
solid block of B2O3 thick enough to reduce the beam energy to the 
practical threshold level. The activity induced in this block is com
pared with that induced in the B2O3 wedge under the same irradia
tion conditions, care being taken in both cases to collect and measure 
any labelled volatile products as previously described. 

2.4 CYCLOTRON BEAM CURRENT A N D BEAM 
D I S T R I B U T I O N MEASUREMENT 

The intensity of the charged particle beam may be continuously 
measured during bombardment by a microammeter connected 
directly between the target and the frame of the cyclotron which is 
invariably at earth potential. The target must be well insulated from 
the cyclotron and have the minimum number of leakage paths to 
earth. I f the deionized cooling water paths to earth are long, their 
impedance is very much higher than that of the current measuring 
circuit, which is usually low (typically 500 Q). The impedance of the 
ionized gas in the gap between the beam exit port and the target is 
also higher ( ~ 50 kQ) than that of the current measuring circuit. Thus 
the beam current may be measured fairly accurately and, if required, 
integrated electronically. However, any faults causing leakage to 
earth will result in the indication of an apparently low beam current, 
possibly with unfortunate results! One source of such leakage is 
dampness on the target mounting plate arising from leaking cooling 
water connections, a high humidity level in the recirculating gas 
cooling system, or failure to dry properly a target after an immer
sion leak test. Targets with wet mounting plates can also give rise to 
false positive or negative currents by electrolytic action. 

The maximum external beam current available from most medical 
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cyclotrons is about 100 ^A. Beam currents used for short-lived 
radioactive gas production vary between 5 /<A and 70 /iA, the 
maximum value usually being limited by the strength of the target 
beam entry foil window. 

As we have seen it is very desirable to know the distribution of 
the charged particle beam over the area of the target foil window. 
This is particularly necessary when thick windows are used since 
large amounts of energy may be deposited locally causing excessive 
heating which may lead to melting of the window material. 

Figure 2.7 System for beam distribution monitoring: (I) target; (2) cyclotron beam 
exit port; (3) grid of alumina coated tungsten wires; (4) charged particle beam; 

(5) T V camera; M i , M2, M3, surface silvered mirrors 

A useful type of beam distribution monitor which gives a visual 
indication during bombardment is shown in Figure 2.7. A grid of 
25 0.2 mm diameter alumina coated tungsten wires (thermionic valve 
heating filaments) having a 5 mm spacing is supported 2.6 cm on the 
vacuum side of the cyclotron beam exit window. A TV system is 
used to show the beam distribution indicated by the incandescence 
of the wires intercepting the beam. Although only a qualitative 
indication is obtained, this device is of value in determining the 
approximate beam distribution, and will indicate the presence of 
'hot spots' {Figure 2.9 (d)). 
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For a more accurate assessment of beam distribution it is neces
sary to bombard a target for a short time and then measure the 
distribution of the activity induced in the beam entry foil window. 
Alternatively a copper or stainless steel foil , backed by a water cooled 
copper plate, may be bombarded. The distribution of induced 
activity may be measured, in the case of a well-spread beam, by 
cutting the foil into many small squares, measuring their activity and 
plotting the resulting activity pattern. When this method is used a 
stainless steel or copper foil should be used since radionuclides of 
long half-life can be induced. A less tedious procedure is to 
measure the complete foil with a chromatogram scanner fitted with 
a fine resolution collimator. The distribution of a more concentrated 
beam may be determined by measuring the activity pattern induced 
in a closely spaced (0.5-1 mm) grid of stainless steel wires positioned 
in place of the target foil . After a brief irradiation the grid is 
removed and the wires measured individually using a chromatogram 
scanner fitted with a fine resolution ( ~ 1 mm) collimator. 

Another method (possible with an aluminium foil) is to make an 
autoradjograph of the target foil window and plot isodensity curves. 
I f several different autoradiographs are made from a given foil 
covering a range of exposure times, it is possible to determine the 
density/dose relationship for a particular film and processing tech
nique, and hence obtain true isodose curves of induced activity. 

Figure 2.8 shows four typical distributions of the MRC cyclotron 
16 MeV deuteron beam obtained by this method. The values given 
for each area are percentages of the total dose delivered to the target 
foil . As can be seen, the distribution can vary widely according to 
cyclotron operating conditions. 

In practice it is often necessary to specify what the beam distribu
tion was for a given irradiation. We have arbitrarily defined this in 
terms of the approximate dimensions of the central portion of the 
beam strike area in which 50 per cent of the charged particle beam 
is concentrated. This is shown by the shaded areas in Figure 2.9, the 
relative positions of incandescent wires in the beam distribution 
monitor (Figure 2.7) also being indicated. Thus the beam distribution 
dimensions stated throughout this book should be interpreted with 
reference to this convention. 

Using the above technique, estimates may be made of the 
minimum, mean and peak beam power densities, at a given beam 
current, energy and concentration. The distributions shown in 
Figures 2.8 and 2.9 were obtained using a 5 /<A or 40 /<A 16 MeV 
deuteron beam. The estimated minimum value of power density in 
the shaded areas ranged from 3 W cm"^ at 5 /lA (Figure 2.9 (b)) to 
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( a ) 

150V. 

1-6V. 

I U 
1 5 c m 

Figure 2.8(a-d) Typical distributions of the M R C cyclotron 16 MeV deuteron beam. 
The values given for each area are percentages of the total dose delivered to the target 
foil window. Irradiation conditions for (a), (b) and (c) were 5 / J A for 10 min; 

(d) 40 / J A for 50 s 
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I n c a n d e s c e n t b e a m distribution 
monitor w i r e s 5 m m apart A r e a In' w h i c h 50'/.of 

' the b e a m i s concent ra ted 

B e a m st r ike a r e a 

1 5 c m 

Figure 2.9{a-d) Typical distributions of the M R C cyclotron 16 MeV deuteron beam 
showing the central portion of the beam strike area in which 50 per cent of the beam 
is concentrated. The relative positions of the incandescent wires in the beam distribu
tion monitor {Figure 2.7) are also shown. Irradiation conditions for (a), (b) and (c) 

were 5 fiA for 10 min; (d) 40 //A for 50 s 
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48 W cm"^ at 40 / JA (Figure 2.9 (d)), with peak power densities in 
excess of 92 W cm" ^ at 40 ^ A (Figure 2.9 (d)). 

Clearly the values of beam power density wil l vary widely accord
ing to the design of a particular cyclotron. I f the beam is not spread, 
high power densities are inevitable with the ever-present possibility 
of early target window failure. Thus for reliable operation it is well 
worth the effort to determine the beam distribution under all likely 
cyclotron operating conditions, and hence design the targets and 
associated cooling systems accordingly. 
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The Processing of Short-Lived 
Radioactive Gases 

3.1 I N T R O D U C T I O N 

Whether they are produced continuously or batch-wise, short-lived 
radioactive gases invariably require some form of processing before 
they can be used clinically. In this context the term processing 
includes any change which the gas undergoes between being 
produced and being dispensed. 

In one case processing may simply mean the dilution of the radio
active gas with an inactive gas to reduce its radioactive concentra
tion; in another case it may mean the removal of contaminating 
radioactive gases and a change of its chemical form or physical state 
to make it suitable for a specific clinical investigation. For example, 
the gas may be required in saline solution suitable for intravenous 
injection. In some sophisticated clinical studies two different radio
active gases are used simultaneously; this requires the production 
and storage of the longer-lived gas followed by the immediate 
production of the shorter-lived one. 

All processing of radioactive gases should be carried out in a 
well-shielded room having forced ventilation. Ideally the extract fan 
exhaust should be continuously monitored with a flow type radiation 
detector. In the processing room are situated absorbers, furnaces 
and all radioactive gas handling equipment that is required between 
the cyclotron target and the dispensing fume cupboard. The pro
cessing room may also house the scavenge pump for waste gas 
disposal. 

3.2 C O N T A M I N A N T S 

It is essential that radioactive gases for clinical use are substantially 
free from radioactive and non-radioactive contaminating gases. 
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Radioactive contaminants are undesirable, since as well as giving the 
patient an unnecessary radiation dose, they may seriously influence 
the measurement being made. Inactive contaminating gases may 
cause physiological changes which may affect the diagnosis or even 
constitute a hazard to the patient. 

3.2.1 Radioactive Contaminants 
Radioactive contaminating gases are frequently produced to

gether with the required radioactive gas. Almost without exception, 
the elements that are used as target materials for short-lived radio
active gas production have two or more stable nuclides. Hence, 
radioactive contaminants are likely to be produced as the result of 
nndesired nuclear reactions with nucUdes other than the target 
nuclide (e.g. ^^Kr" production: "«Kr(d,p)"Kr and **Kr(d,p)«'Kr). 
Radioactive contaminants may also be formed by undesired nuclear 
reactions taking place with the target nuclide itself (e.g. ^^O produc
tion: **N(d,an)"C and "*N(d,dn)'^N). Yet another source of con
taminating radionuclei may be the irradiation of elements other than 
the target element (e.g. " C production using B 2 O 3 as a target 
material: ^ ' '0(d,an)"N, see also Tables 2.1 and 3.1). This may be 
unavoidable when the target material is a compound or when a 
composite sweep gas is used. High purity target materials and gases 
can often be used advantageously. 

Table 3.1 lists some radioactive contaminating gases which have 
been observed at the target output by the authors during production 
bombardments (see also chapters 5-8). 

The Prevention and Removal of Radioactive Contaminants 
The formation of contaminating radionuclei can sometimes be 

prevented by the use of beam energy degrading filters (section 2.2.2 
and Table 2.1). In some cases it may be advantageous to use a 
different incident particle, or in the case of a continuously swept 
target, a different sweep gas composition or flowrate, or even an 
isotopically enriched target material. 

When it is impossible or uneconomic to prevent the formation of 
radioactive contaminants or separate them chemically (e.g. ^ ' 'Kr in 
^^Kr*"), their level can often be reduced by allowing the shorter-lived 
nuclide to decay. Other methods include the use of reagents at 
ambient or elevated temperatures, sorption pumping, and conden
sation at reduced temperatures (Table 3.2). 

3.2.2 Inactive Contaminants 
Inactive contaminating gases may be present as impurities in the 

4 7 



T H E P R O C E S S I N G O F S H O R T - L I V E D R A D I O A C T I V E G A S E S 

target gas or sweep gas or both. Other sources include leaks and 
diffusion through non-metallic gas transmission tubes. Incomplete 
flushing of targets and gas transmission tubes and the use of 
absorbers and traps from which foreign gases have not been 
expelled before use, can also contribute to the level of stable con-

T A B L E 3.1 

SOME R A D I O A C T I V E C O N T A M I N A T I N G G A S E S P R O D U C E D A T T H E 
T A R G E T O U T P U T I N T Y P I C A L P R O D U C T I O N B O M B A R D M E N T S 

Desired 
product 

Radioactive 
contaninant Reference 

"OO O'O 
C ' ^ O O 
N 2 ' ' 0 
N ' ^ O O - h ' ^ O O O 
'^NN 

Section 5.4.1, p. 136 
Table 5.4 

C ' ^ O O • ^ 0 0 

c'=o 
N 2 ' ' 0 
'^NN 

Section 5.4.2, p. 140 
Table 5.5 

13NN O'O 
c'̂ oo 
'^NNO 
'^NOj 
H C " N 

Section 6.2, p. 172 
Table 6.2 

" C O '^NN 
" C O 2 
" C H 4 

Section 7.3.2, p. 231 
Table 7.5 

" C 0 2 ' = 0 0 
'^NN 
" C O 

Section 7.4, p. 237 
Tables 7.6 and 7.7 

(solution 
generator) 

e'Rb) 
C^'Rb'") 
^ ' K r 

Section 8.4.3, p. 286 
and 
section 8.4.5, p. 288 

" ^ K r " " K r 
" K r 

Section 8.3, p. 270 
Table 8.2 

taminants present. There is also evidence to indicate that under 
certain conditions, measurable quantities of stable gas may be 
formed by the radiolytic combination of gases within the target. 
e.g. ' O production: 2N2 + O2 
6.3.1, page 200.) 

2N2O* (See also section 
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The Prevention and Removal of Inactive Contaminants 
As has been indicated, the use of high purity gases, diffusion free 

gas transmission tubes and a leak free well-engineered and properly 

T A B L E 3.2 

SOME R E A G E N T S U S E D I N R A D I O A C T I V E G A S P R O C E S S I N G SYSTEMS 

Chemical 
form of 

contaminant 
or gas to be 
removed or 
converted 

Reagent Reagent 
temperature Typical application 

NO2, CO2, 
O 3 , H C N 

Soda lime Ambient '502,C'=0,''.N2and " C O 
production systems 

N2O Activated charcoal Ambient ' ^02 production system 

NO2 Copper Ambient '^N2 solution production 
systems 

H2O Magnesium 
perchlorate 
Mg (CI 04)2 

Ambient Batch-wise conversion of 
" C O to " C O 2 . Used as a 
drying agent at CuO furnace 
output 

C O 2 Sodium hydroxide 
solution 
5N. N a O H 

Ambient '^N2 solution production 
systems. Also K r and 
'^'Xe systems. Used as CO2 
absorbing agent 

C O Copper oxide Hot ~ 700 °C ''N2 solution production 
system. Used for conversion 
of graphite matrix target gas 
to CO2 

O2 and H2 Palladium (catalyst) Hot ~ iso-c H2'^0 production system 

CO2 Zinc powder Hot 390 "C " C O production system. 
Used for conversion of 
target output gas to C O 

02,N20 Activated charcoal Hot 400 °C 
900 °C 

C'=02 and C O 
production systems 

C O , K r Molecular sieve Cold - 7 2 ° C 
196°C 

' ' C O storage system. ^ ̂  K r " 
system. Sorption pumping 

C O Activated charcoal Cold - 196''C " C O storage system 

used gas handling system will ensure that the level of inactive 
contaminants is kept to a minimum. Many of those that remain can 
be removed by the use of reagents at ambient or elevated tempera-
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tures, sorption pumping or condensation at reduced temperatures. 
However, these measures can result in the loss of some of the 
required activity. 

3.2.3 The Detection and Measurement of Contaminants 

Radio-gas Chromatography 
A gas chromatograph fitted with a radiation detector (sometimes 

referred to as a radio-gas chromatograph) is an invaluable instru
ment for the detection and measurement of many stable and 
radioactive gases*® ' ^ \ A block schematic diagram of this intrument 

T A B L E 3.3 

T Y P I C A L G A S E S W H I C H M A Y BE A N A L Y S E D B Y A G A S C H R O M A T O G R A P H 

U S I N G V A R I O U S C O L U M N P A C K I N G M A T E R I A L S 

Column 
pacliing Order of elution of gases 
material 

Molecular sieve (A-I-O2)* N2 CH4 C O 
80-100 mesh NO2 and O3 retained 
(type 5A) 
5O-150°C 

PoropakQt (A +O2+N2-^CO-t-CH*)* N O CO2 N2O 
80-100 mesh NH3 H2O H C N 
25-150 °C NO2 and O3 retained 
( T „ , , = 250 °C) 

Silica gel (A4-02-I-N2)* C O (C02 4-N20)* 
80-100 mesh NO2 and O3 retained 
50-150°C 

* Eluted as one peak. 
t Supplied by Waters Associates Inc., 61 Fountain Street. Framinghain, Massachusetts, U.S.A. 

is shown in Figure 3.1. The carrier gas is either hydrogen or helium, 
the latter being preferable where possible. The column packing 
materials shown give good separation of many of the gases listed in 
Table 3.3. 

Whilst the thermal conductivity detector (commonly known as a 
katharometer) is used for the detection of stable gases, various kinds 
of detector are used for the detection of the radioactive components. 
The two basic types are the scintillation counter and the internal 
proportional counter*^"'. Both types detect the P emissions from the 
radioactive gas as it flows through the counter, the output gas from 
the katharometer being passed to the radiation detector. 

In the scintillation p detector the gas passes through a small 
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Stainless steel 
compression 
fitting 

Heating 
coil 

1-5 mm 0 D 
stainless steel 
tubes 

1-3cnn lead 
shielding 

reflector 

Thermal 
insu la t ion 

Light - tight 
assembly 

Photomultiplier 
tube 

Stainless steel 
gas channel 
blocklsee fig 3.2(b)] 

P T F E 

0-013mm stainless 
steel foil IHavar) 

Stainless steel 

0-75mm deep 
gas channel 

0-25mm plastic 
scintillator 
Nuclear Enterprises 
[type NE 102A 

Perspex light pipe 

(3 '2a) 

Gas channels 
6-3 mm wide 
0-75mm deep 

Gas ports 

(3-2b) 

Figure 3.2 Scintillation gas flow beta detector for use with a radio-gas chromato-
graph showing: (a) general assembly; (b) underside view of stainless steel gas channel 

block' 
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Stainless steel cell with a thin window through which the P particles 
are emitted. The /? particles are then detected using a thin plastic 
scintillator* and photomultiplier. A typical layout of this type of 
detector is shown in Figure 3.2. When the cell is operated at elevated 
temperatures (up to 150°C) care should be taken to keep the 
photomultiplier as cool as possible. I f the photo-cathode is allowed 
to heat up, electrons are emitted from it giving rise to thermal noise. 
This noise can to some extent be discriminated against in the sub
sequent amplifier discriminator system. The efficiency of the scintil
lation detector varies with p particle energy and this must be taken 
into account when nuclides having different P energy emissions are 
being measured. The limit of detection of a gas chromatograph fitted 
with a katharometer and scintillation type P detector is about 0.1 per 
cent for both stable and radioactive gases. 

Another type of scintillation counter uses a sodium iodide crystal 
in conjunction with a PTFE spiral through wliich the active gas 
passes. For use with organic compounds the spiral may be heated 
to a maximum temperature of 200°C. However, this type of detector 
is suitable only for the detection of y-rays. 

The double-sided window flow proportional counter is eminently 
suitable for p particle detection being relatively insensitive to varia
tions in p particle energy and having a low y sensitivity. The active 
gas is passed through a long shallow rectangular volume formed by 
the thin flat windows of two proportional counters of semi-circular 
cross-section'^"'. It is suitable for use at up to at least 125 °C and 
with care can be used at up to 200°C'^", the length of the plateau 
decreasing as the temperature is increased. A further advantage is its 
high sensitivity. However, this type of counter does need an 
additional gas supply. 

Whichever type of radiation detector is used it is essential that 
the carrier gas flow rate through it is constant, irrespective of which 
column is in use. This is achieved by preset adjustment of the flow 
control valves at the column inputs, the flow rates being measured 
by the bubble flowmeter at the P detector output, or for the most 
precise work, using an electronic flow rate feedback system"". 

The twin-channel recorder displays both the stable and radio
active components of a gas sample virtually simultaneously; the use 
of an integrator and multiscaler facilitates rapid quantitative data 
analysis. During subsequent computation on this data, due allow
ance must be made for the different decay constants of the 
radioactive components of a gas sample as they pass through the 
chromatograph (see Appendix 2). 

* Type N E 102A supplied by Nuclear Enterprises Ltd, Edinburgh, Scotland. 
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Decay Curve Analysis 
Decay curve analysis is a valuable technique to differentiate 

between radionuclides of different half-life (T^). Using this technique, 
the components and their proportions in a mixture of radioactive 
nuclides, for example,' (T. = 2.07 min) and ' (T^ = 20.3 min) 
may be assessed by observing the radioactive decay of a sample and 
plotting the resulting composite decay curve. The component with 
the shortest half-life decays most rapidly, the 'tail ' of the curve being 
due to the longer-lived nuclide. Analysis is carried out by subtracting 
the longer-lived component from the composite curve, allowance 
being made for background (see Appendix 4). 

The decay measurement may be made using a variety of calibrated 
detectors having either analogue or digital readout. A commonly 
used instrument is an ionization chamber of either the atmospheric 
or high pressure type. Alternatively a scintillation counter may be 
used having either a sodium iodide or plastic scintillator. 

Decay curve analysis can often be advantageously used to identify 
the label(s) of a particular peak obtained during radio-gas chroma
tographic analyses; the gas flow through the radiation detector is 
stopped when the peak is at its maximum and the radioactive decay 
curve is observed. 

Gamma Ray Spectrometry 
Gamma ray spectrometry is used for the identification and assay 

of a specific radionuclide or mixture of radionuclides emitting 
gamma rays with a wide range of energies. It is of particular value 
for the analysis of target materials (section 2.3, page 37) and target 
effluents which contain a mixture of y emitting radionuclides (section 
8.3.5, page 277). Another appHcation is the calibration of ionization 
chambers (section 3.7, page 79 and section 8.3.4, page 276). 

A modern gamma ray spectrometer consists basically of a high 
resolution detector of y-rays, for example a Ge/Li semiconductor 
detector coupled through a linear amplifier to a multichannel 
analyser (MCA) with a suitable readout facility. The pulse height at 
the amplifier output is proportional to the energy absorbed. These 
pulses are fed to a M C A which sorts the pulses according to their 
height and stores them in a series of scalers (channels). At the end 
of data acquisition the contents of these channels may be inspected 
in an analogue fashion using an oscilloscope readout. This aids initial 
y photo-peak identification. Subsequently the channel contents are 
processed digitally to obtain quantitative information. 

The accurate use of a gamma ray spectrometer entails the use 
of standard calibration sources for energy i;ersi(.s channel number 
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correlation. These sources are also used to determine the detector 
sensitivity for gamma rays of different energies. It is important that 
a high degree of system stability is maintained. When an assay is 
being carried out it is important to maintain the same or closely 
similar conditions to those under which the calibration was per
formed. Thus, volumes of samples, their geometry, maximum count 
rates and methods of peak integration all need careful consideration. 

The use of gamma ray spectrometry for assay purposes is further 
described in section 8.3.5 (page 277). 

Mass Spectrometry 
The mass spectrometer is a widely used instrument for the analysis 

of trace stable gases, its principle being that it will separate rapidly 
moving charged gas molecules (ions) according to their masses. The 
gas sample to be measured is introduced into an evacuated chamber 
where it is ionized by a beam of electrons. The resulting ions are 
accelerated by a high potential in an 'ion gun' from which they 
emerge as a collimated beam. This beam is directed towards a 
collector electrode through a powerful magnetic field which causes 
the ions to be fanned out into a family of circular paths. The radius 
of the path described by a particular ion is proportional to its mass 
to charge ratio. The construction of the apparatus is such that the 
only ions which gain access to the collector electrode are those with 
trajectories of a prescribed radius of curvature. By altering the 
accelerating potential or the strength of the magnetic field, ions of 
different mass to charge ratios may be collected. The resulting signal 
received by the collector is amplified electronically and displayed by 
a chart recorder or cathode ray oscilloscope. 

It should be noted that the mass spectrometer cannot differentiate 
between a singly charged ion of a given mass and a doubly charged 
ion of twice the mass, since the mass to charge ratio is the same in 
both cases. However, the gas chromatograph is capable of separating 
gases which can give rise to such ions. Thus, a gas chromatograph 
used in conjunction with a mass spectrometer form a powerful 
combination for the analysis of a wide range of volatile substances. 

Solution Wash-out Measurements 
This type of measurement is useful for the determination of soluble 

radioactive contaminants in solutions containing poorly soluble 
radioactive gases such as '^N2 or the inert gases. A typical solution 
is prepared and its initial activity noted. The poorly soluble gas is 
then washed out of solution by bubbling with a gas, preferably of 
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the same chemical species. The initial activity falls rapidly to a value 
determined by the contaminant level [Figure 6.16). 

I t is desirable that the instrumentation used for this type of 
measurement has a time constant which is short compared to the 
maximum rate of activity wash-out (see section 3.7.4, page 84). A 
typical solution wash-out measurement is described in section 6.3.1 
(page 199). 

Quantitative Removal by Specific Reagents 
Trace stable and radioactive contaminants can sometimes be 

determined by their quantitative removal and subsequent measure
ment in specific reagents. For instance, C ' '02 (C'^OO), '^Os 
C^OOO) and N ' ^ O j (N'^OO) are all quantitatively absorbed by 
soda lime, the ^'Os being decomposed to '^Oa ('^OO) which is 
subsequently released"^'. Thus, this reagent may be used for deter
mining the presence of these labelled gases. An example of the use 
of this technique is given in section 5.3.1 (page 130). 

Methods for trace stable gas estimation use colorimetric micro-
determination techniques. In the Saltzman test"^* NO2 is reacted 
with the Saltzman reagent''*' producing a stable red-violet colour 
which can be measured spectrophotometrically (section 5.3.2, page 
134). The Nessler test is used for the microdetermination of stable 
ammonia*^'. In this the ammonia is reacted with an alkaline solution 
of mercuric iodide and potassium iodide to form a reddish-brown 
colloidal compound which may be measured spectrophotometrically 
(section 5.4.4, page 156). 

3.3 T H E TRANSMISSION A N D F I L T R A T I O N OF GASES 

As we have seen, in all dynamic radioactive gas systems the product 
nuclide has to be removed f rom the target by a sweep or sweep/target 
gas and conveyed to the dispensing point. Often it is necessary to 
change its chemical form in transit using absorbers at either elevated 
or ambient temperature. Having been dispensed, the radioactive gas 
may be stored or used for the preparation of radioactive solutions, 
in which case it must contain the minimum of trace stable con
taminating gases. Sometimes the product nuclide is very short-lived 
(e.g.' *0, = 2.07 min) and may have to be transmitted over a long 
distance. Thus high gas flow rates may be required necessitating 
the use of a high system pressure or even the use of a pump (see 
Figure 5.2 and section 3.11.3). The desired radioactive gas may be 
present only in trace ('carrier free') amounts or be likely to react with 
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the gas transmission tubes, or both. Thus many factors have to be 
taken into account when selecting materials for the transmission of 
radioactive gases. 

A typical radioactive gas production system ('^CO) using a high 
pressure target is shown schematically in Figure 3.3 together with 
the approximate lengths of gas transmission tube used and the 
pattern of pressure change throughout the system. I t will be seen 
that the input flowmeter A, the target, and the gas transmission 
tubes to and from the cyclotron are all maintained at a relatively 
high pressure by the needle valve. Thus a 'thick' target in the nuclear 
sense is provided, and if small bore gas transmission tubes are used, 
the product nuclide is rapidly transmitted to the furnace and rest of 
the processing system which is at a lower pressure. It is desirable 
that this lower pressure is maintained, especially at flowmeter B, the 
yield measuring spiral and the dispensing and waste gas taps. This 
ensures accurate flow and activity measurement and the main
tenance, by the scavenge pump, of a slight vacuum at the input of 
the scavenging gas flowmeter C. (For clarity only one scavenge pump 
is shown.) The scavenging gas tank provides a vacuum reservoir 
which copes with any sudden large changes in flow rate such as could 
occur by rapid manipulation of the needle valve, or the exhausting 
of waste target cooling air directly into the system (see Figure 3.16). 
Since it is desirable for the scavenging gas flow rate to be about one 
hundred times the sweep gas flow rate, the impedance of the gas 
transmission tubes at this point in the system should be minimal. 
The waste gas is finally discharged from a chimney into the atmos
phere (see section 3.9, page 86). 

To achieve the short transit times generally required the tubes 
used for gas transmission to and from the target should be of small 
bore* (1-3 mm) and may be made of either metal or plastic. Materials 
in common use are stainless steel, copper, nylon and polytetrafluoro-
ethylene (PTFE). Because of their relatively high permeability to 
many gases the use of polyethylene, polyvinylchloride (PVC) and 
silicone rubber should be avoided, silicone rubber being particularly 
pervious to water, O2 and C O 2 ' ' ' ' ' . Although the permeabihty of 
nylon to water and C O 2 is tolerable, air will diffuse through and 
this may preclude its use in certain cases, for example '^N2 solution 
preparation (section 6.3, page 191) and " C storage systems (section 
7.6, page 246). Some gases are irreversibly adsorbed by certain 
metals. For instance, trace amounts of N O 2 and NH3 are known to 
be adsorbed on copper surfaces (see sections 5.3, page 130 and 7.2.2, 

* When hydrogen is used as a sweep gas the impedance of the gas transmission 
tube to the target should be minimal (see section 7.3.2, page 232). 
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page 227). Undesirable chemical reactions can also occur with this 
material. Thus, metal gas transmission tubes should also be chosen 
with care. The authors have found stainless steel to be a satisfactory 
material for many applications, although it can be difficult to install 
since once kinked, it will easily break. Nylon is also a useful material 
being easier to install than stainless steel and can be successfully 
used in certain cases. However it is liable to long-term radiation 
damage and is particularly prone to chemical attack by O 3 and NO2. 
Where flexible connections are needed, short lengths ( < 2 m) of 
nylon can usually be used in a stainless steel system. 

The choice between stainless steel and nylon is often determined 
by their relative cost and availability. Polytetrafluoroethylene is a 
particularly useful material when a relatively inert gas transmission 
tube is needed. It is easily damaged however, necessitating consider
able care during installation. 

Since the transit time for most continuously produced radioactive 
gases has to be as short as possible, the bores of the tubes should 
be kept small consistent with a safe target working pressure. The 
relationship between pressure, bore, length and flow rate for some 
stainless steel and nylon gas transmission tubes is shown in Table 
3.4. Transit times may readily be estimated using a bolus of radio
active gas. 

The principal factors which determine the maximum working 
pressure in a gas transmission system are the dimensions and 
material of the target beam entry foil . The authors have found that 
a system input pressure of about 10.5 kg cm~^ ( ~ 150 lb in~-^) 
gauge is quite possible (see section 2.2.1). 

An exception to the use of small bore tubes in gas systems is the 
main waste pipe. This should be of relatively large diameter (< 2.5 
cm), maintained at all times at a slight vacuum by a scavenge pump 
and be capable of coping with the maximum flow rate of effluent gas 
the system is ever likely to produce (section 3.9, page 86). Nylon is 
quite suitable for the waste pipe. 

High quality fittings should be used for gas tube connections. For 
metal tubes, vacuum connections with 'O' rings (for hand tightening) 
and compression joints (for permaneAt connections) have proved 
successful, the brass vacuum fittings being brazed to the tubes. Nylon 
tubes may be satisfactorily connected using compression fittings of 
well-proven design in conjunction with the correct size tubing. 
Folytetrafluoroethylene tube may be joined by flaring the ends and 
using a flange fitting (see section 3.11.2, page 96). 

Whether the gas transmission tubes are metal or plastic they 
should be fitted in a protective installation. Cable ducting and large 
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bore steel conduit have both been used successfully. Plenty of inspec
tion panels are required for ease of installation and possible future 
alterations to the system. 

Although the volume of a radioactive gas tube is small, the dose 
rate can be significant, especially near tubes carrying undiluted 
radioactive gases. A section of a typical installation may consist of 

T A B L E 3.4 

T H E R E L A T I O N S H I P B E T W E E N I N P U T P R E S S U R E , B O R E , L E N G T H A N D G A S F L O W R A T E 
F O R S T A I N L E S S S T E E L A N D N Y L O N G A S T R A N S M I S S I O N T U B E S 

Tube 
material 

Bore 
mm 

Length 
m Gas 

Input pressure 

kgcm"^ lb in~-

Output 
pressure 
mm Hg 

Flow rate 
at output 
ml min"' 

Stainless steel 1.5 120 0.070 1.0 760 26 
0.13 1.8 51 
0.14 2.0 57 
0.21 3.0 88 
0.24 3.4 101 
0.28 4.0 122 
0.35 5.0 156 

Stainless steel 1.5 490 0.28 4.0 760 30,9 
0.42 6.0 50,2 
0.56 8.0 70,7 
0.70 10 93,5 
0.84 12 119 
0.91 13 133 
0.99 14 146 

Nylon 2.0 120 N j 0.018 0.25 760 20 
0.14 2.0 130 

Nylon 2.8 52 N2 0.018 
0.070 
0.15 

0.25 
1.0 
2,1 

760 140 
480 
950 

Nylon 4.7 130 N j 0.018 0.25 760 480 

a steel conduit (3.8 cm diameter, 1.9 mm thick) fixed to a concrete 
wall, the conduit containing a stainless steel gas transmission tube 
(2.2 mm diameter, 1.5 mm bore). The dose rate measured at 15 cm 
from a 2 m length of such conduit is 6 mR h " ' when the trans
mission tube contains a emitting gas having a radioactive 
concentration of 0.1 mCi m\~^. Where necessary the installation 
can be planned to include some radiation shielding or routed away 
from regions used frequendy by personnel. 
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Simple filters for gas transmission systems may be made using 
glass fibre filter papers and sintered polyethylene as shown in Figure 
3.4. Where the gas has to be continuously sterilized a filter such as 
the Millipore gas line type is suitable (see section 4.1.3, page 106). 
Alternatively, the gas may be heat sterilized at 190"C"*'. 

Socket head 
clamping screw 

Direction of 

gas flow 

Sintered polyethylene 
Perspex filter support disc 

holder /'O' ring Perspex clamping 
Glass fibre / ^ / '̂ 'O'̂ ^ 
filter disc 

1/ 
Tapered thread 
for compression 
fitting 

Figure 3.4 Gas transmission tube filter 

3 4 T H E MEASUREMENT A N D CONTROL OF GAS 
PRESSURE A N D FLOW RATE 

3.4.1 Pressure Measurement 
Pressures in continuous flow radioactive gas systems rarely exceed 

~ 4 kg cm"^ ( ~ 57 lb in"^) above atmospheric pressure. In some 
types of radioactive gas storage or sorption pumping system the 
pressure may reach 140 kg cm " ^ ( ~ 2000 lb i n " ^) above atmospheric 
pressure, whilst pressures the order of 2 mm Hg absolute are used 
in sorption pumping. This range of pressure is well within the 
capabihty of the Bourden tube gauge. Consequently this type of 
instrument is almost universally used in radioactive gas systems. 

Although manometers are occasionally used for checking 
pressures in a system, they should not be permanently incorporated 
into the equipment since excess pressure could result in activity being 
released into the atmosphere. 
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3.4.2 Pressure Control 
Since gases are supplied in cylinders at pressures up to 176 kg 

cm ~ (2500 lb in ~ ^), the use of pressure regulators (pressure reducing 
valves) is an absolute necessity. Several types are available; all use 
some form of pneumatic servo balancing in which the downstream 
regulated pressure is sensed by a diaphragm or similar device, the 
movement of which adjusts the flow from the gas supply. The more 
sophisticated models use two stages and are fitted with input and 
output pressure gauges. In this type the cylinder pressure is reduced 
automatically to a preset intermediate pressure in the first stage 
which feeds gas at a relatively stable pressure to the second stage 
which is adjustable for the required delivery pressure. The two stages 
result in a degree of control which permits unvarying delivery 
pressure until the cylinder is almost empty. 

In the single stage type the cylinder pressure is reduced directly 
to the adjustable delivery pressure. 

Where a very low output pressure is required i t may be advan
tageous to use a low pressure regulator. These are generally of the 
single stage type and can give sensitive and accurate low pressure 
control in the range 0.007-0.28 kg cm"^ (0.1-4 lb in"-^) gauge. Low 
pressure regulators usually have a maximum input pressure of about 
17.6 kg cm~^ (250 lb in~^) gauge. I t is therefore necessary to either 
restrict the cylinder pressure to this value, or preferably use a 
normal single or two stage pressure regulator to supply the low 
pressure regulator. 

The most useful ranges of regulator output pressure for radioactive 
gas systems are 0-0.7 kg cm~^ (0-10 lb in""^) and 0-4.2 kg cm""^ 
(0-60 lb in~^). Pressure regulators should be fitted with flow control 
valves (needle valves) to enable the output gas flow rate to be varied 
(see section 3.4.4, page 63). 

3.4.3 Flow Measurement 
Typical flow rates in radioactive gas systems range from about 

0.4 ml s"i to 80 ml s~' (24 ml m i n " ' to 4800 ml m i n " ' ) . I t is 
essential to be able to measure the gas flow rate at various points 
in the system using instruments which offer the minimum impedance 
to the gas flow. 

The most widely used flow measuring device is the variable area 
flowmeter commonly known as a rotameter.* Wi th only one moving 
part it is invaluable for the continuous direct measurement of flow 
rate. Models are available which will measure down to 0.083 ml s"' 

* Supplied by GEC-Ell iot Process Instruments Ltd, Rotameter Works, Croydon 
CR9 4PG, England. 
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(5 ml m i n " ' ) (air) to an accuracy of + 2 per cent. The dynamic range 
of a given flowmeter is usually about 10:1. 

The principle of the variable area flowmeter is that a lightweight 
conical float in a precision tapered tube will be supported at a given 
height by an upward stream of gas. Since, to maintain a constant 
pressure difference across the float its height will vary with flow 
rate, a direct indication of flow rate is obtained. The indication 
from this type of flowmeter is affected by the density and viscosity 
of the gas passing through it. Variable area flowmeters are available 
either scaled in metric units and supplied with a calibration curve, 
or scaled to be direct reading for use with a given gas at a specified 
pressure and temperature. I f the operating conditions are different 
f ronj those specified on a direct reading flowmeter, calibration curves 
must be drawn. Variable area flowmeters are unaffected by excess 
flowrates and are available with viscosity and density compensated 
floats* 

Another device for flow measurement uses a capillary constriction 
across which the pressure difference is measured manometrically''*". 

The bubble or soap film flowmeter can be used for the absolute 
measurement of gas flow rate ' ' ° ' . In use, the gas displaces a film of 
soap solution up a burette of known volume, the passage of the 
film between volume calibration marks being timed. The impedance 
of the bubble flowmeter is extremely low and gas flow rates as low 
as 10 ml h r " ' can be measured. However, it is unsuitable for use 
with soluble gases at extremely low flow rates. 

Other types of indicator available include the electronic flowmeter 
in which the gas flow is arranged to cool a thermistor. Flow rates 
down to 1 ml m i n ~ ' may be continuously measured, the instrument 
being calibrated for a given gas. A dynamic range of 50:1 is typical, 
the pressure drop at high gas flows being as low as 2 cm H2O. Both 
local and remote indication are possible with electronic flowmeters; 
provision is easily made for the operation of chart recorders or 
warning relays. 

An ingenious electro-mechanical flowmeter is described by Welch 
et a/'^^l Designed basically for accurate flow measurement in radio-
gas chromatography, it utilizes a variable capacitance pressure 
transducer to operate a motor driven servo mechanism which 
actuates a pulse counter. 

3.4.4 Flow Control 
Various degrees of flow control can be effected by the use of needle 

valves, diaphragm valves and taps. Flow control from a gas cylinder 
is obtained by a flow control valve (needle valve) at the outlet of 
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the pressure regulator, or by ineans of a control valve in the pipeline 
downstream from the regulator. In general, flow control should not 
be attempted by adjusting the regulator output pressure to obtain 
different flow rates. This defeats the purpose of the pressure regulator 
and in some cases where high flow rates are obtained in this manner, 
the pressure setting may be in excess of the design pressure of the 
system.* Generally speaking, the pressure regulator should be set 
(with the flow control shut) to the lowest usable pressure, the flow 
control valve then being used to obtain the range of flow rate 
required. 

In some cases it is undesirable to have a high impedance at the 
pressure regulator output (see section 7.3.2, page 232). A solution 
here is to use a low pressure regulator as described in section 3.4.2 
(page 62) in conjunction with a low impedance control valve at the 
regulator output. 

To prevent the build-up of dangerous pressures, a pressure regulator 
should always be used on a given system unless the gas cylinder pressure 
is within the system's safe working pressure. 

Needle valves should be of high quality. A particularly useful type 
is the calibrated needle valve fitted with a multi-turn geared mecha
nism or micrometer screw, which allows precise reproducible control 
over the whole range of operation. 

Diaphragm valves are particularly suitable for use with radio
active gases since they are completely sealed, those using metal 
diaphragms being preferable since they are resistant to radiation 
damage. However, they do not have the fine degree of control which 
needle valves have and are thus more suitable for applications 
requiring relatively large changes of flow rate (see section 3.11.1, 
page 94). 

3.5 FURNACES, ABSORBERS A N D C O L D TRAPS 

3.5.1 Furnaces 
Furnaces are used in radioactive gas processing systems for 

converting the primary product into the desired chemical form or 
for the removal of contaminants. They may be of horizontal or 
vertical design. The reagent tube should be as small as possible 
consistent with eflficient operation in order to minimize the 'dead 
volume' in the system. 

* An exception to this rule is when very long high impedance gas transmission 
tubes are being used necessitating high input pressures. In this case one can safely 
obtain a satisfactory measure of flow control at high pressure by small adjustments 
of the regulator output pressure. 
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Horizontal furnaces have the advantage of uniform heating over 
the effective hot zone length. Some horizontal furnaces are split 
longitudinally with the two halves hinged; this simplifies reagent 
tube inspection and maintenance. However, unless the reagents are 
packed carefully, the gas may stream over the reagent and be 
processed inefficiently. Vertical furnaces have a greater temperature 
differential over the effective hot zone length (which can be mini
mized by asymmetrical winding of the element) but have excellent 
gas flow characteristics. Sizes range from 100 W to 3 kW with 
effective hot zone lengths of approximately 3 cm to 30 cm respect
ively. The choice of reagent tube dimensions is largely governed by 
the chemical reaction, the gas flow rate and the half-life of the 
desired product. The maximum temperature used is usually about 
900 °C. Heating elements should therefore be suitable for continuous 
operation at this temperature. 

Temperature Measurement and Control 
Either thermocouples or resistance thermometers may be used for 

furnace temperature measurement. Noble or base metal thermo
couples may be used for the temperature range in which we are 
interested. Whichever type is used it is essential that the correct type 
of compensating leads are used and that the cold junction is main
tained at a stable temperature. Temperature indication may be by a 
simple pyrometer indicator or by an indicating temperature 
controller. 

Methods of furnace temperature control include energy regu
lators, solid state controllers and indicating controllers. The energy 
regulator operates by interrupting the furnace supply current using 
a heated bi-metal strip, at definite intervals with a variable on/off 
ratio. I t should be noted that this type of regulator does not sense 
the furnace temperature; its failure may therefore result in an 
excessive temperature rise. The energy regulator may be roughly 
calibrated for a given furnace; a more satisfactory arrangement is 
to use a thermocouple and a temperature controller as described 
below. 

The solid state temperature controller uses the amplified output 
of either a thermocouple or resistance thermometer to control the 
furnace element current with a bi-directional silicon controlled 
rectifier. The power delivered is always proportional to the difference 
between the set temperature and the measured temperature. 
Temperature indication is given by the control setting and output 
power indication may also be included. A typical temperature range 
for this type of instrument is 100-1000 °C. A more sophisticated type 
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of solid State temperature controller uses cycle selection in which 
the supply current is switched on for trains of complete cycles, the 
switching always taking place at zero voltage. This causes minimal 
injection of radio frequency interference into the mains supply, a 
feature which is very desirable, especially if sensitive electronic 
apparatus is in use in the same locality. Solid state temperature 
controllers may be fitted with thermocouple break protection which 
automatically switches off the furnace in the event of thermocouple 
failure. 

The indicating controller is basicafly a high grade millivoltmeter 
which is connected to a thermocouple, and incorporates an optically 
activated servo mechanism which controls the power supply to the 
furnace element. The temperature setting control adjusts the position 
of the optical path with respect to the scale, the path being inter
rupted only when the millivoltmeter pointer indicates the set 
temperature. Indicating controllers may also be fitted with thermo
couple break protection. 

Reagent Tubes and Reagents 
Reagent tubes used in furnaces may be of glass, sihca or stainless 

steel, depending upon the conditions under which they are required 
to operate. Borosilicate glass is satisfactory for temperatures up to 
~ 450°C and has the advantages of being cheap and easy to work 
with. It is of particular value for supporting reagents which react 
with silica, for example, zinc. Silica (preferably transparent rather 
than transluscent) is useful for temperatures up to ~ 1000°C. Tubes 
made of this material tend to be chemically attacked by some 
reagents (e.g. zinc and CuO) but can nevertheless have a useful life. 
When high temperatures (up to ~ 1000''C) and pressures are neces
sary, or when the reagent is very reactive towards other materials, 
a heat resistant high temperature nickel alloy* or austenitic 
chromium nickel stainless steel may be used"-'*. 

Connections to furnace reagent tubes may be made as shown in 
Figure 3.5 (a). When glass or sihca is used the connectors are 
cemented directly onto the ends of the tube using a suitable 
heat resistant adhesive such as Araldite.f When a stainless steel or 
nickel alloy tube is used, compression fittings are satisfactory. 

The cooling of reagent tube connections can be a problem. Radiant 
heat can be minimized by the use of multiple heat reflectors. Three 

* Nimonic alloy 75 supplied by Henry Wiggin and Co. Ltd, Hereford HR4 9SL, 
England. 

t Supplied by Ciba-Geigy (U.K.), Plastics Division, Duxford, Cambridge, 
England. 
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polished reflectors can reduce the radiant heat to a fraction of its 
incident value [Figure 3.5 [b)). Little can be done about heat trans
mitted to the tube connections by the light pipe effect in glass or 

Viton'O' ring 

Reagent 
tube 

Tapered thread 
' or compression 

fitting 

Heat resisting 
cement 

3-5a 

B r a s s fittings 

Cooling water tube 

Heat reflector 
polished both 

sides 

Furnace 

noon 

3-5b 

C U U U ^ Brass reogent 
tube fittinglshown in fig 3.5 (Q)1 

Only a small proportion 
of the heal incident on 
reflector A is radiated 
from this surface 

Figure 3.5 Cooled connection to a furnace reagent tube showing: (a) type of con
nection and method of water cooling; (b) the use of multiple heat reflectors 

silica tube. In severe cases water cooling of connecting tubes and 
fittings may be necessary [Figure 3.5 [a]). 

Some common reagents used in radioactive gas processing 
furnaces are activated charcoal, graphite, copper oxide, copper, zinc 
and Hopcalite* (see Table 3.2). Care should be taken to ensure that 

* A preparation containing about 60 per cent Mn02 and 40 per cent CuO which 
is an almost specific catalyst for the oxidation of carbon monoxide. Supplied by 
Hopkin and Williams Ltd, Chadwell Heath, Essex, England. 
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the reagent is confined to the hot zone of the furnace tube, silica 
wool (for silica tubes) and glass sinters (for glass tubes) being useful 
retaining materials. This is particulariy necessary when undesired 
chemical reactions are possible in the cooler parts of the reagent 
tube. 

Some reagents may be generated in situ. An example is copper 
oxide which after reduction may be re-oxidized (section 6.3.2, page 
204). This cannot necessarily be done indefinitely, however, since 
after repeated oxidation and reduction the reagent may sinter and thus 
become reduced in effective area. This reduces its reaction capacity 
and also allows streaming of the gas, usually resulting in unreacted 
contaminants appearing at the furnace output. 

When zinc powder is used as a reagent it is necessary to use a 
glass tube and maintain its temperature at 390+10°C to avoid 
melting the zinc (see section 7.3.1, page 229). I t is also necessary to 
retain this material with a glass sinter positioned downstream from 
the zinc column. 

The pressure differential across a reagent tube clearly depends to 
some extent upon how finely divided the reagent is, and how tightly 
it is packed. Substances such as copper turnings or activated charcoal 
(10-50 mesh) usually produce a negligible pressure drop, whilst zinc 
powder can present quite a high impedance to the gas flow. Hence, 
care is sometimes necessary to avoid a build-up of dangerous 
pressures. 

Before activated charcoal is used as a reagent it should be heated 
to ~ 200 °C under a gentle flow of nitrogen to release trapped water 
vapour and volatile organic compounds which would otherwise 
contaminate the system. 

The determination of the volume necessary for a particular 
furnace reagent is usually a matter for experiment. In general it is 
desirable to use minimal volumes both for reagents and the tubes in 
which they are supported. Quite apart from lessening the radiation 
hazard and hence the amount of necessary shielding, this results in a 
minimal loss of activity by decay in transit and by undesired reten
tion of the product in the reagent itself The volumes of reagents 
and reagent tubes given in the production systems in chapters 5-8 
are the maximum which should be used. 

Some reagents at elevated temperatures will unexpectedly retain 
certain products. For instance, '^O has been shown to be retained 
by hot copper oxide" ". Thus, before a furnace reagent is used in a 
radioactive gas processing system it is advisable to investigate 
thoroughly its properties under all anticipated operating conditions. 
To prevent premature exhaustion and possible 'breakthrough' it is 
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necessary to change regularly or recondition reagents subsequendy 
incorporated into such systems. 

3.5.2 Absorbers 
Processing is often possible using reagents at ambient tempera

ture. These we call absorbers. Typical materials include soda hme, 
activated charcoal, manganese dioxide, calcium chloride, mag
nesium perchlorate, copper and occasionally, silica gel (see Table 

The usual method of containing absorbers is to use an acrylic* 
tube with integral filters and detachable ends as shown in Figure 3.6. 
Alternatively, glass tubes may be used with integral screwed fittings, j 

Perspex Sintered polyethylene 
filter 

Tapered 
thread 

for 
compression I 

fitting 

y 

Reagent 'O'ring 

Figure 3.6 Absorber container for use with reagents at ambient temperature 

When high pressures are likely a metal tube should be used. In this 
case consideration should be given to the possible reactivity of the 
metal towards the gas being processed. A useful material is stainless 
steel. 

Filters made from sintered polyethylenej are satisfactory in most 
cases; an alternative is glass fibre filter paper supported on sintered 
polyethylene. 

Some absorbing reagents are self indicating, for example, soda 
lime and silica gel, the latter also being capable of regeneration. 

As with reagents used at elevated temperatures, minimum volumes 
both for absorbers and their supporting tubes are desirable to avoid 
unnecessary losses, radiation hazards and shielding. Optimum 
volumes are best determined experimentally. When 'carrier free' 
gases are being processed it is often possible to use quite small 
volumes of absorbing material. The volumes given in the production 
systems in chapters '5-8 are the maximum which should be used. 

* Polymethylmethacrylate: I.C.I. Perspex. 
t Quickfit type SQ4: GS 6/24, Jobling Laboratory Division, Stone, Staffordshire, 

England, 
t Fison Scientific Apparatus, Loughborough, Leicestershire, England, 
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Some absorbing reagents wil l retain gases in trace amounts. For 
instance, silica gel has been shown to readily absorb trace ' ' C O . 
Similarly certain reagents will retain products at ambient tempera
tures, but not at elevated temperatures. An example is Hopcalite 
which retains " C O 2 at 25°C but completely liberates it at 6 5 0 ° C > . 
Thus before a given absorber is used in a radioactive gas processing 
system it is desirable thoroughly to investigate its properties under 
all anticipated operating conditions. To prevent premature exhaus
tion and possible 'breakthrough' it is advisable to change regularly 
absorbers subsequently incorporated into such systems. 

Output 

Needle valve 

S t a i n l e s s s tee l 
tube 

Copper g a u z e 

opper tube 

M o l e c u l a r sieve 

A l c o h o l / s o l i d COj 
mixture 

Figure 3.7 T y p i c a l ' U ' tube molecular sieve trap 

3.5.3 Cold Traps 
Cold traps are sometimes used for removing unwanted contami

nants, or more frequendy for radioactive gas sorption pumping and 
storage systems. They fall into two categories, namely, those which 
contain an adsorbing medium and those which do not. The low 
temperature is obtained by the use of a freezing mixture or a 
liquefied gas. 

Typical adsorption materials are molecular sieve and activated 
charcoal which may be retained in a copper ' U ' tube as shown in 
Figure 3.7. Because of its low thermal conductivity, stainless steel 
tube is used between the copper and the trap input and output 
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needle valves. To obtain maximum trapping efficiency the adsorbing 
medium may need conditioning before use (see section 7.6, page 248). 

An alternative form of cold trap is a spiral of copper (or glass) 
tubing {Figure 7.20). In this case the gas is frozen onto the wall of 
the tube. 

Where a cold trap is to be used for the continuous removal of 
contaminants, no high pressures are usually involved. However, if 
the trap is to be used as a sorption pump or storage system it may 
have to withstand pressures up to 140 kg cm^-^ (2000 lb in"^) or 
more, and should therefore be designed accordingly (see sections 
3.11.4, page 102 and 8.3.3, page 275). 

In use the trap is placed in a vacuum flask containing a mixture 
of solid C O 2 and industrial methylated spirit ( - 7 2 ° C ) , or liquid 
nitrogen ( - 196°C). Temperatures other than these are possible with 
different freezing mixtures'^'. However, for safety reasons, it is 
desirable to use a hquid which has as high a flash point as possible 
and never io use liquid air or liquid oxygen (see section 9.3.3, page 318). 

Unless a cold trap is designed specifically for the removal of water, 
care should be taken to ensure that gases passing through cold traps 
are dry, otherwise ice may be formed which may block the trap, 
possibly with unfortunate results! I f it is necessary to remove a 
trapped product the trap may be heated using warm air or water, 
care being taken to avoid excessive heating of traps containing 
adsorbing materials. 

The construction, preparation and use of some typical sorption 
pumps and storage systems is fully discussed in sections 3.11.4 
(page 102), 7.6 (page 246) and 8.3.3 (page 273). 

3.6 RADIOACTIVE CONCENTRATION A N D SPECIFIC 
ACTIVITY 

There are two terms in common use by which the amount of 
radioactivity present in a given volume may be expressed. These 
are the radioactive concentration and the specific activity of the 
chemical form in which the radionuclide is incorporated. 

Radioactive concentration may be defined as the ratio of the 
radioactive content of a sample to its volume, under stated condi
tions of temperature and pressure. A convenient unit is mCi m r ^ 

Specific activity may be expressed as the ratio of the disintegration 
rate of radionuclei of a particular chemical form of an element, to 
the total number of inactive molecules present of the same chemical 
form. I t is more conveniently given as the activity per millimole of 
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the chemical form concerned. For radioactive gases a convenient 
unit is mCi m M " ' . 

In general, radioactive gases of high specific activity are desirable 
for clinical studies, especially where toxic gases are being used or 
where biological fluids are to be labelled, for example, blood. An 
example is given below of the determination of the specific activity 
of a radioactive gas. 

Example 
A 200 ml vessel contains a '^Oa labelled mixture of 4 per cent 

O2 in N2. The pressure and temperature of the gas is 800 mm Hg 
and 22 °C respectively. I f the activity is 5 mCi at time to, calculate 
the specific activity of ' ' O 2 at to-

Solution 
From the combined gas laws 

P i V i ^ P2V2 
T i T2 

P1V1T2 
V , = -

P2T1 

Let Pi = 800 mm Hg 
Vi = 200 ml 
T i = 22°C = 295°K 

At standard conditions: 

P2 = 760 mm Hg 
V2 = unknown volume of gas 
T2 = 0°C = 273°K 

• BOO X 200 x 273 
' 760 X 295 

194.8 X 4 
Volume of O2 in vessel = -—— = 7.792 ml 

lUU 

At standard conditions 1 gram mole = 22.4 1 

7 797 

Thus 7.792 ml contains — = 0.3479 x 10^' M 
22.4 x 10̂  

= 0.3479 mM O , 
Specific activity of '^©2 at to = ^ - ^ ^ m C i mM"' 

= 1437 mCi mM"' 
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3.7 Y I E L D MEASUREMENT 

3.7.1 Yield Measurement during Bombardment (Continuous Yield 
Measurement) 

The yield may be observed during bombardment by passing the 
radioactive gas continuously through a fixed volume where its 
activity is detected. I t will be noted that, in general, two types of gas 
flow vessel are used, namely, a spiral and a cylinder. The spiral is 

C o m p r e s s i o n f itt ings 

32 c m 

9 c m 

B r a z e d 

)ouble w o u n d s p i r a l 

3 m m w i d e x 1mm 
thick b r a s s secur ing strip 

3 m m OD x 1-7mm 
bore c o p p e r tube 

4 c m 

Figure 3,8 Yie ld measuring spiral 

used when a quantitative estimate of the radioactive concentration is 
required, the cylinder being used when a qualitative indication is 
sufficient. 

Measuring Systems Using Spirals 
A typical spiral is shown in Figure 3.8. Double wound from 3 mm 

O.D. X 1.7 mm bore copper tubing and having a total volume of 
~ 10 ml, it has dimensions suitable for its use in a high pressure 
ionization chamber of the type shown in Figure 3.14. 
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Since a given bolus of radioactive gas does not radically change 
its dimensions as it passes through the spiral, the gas transit time 
is approximately V/F, where V is the volume of the spiral and F is 
the flow rate. Moreover, provided that the gas is not significantly 
compressed (i.e. the spiral is at the low pressure end of an open 
circuit gas flow system) this relationship holds for a range of flow 
rates. Thus, if the detector is calibrated, the radioactive concentration 
(mCi m l " ' ) of the gas passing through the spiral may be continuouslyj 
observed. Also, since the flow rate (ml s"') is known, the recovery 
rate (mCi s^') can also be continuously observed (mCi m l " ' x 
ml s"' = mCi s"'). I f the transit time V/F through the spiral is 
small compared with the half-life of the radionuclide, it may be 
ignored. When the transit time is significant the decay during transit 
must be allowed for. However it is worth noting that the decay 
during transit of ' ' O 2 flowing at 2 ml s"' through a 10 ml spiral 
is less than 4 per cent. 

Ideally, measuring spirals should have the following characteris
tics: 

{a) A volume small enough to cause insignificant decay of the gas 
during transit. 

(b) Be constructed of tubing having a bore similar to that of the 
gas transmission tubes in the system. 

(c) Have a low impedance to the gas flow. 
(d) Have dimensions which' will not cause significant geometry 

errors when used with a given ionization chamber or other detector. 
(e) Be made of a material which will not significantly attenuate 

the radiation being measured or cause adsorption of the labelled 
gas molecules at room temperature. 

Clearly it is difficult to fulf i l all these conditions in practice, but 
these are the lines upon which an effective measuring spiral should 
be designed. 

Materials which have been used for measuring spirals include 
stainless steel, copper, nylon, glass and PTFE. 

Since, because of the limited volume, the amount of activity in a 
spiral is usually low, the use of a sensitive detector is . almost a 
necessity. Consequently high pressure rather than atmospheric 
pressure ionization chambers are used with spirals, except when 
gases of high radioactive concentration are to be measured. 

'On Flow' Yield Measurement of Mixtures Containing Positron 
Emitters 

I t is often necessary to estimate the yield of a radionuclide in the 
presence of other radionuclides. I f all the nuclides decay by positron 
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emission, for example, '^O, ' ^ N and " C , the ionization chamber 
reading may be apportioned by using the ratios of the various 
nuclides obtained by either decay curve analysis of the spiral 
contents, or radio-gas chromatographic analysis of a sample taken 
from the spiral output on flow (see section 3.2.3, page 50). 

Measuring Systems Using Cylinders 
A typical cylinder is shown in Figure 3.9. Made of 1.5 mm thick 

copper or brass, cylinders may be of any volume up to 200 ml. Their 

Output 

1 
C o m p r e s s i o n - - — -

f i t t ings " " " - t ^ 

3 m m OD x 1-7mm_ 
bore c o p p e r tube" 

Input 

7 5 c m 

V 5 m m 

c o p p e r 11-5 c m 

B r a z e d 

3 m m 
b r a s s 
end 
p l a t e 

5 c m 
d i a m e t e r 

Figure 3.9 Sectional view of a yield measuring cylinder 

dimensions are relatively unimportant and may be varied to suit the 
ionization chamber or other measuring device with which they are 
to be used. The cylinder shown in Figure 3.9 has a volume of 
200 ml and was designed to fit into an atmospheric pressure 
re-entrant ionization chamber of the type shown in Figure 3.12. 

Because of its larger volume a cylinder contains more activity 
than a spiral and it may therefore be used with a less sensitive 
detector such as the atmospheric pressure ionization chamber. How
ever, the transit time of a bolus of gas is long, often being comparable 
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with the half-life of the product nuclei being measured. Thus when 
a cylinder is used as the active volume in a gas flow yield measuring 
system, it should be regarded as a monitor only, and a necessary 
volume where the gas will decay during transit. The transit time is 
not V/F, but will deviate widely from V/F making direct quantitative 
measurements impossible. However, should it be required, the 
relationship between the ionization chamber response and the radio
active concentration of the gas at the cylinder input may be obtained 
for a given cylinder pressure and flow rate. This is done by taking 
a known small volume (1-2 ml at atmospheric pressure) of gas from 
the cylinder input and measuring its absolute activity with a cali
brated detector (see section 8.3.5, page 277). Thus it is possible to 
determine the production rate (mCi s"') at the cylinder input. 
Furthermore, as the dispensed samples are always taken after the 
cylinder and are measured in a separate ionization chamber, the 
radioactive concentration (mCi ml" ^) of the gas may be obtained at 
the cylinder output. Thus the input measurement relates to target 
yield (processed), the output measurement relates to dispensed 
activity, and the cylinder ionization chamber reading gives a quali
tative indication of the activity being produced. 

Measuring cylinders should ideally have the following charac
teristics : 

{a) A volume which is not so large as to cause a large amount 
of activity to be lost by decay during transit at the flow rate of 
interest. 

(b) Input and output ports positioned as far apart as possible. 
(c) Be made of a material which will not significantly attenuate 

the radiation being measured or cause adsorption of the labelled gas 
molecules at room temperature. 

Since cylinders are not used for absolute activity measurements, 
geometry errors are of little importance and one may obtain 
maximum sensitivity by allowing the cylinder to completely fill the 
re-entrant volume of the ionization chamber. 

Other Systems of Continuous Yield Measurement 
Having established the principles of quantitative and qualitative 

continuous yield measurement, other systems can be envisaged. A 
highly sensitive qualitative detector is shown schematically in Figure 
3.70'^^'. In this the gas is passed through a cylindrical volume which 
is in contact with a p sensitive plastic scintillator (Type N E 102)* 
and a photomultiplier tube. By using a 'gas splitting' arrangement 
as shown in Figure 3.11, the response may be adjusted. 

* Supplied by Nuclear Enterprises L t d , Edinburgh , Scotland. 
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L e a d 
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Nuclear En te rp r ises 
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Figure 3.10 Sensitive thin window detector using a cylindrical gas volume and plastic 
scintillator 

Sensi t ive thin w indow 
detector (shown in F i g 3.10) 
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F l o w m e t e r 8 

Figure 3.11 Use of 'gas splitting' to vary the response of the thin window plastic 
scintillation detector shown in Figure 3.10. A small proportion of the radioactive gas 
to be measured is directed to the detector through the needle valve. B y adjustment 

of the needle valve the response of the detector may be varied 
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Similar systems, which can be quantitative and extremely sensitive, 
use a spiral of sensitive plastic scintillator tubing* through which 
the radioactive gas is passed. (Plastic scintillators have a low 
sensitivity to y-rays which can be advantageous in the detection of 
P emitting nuclides in the presence of high gamma backgrounds.) 

Qualitative gas flow detectors may be calibrated at a given 
pressure and flow rate by passing a gas of known radioactive 
concentration through the detector, or by taking a small sample of 
known volume from the detector input and measuring it in a 
calibrated detector system. 

3.7.2 Yield Measurement following Bombardment 
(Batch-wise Measurement) 

When a product is known to contain only radionuclides emitting 
annihilation radiation a calibrated ionization chamber is the most 
convenient detector for measuring large batches. Such measurements 
are made in conjunction with data for the ratios of radionuclidic 
content obtained either by decay curve analysis or by gas chroma
tographic analysis (see section 3.2.3, page 50). However, if the product 
is known or suspected to consist of a mixture of radionuclides that 
emit a variety of y-ray energies, a more sophisticated approach is 
necessary making use of a calibrated gamma ray spectrometer (see 
section 8.3.5, page 277). 

3.7.3 Ionization Chambers 

The Atmospheric Pressure Re-entrant Ionization Chamber 
Of the various kinds of ionization chamber in general use, the 

atmospheric pressure re-entrant type is probably the most popular. 
Several models are available; most are of the same basic design. 
Typical of these is that shown in Figure 3.12, which is currently 
manufactured commercially! to a specification drawn up in colla
boration with the National Physical Laboratory Advisory Commit
tee on Radioactivity Standards and the Atomic Energy Research 
Establishment, Harwell. It is commonly known as an N P L ioniza
tion chamber (Type 1383A) and we shall refer to it as such'"''^'. 

Although the N P L chamber has integral P and y-ray chambers 
we are only concerned with the use of the latter. The re-entrant 
volume is 12.7 cm deep and 6.6 cm diameter. The response of the 
chamber to a 1 mg Ra source under scatter-free conditions and using 
standard geometry, is about 35 x 10" '^ A with a polarizing voltage 

* Supplied by Nuclear Enterprises L t d , Edinburgh , Scotland, 

t Rank Nucleonics and Controls , Welwyn G a r d e n City , England . 
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of 100-300 V. Since the chamber is unsealed its sensitivity varies 
slightly with the local atmospheric pressure; it also varies with 
temperature. Thus regular calibration is necessary. Saturation within 
a few parts in a thousand is obtained with a polarizing voltage of 
100 V when the ionization current is the order of lO'" '" A. A 
polarizing voltage of 300 V produces saturation within 0.3 per cent 
for currents the order of 5 x 10'^ A. The polarizing voltage may 
be derived from either a mains operated d.c. power supply or from 
dry batteries. When the latter are used they should be changed at 

6 0 c m 

R e - e n t r a n t 
cavi ty 

3 m m B r a s s 
s l e e v e 

25 c m 

12 4 c m 

H.T 
Connector E lec t rometer 

connector 

2 3 c m 

Figure 3.12 Atmospheric pressure ( N P L ) re-entrant ionization chamber 

intervals equal to their shelf life to avoid spurious chamber output 
currents due to battery deterioration. 

In order to ensure complete jS particle absorption the re-entrant 
cavity is lined with a brass sleeve 3.2 mm thick. However, when 
using an NPL chamber for the measurement of low energy nuclides 
such as ^^^Xe, serious errors can result due to absorption of the 
radiation in the brass sleeve and the walls of the re-entrant volume. 
For the accurate measurement of such nuclides a calibration should 
be carried out using a standard, the activity of which has been 
determined by an absolute counting technique. 

The normal background current for an NPL ionization chamber 
is the order of 2 x 1 0 " ' A . This is sometimes increased by the 
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proximity of activity in nearby gas processing equipment, and lead 
shielding cylinders or walls may be necessary to reduce the back
ground to an acceptable level. However, the response of the chamber 
is slightly dependent upon its environment. Shielding by a lead 
cylinder 8 mm in thickness causes an increase of about 2 per cent 
in the y-ray ionization current. A similar effect results from standing 
the chamber near other scattering surfaces such as lead walls. 

5 10 15 20 25 30 35 40 45 50 55 60 65 

S y r i n g e g a s vo lume ml 

Figure 3.13 T y p i c a l geometry correction curve for an N P L ionization chamber used 
with a 50 ml syringe containing a gas phase positron source. A 5 ml sample of active 
gas in a 50 ml syringe produces a given ionization chamber response, arbitrari ly 
100 per cent. If the sample is increased in volume by dilution with inactive gas, the 
chamber response falls as shown until it is only ~ 76 per cent when the total gas 

volume is ~ 65 ml 

The N P L chamber was designed primarily for the measurement 
of sources having a maximum volume of 5 ml held in a fixed geometry 
on the axis of the cylindrical re-entrant volume. Therefore, its use 
with extended sources can result in geometry errors. However, if only 
a relative indication of activity is required, N P L type chambers may 
be successfully used with an extended source of fixed geometry. 
Such an application is the use of a measuring cylinder for continuous 
yield measurement. Other applications include the measurement of 
gas samples in syringes. When a large volume (30 or 50 ml) syringe 
is used significant geometry errors can arise as the measured volume 
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of gas is increased. For a given size of syringe a correction curve 
may be plotted using increasing volumes of gas of known radioactive 
concentration {Figure 3.13). 

In general, the N P L type ionization chamber is not suitable for 
use with measuring spirals unless gases of high radioactive concen
tration are to be measured (0.1 mCi m l " ' ) . An alternative is to use a 
high pressure ionization chamber. 

The High Pressure Re-entrant Ionization Chamber 
When the sensitivity of the atmospheric pressure ionization 

chamber is insufficient or its re-entrant volume of a shape which 
introduces geometry errors when used with extended sources, an 
alternative is the high pressure ionization chamber. This, as its name 
implies, operates at an elevated pressure which results in increased 
sensitivity. 

High pressure type ionization chambers are commercially avail
able with gas fillings which include air, argon and carbon dioxide. 
A typical example is the type IG12 ionization chamber* which is 
filled with argon to a pressure of 20 atmospheres {Figure 3.14). 

Its sensitivity to y-radiation of about 0.4 MeV to 1 MeV, is between 
35 and 50 times that of an air-filled ionization chamber of the NPL 
type. The response of an IG12 chamber to a 1 mg Ra source is 
about 1100 X 10"'^ A with a polarizing voltage of 600 V. This 
polarizing voltage is adequate for the measurement of up to about 
50 mCi of 511 keV emitting nuclide. However, for greater saturation, 
a polarizing voltage of 1200 V should be used, thus allowing the 
accurate measurement of 511 keV activides up to 300 mCi. Since 
the chamber is sealed its sensidvity does not vary with the local 
atmospheric pressure or temperature. The polarizing voltage may 
be derived from either a mains operated d.c. power supply or from 
dry batteries. When the latter are used they should be changed at 
intervals equal to their shelf life to avoid spurious output currents 
due to battery deterioration. 

Since high pressure ionization chambers are sensitive they invari
ably require good radiation shielding. The normal background 
current for the IG12 type is about 1.5 x 10^ A measured with the 
chamber inside a lead shielding cylinder 4.5 cm thick. 

An important feature of the IG12 type of ionization chamber is 
the deep re-entrant volume (32 cm x 5 cm diameter). This results in 
a response constant to within 1 per cent throughout almost 18 per 
cent of the depth of the re-entrant volume at a region near the 
bottom of the chamber {Figure 3.15). The wall of the re-entrant 

* 20th Century Electronics L t d , New Addington, Surrey, England. 
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Figure 3.14 H i g h pressure ( I G 12) ionization chamber 
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Figure 3.15 T y p i c a l depth response curve for an I G 12 high pressure ionization 
chamber. T h e curve shows the variation in ionization chamber response to a I mg R a 
source as it is moved axially throughout the re-entrant volume. It will be seen that 
the response is constant to within 1 per cent over a 5.75 cm deep region near the 
bottom of the re-entrant cavity. (The measurement was made using a digital d.c. 

aniplifier.) See also Figure 3.14 
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volume in the IG12 ionization chamber is made of 0.76 mm thick 
stainless steel. When using such a chamber a calibration should be 
carried out using a standard, the activity of which has been 
determined by an absolute counting technique. 

The fact that the region of constant sensitivity is well inside the 
re-entrant volume allows small extended sources such as yield 
measuring spirals, cylinders and syringes to be measured under 
conditions free from significant geometry error. 

In general the high pressure type of ionization chamber is to be 
preferred for use with systems producing short-lived radioactive 
gases. Provided a spiral is used at a pressure close to atmospheric, 
the radioactive concentration of the product may be continuously 
measured over a wide range of acdvity and flow rate. Moreover, 
the ability to measure directly the acdvity of a rapidly decaying gas 
sample without recourse to geometry correction curves is an 
advantage which needs no further emphasis. 

3.7.4 Amplifiers 
In general, two basic types of instrument are routinely used to 

measure ionization chamber currents. These are the direct current 
amplifier (d.c. amplifier) and the vibrating reed electrometer. Each 
has its relative merits and these we shall now consider in detail. 

Direct Current Amplifiers 
This type of instrument amplifies directly the voltage developed 

across a very high value resistance (typically 10^ to 10'^ ohms) 
through which the ionization chamber current flows. The amphfier 
uses a high degree of negative feedback resulting in the amplified 
output voltage being a direct measure of the ionization current. This 
voltage is amplified and displayed by an indicating meter calibrated 
in units of current. The feedback also elTectively reduces the input 
capacitance thereby minimizing the time constant of the instrument. 

The main advantage of the d.c. amplifier is its simplicity. However, 
such an instrument needs an electrometer valve at the input stage 
with a grid current of the order of 10"'^ A, and has to be 
carefully designed to avoid long term zero drift. The maximum 
sensitivity is the order of 10"'-' A. The capacity to ground at the 
input of a d.c. amplifier can modify its behaviour by increasing the 
time constant, and this limits the length of cable which may be used 
between the amplifier and the ionization chamber. Thus d.c. ampli
fiers are usually used close to the ionization chamber to which they 
are connected. Some d.c. amplifiers have provision for connection 
to a 1 mA or 100 mV chart recorder. 
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When using a d.c. amplifier for decay curve measurements of very 
short-lived radioactive gases such as Kr"" and ' 'O2, it is important 
to ensure that the time constant of the instrument and of any chart 
recorder used, is not so long as to influence the measurement. The 
same applies to the measurement of any other rapidly changing 
activity, one example being '^N2 solution washout curves (section 
6.3.2). This is particularly necessary when small amounts of activity 
are involved since the most sensitive ranges usually have the longest 
time constants. Some d.c. amplifiers have a preset control which 
varies the time constant on the more sensitive ranges. 

Vibrating Reed Electrometers 
The inherent problems of zero drift and instability associated with 

d.c. amplifiers are overcome in the vibrating reed electrometer, some
times known as the vibrating capacitance electrometer. This is a 
null seeking instrument which works on the following principle. 

The d.c. ionization current is passed through a high value resistor 
(R = 10^-10'^ Q as in the d.c. amplifier) producing a d.c. voltage 
across it. This voltage is balanced by an electronic servo system, any 
error signal due to a change in ionization current producing a charge 
on a small constantly varying capacitor using a vibrating reed as one 
electrode. The a.c. component of the resulting error voltage is 
ampHfied by a narrow band a.c. amphfier. The output from the 
amplifier is passed to a phase sensitive rectifier and indicating meter. 
Since a.c. amplification is used zero drift is largely eliminated, and 
the sensitivity can be as much as 100 times that of a d.c. amplifier, 
making the measurement of currents the order of 1 0 " A quite 
feasible. The output indicators of vibrating reed electrometers are 
usually calibrated in millivolts V (hence I = V/R), provision usually 
being made for connection to an external chart recorder. 

The input resistors and vibrating reed system together with a pre
amplifier, are usually housed in a head unit which may be separated 
from the amplifier/indicator unit by 50 m. or more of connecting 
cable. 

The feedback arrangements used in vibrating reed electrometers 
do not usually result in a reduction of input capacitance as in the 
case of d.c. amplifiers. Hence the time constants and thus the speed 
of response of vibrating reed electrometers tend to be longer than 
those associated with d.c. amplifiers, making the precautions out
lined earlier in this section even more applicable. 

Although having the advantages of low zero drift and high 
sensitivity, the vibrating reed electrometer is inherently more com
plex than the d.c. amplifier, making it more expensive and potentially 
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less reliable. I t is the authors' experience that unless very high 
sensidvity is required, a good d.c. amplifier is generally to be 
preferred. 

3.7.5 Isotope Assay Calibrators 
A device which is now becoming generally available is the 'isotope 

assay calibrator'. This consists of a d.c. amplifier or electrometer 
and an ionization chamber in an integral unit (which in some cases 
can be separated). The radioacdve concentration of samples is 
direcdy displayed by a digital readout, usually in millicuries per 
millilitre. This is made possible by an 'isotope factor' control which 
may be set according to the specific gamma ray emission of the 
nuclide being measured. A wide range of sample volume may also 
be accepted without loss of accuracy. 

Since these instruments are not normally calibrated for the 
radionuclides with which we are concerned, it is essential that before 
use they are calibrated using an absolute calibration method (see 
sections 3.2.3, page 54 and 8.3.4, page 276). 

3.8 T H E REMOTE CONTROL OF EQUIPMENT 

Since radioacdve gas processing equipment has to be shielded in 
either a separate processing room or lead enclosure, remote control 
may become necessary. 

Some radioactive gas processing systems are remotely controlled 
from the clinical investigation room enabling any one of a number 
of radioactive gases to be selected. This is done by actuating solenoid 
operated gas flow valves placed at strategic points throughout the 
system. Either 'ganged' or 'free' switching may be used. In the former, 
pre-selected arrays of solenoid valves are actuated from a single 
switch; in the latter, individual valves may be operated from switches 
on a mimic gas flow diagram. Maximum versatility is obtained by 
combining both 'ganged' and 'free' switching in a given system. Test 
measurements (using a radio-gas chromatograph) should always be 
made to determine the time delay for a given gas change to become 
complete. 

The solenoid valves should have seals and seatings which are 
unaffected by any of the gases encountered during processing. 
Neoprene is decomposed by ozone; alternatives are PVC and PTFE. 
(For specific applications the reader is advised to refer to the 
manufacturer's data.) 

Al l electrically operated remotely controlled equipment should be 
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designed so that it is 'fail safe'. In the event of a solenoid valve 
power supply failure the valves should automatically revert to a 
condition preventing any escape of radioactive gas. For maximum 
safety, solenoid valves should not be incorporated into systems 
using hydrogen. 

Indication of valve actuation is necessary and is easily obtained 
by using solenoid valves incorporating reed switches operated by the 
change in magnetic flux when the plungers move.* Simple un
regulated power supplies are sufficient for solenoid valve operation. 

When the complexity of electro-mechanical remote control 
systems is not justified, simple remote control of taps and valves 
can be obtained by the use of extension rods and handles protruding 
through a lead wall. In general, electro-mechanical gas flow control 
is preferable in complex custom built systems having a distant 
processing room; simple mechanical remote control is adequate for 
small processing systems situated in a lead enclosure. 

When a radioactive gas processing system is used routinely it may 
be advantageous to use a time switch to control any furnaces in 
the system, care being taken to incorporate a mains relay if the 
furnace load current exceeds that which the time switch can safely 
carry. 

3.9 WASTE GAS DISPOSAL 

Since most of the radioactive gases with which we are concerned 
are of low radioactive toxicity, their disposal to waste does not 
present a serious problem. A satisfactory method is to discharge the 
gas into the atmosphere from a chimney having a height in excess of 
30 m. An alternative is to discharge the effluent gas from a vent 
preferably well above roof level and sited so as to avoid any risk 
of down draughts carrying the discharged gas through open windows 
or room ventilation air intakes. 

Whichever system is used it is essential that the waste pipe is 
routed well away from laboratories containing radiation detection 
equipment. The main waste pipe should be large enough for it to be 
maintained at all times at a slight vacuum by a main scavenge pump 
as shown in Figure 3.16, and be capable of coping with the maximum 
flow rate of waste gas ever likely to be encountered (see also 
sections 3.3, page 57 and 9.2.3, page 315). 

It is desirable that the main scavenge pump has a pumping speed 
of about 100 times the sweep gas flow rate used for any system. 

* Dewrance Controls Ltd, Skeltnersdale, Lancashire, England, and Automatic 
Switch Co., Florham Park, New Jersey 07932, U.S.A. 
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Since the maximum sweep gas flow rate wit.h which we are concerned 
is ~ 8.3 ml s"' (^^O production systems, chapter 5), a suitable main 
scavenge pump flow rate is 50 1 m i n " ' (1.77 ft^ min^ ' ) . As a 
precautionary measure each system is provided with a smaller 
scavenge pump capable of coping with the maximum sweep gas flow 
rate from that system {Figure 3.16). High quality oil-free diaphragm 
pumps are suitable for both main and local scavenge pumps (see 
section 3.11.3, page 98). 

T A B L E 3.5 

SWEEP AND SWEEP/TARGET GASES USED IN RADIOACTIVE GAS PRODUCTION 
SYSTEMS 

Sweep or Production Reference 
sweep/target gas system Section Page 

4% O2 in N2 
2 .5%C02inN2 
2% O2 in N2 
1- 4% O2 in N2 
2- 4 % 0 2 i n N 2 

"00 5.4.1 136 4% O2 in N2 
2 .5%C02inN2 
2% O2 in N2 
1- 4% O2 in N2 
2- 4 % 0 2 i n N 2 

C ' ^ O O 5.4.2 140 
4% O2 in N2 
2 .5%C02inN2 
2% O2 in N2 
1- 4% O2 in N2 
2- 4 % 0 2 i n N 2 

C ' ^ O 5.4.3 145 

4% O2 in N2 
2 .5%C02inN2 
2% O2 in N2 
1- 4% O2 in N2 
2- 4 % 0 2 i n N 2 

H i ' ^ O 5.4.4 150 

4% O2 in N2 
2 .5%C02inN2 
2% O2 in N2 
1- 4% O2 in N2 
2- 4 % 0 2 i n N 2 ' ' 0 0 (red cells) 5.4.5 157 
CO2 '^NN (solutions) 6.3.1 

6.3.2 
191 
200 

He '^NN (gas phase) 6.3.3 208 
He " C O 2 7.4.2 241 
He " C O 2 (stopped flow) 7.5.3 246 
N2 " C O 7.3.1 227 
H2 " C O 7.3.2 231 
H2 " C O (stopped flow) 7.5.3 246 
N2 or 0.1% O2 in N2 " C O 2 7.4.1 237 
2% C O in He " C O (closed circuit) 7.5.2 244 
K r ^^Kr"' 8.3.2 272 

3.10 SWEEP GASES A N D GAS M I X I N G 

A range of sweep gases commonly used for short-lived radioactive 
gas production is given in Table 3.5. I t will be seen that some are 
mixtures (section 2.2.3, page 28). Sweep gases are commercially 
available compressed in cylinders, either as standard products or as 
special mixtures. Non-inflammable gases are supplied in cylinders 
with a right-hand screw connection, inflammable gases being in 
cylinders with a left-hand screw connection. 

On some occasions it is more convenient to prepare one's own 
gas mixtures. This may be done either by compressing known 
volumes of gases in cylinders, or by the infusion of the second 
component into the sweep gas during its use. The latter method has 
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the advantage that it is possible to vary the percentage of added 
gas at any time. However, unless the amount of added gas is 
extremely small ( < 0.1 per cent) it is generally preferable to prepare 
the gas mixtures in cylinders. 

3.10.1 The Preparation of Gas Mixtures in Cylinders 
Gas mixtures in excess of about 0.1 per cent can be prepared 

using the apparatus shown in Figure 3.17. Such a device should be 
constructed using only high grade components rated at pressures 

, ^ Pressure gauges Vacuum gauge 
0 - 4 0 0 0 lb i n " ^ - - ^ ^ \ ^ 

O-100 lb in"^ 0-lOlb in'^ O-760mmHg 

^ ^ ^ ^ < ^ 

Manifold 

Small bore 
copper 
tubing 

Molecular 
M sieve 

y trap 

Waste 

Mixing gases 
Receiving Vacuum Flushing 

cylinder pump gas 

Figure 3.17 Apparatus for the preparation of gas mixtures in cylinders 

in excess of the maximum working pressure. The vacuum pump can 
be any small rotary pump capable of a pumping speed of 50-150 1 
m i n ' ^ Connections to the cylinders may be coiled lengths of 
annealed copper tube of 1-2 mm bore. The waste line should go to a 
fume cupboard and particular care should be used when mixing 
toxic or inflammable gases. Inflammable gases should never be mixed 
with oxygen, nitrous oxide, or other gases that support combustion. 
Great care should be taken when manipulating the taps on the 
mixing plant since the low pressure and vacuum gauges are very 
easily damaged by residual gases under pressure in the high pressure 
gauge. As with all pressurized gas equipment, under no circum
stances should oil or grease be used. 
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In general it is not necessary to attempt a high degree of precision 
when gas mixing. Hence, only simple gas laws need to be used and 
in practice there is no need to allow for temperature effects. Gas 
mixtures prepared according to the following procedure have been 
shown to be reproducible by gas chromotographic analyses. In any 
case the accuracy of mixing is largely dependent on the accuracy of 
the gauges and the skill of the operator, but + 1 0 per cent of the 
required value should be possible except in very dilute gas mixtures 
( < 1 per cent). 

Figure 3.18 Basic gas mixing system 

In any system of two connected cylinders X and Y {Figure 3.18) 
the pressure P in each cylinder after equalization is given by the 
following expression: 

(3.1) 

where and Vy are the cylinder volumes or the gas volumes which 
the cylinders are capable of holding at the same pressure and 
temperature. (Gas cylinders are often marked with their rated 
capacities at a stated pressure.) 

Px is the pressure in X before equalization 
Pyis the pressure in Y before equalization 
(it is assumed that the temperature is constant) 

As an example, assume that a mixture of 4 per cent O2 and 
9 6 per cent N2 is to be prepared. (For convenience, imperial units 
have been used.) 

Considering Figure 3.17, let the following conditions apply: 
Let A be the N2 cylinder. Rated capacity (VA) 165 cu ft at 

20001b in -2 (gauge) 
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Actual pressure in A, 1800 lb in~^ (absolute) 
.-. V A = 165 and P A = 1800 
Let B be the O2 cylinder. 
Rated capacity (VB) 44 cu ft at 2000 lb in~^ (gauge) 
Actual pressure in B, 1200 lb in~^ (absolute) 
.-. V B = 4 4 a n d P B = 1200 
Let C be the evacuated receiving cylinder. 
Rated capacity (Vc) 1 1 0 cu ft at 2000 lb i n " ^ (gauge) 
Actual pressure in C, 0 lb in"'^ (absolute) 
.-. V c = 110andPc= O 

Using equation ( 3 . 1 ) determine the maximum attainable pressure 
P^ in C after equalization with the nitrogen cylinder A. 

_(1800 x 165) +(Ox 110) 

(165+110) 

= 10801b in"" (absolute). 

Thus the oxygen pressure required in C for a 4 per cent mixture 

4 X 1080 
100 

= 43.2 lb in"^ (absolute). 

Check if B is capable of supplying this amount of oxygen, 
assuming that the O2 is introduced into C first, i.e. Pc = O and Pc 
is the maximum attainable pressure in C after equalization with the 
oxygen cylinder B. 

From equation (3.1) : 

pB_ ( P B V B + P C V C ) 
(VB + V C ) 

_ (1200 X 44)+(0 X 110) 

(44+110) 
= 343 Ibin^^ (absolute). 

(If this value were less than the required pressure, it would then be 
the limiting value and the nitrogen pressure for a 4 per cent mixture 
would have to be recalculated.) 

Cylinder C may thus be filled with oxygen to 43.2 lb i n " ^ absolute 
from cylinder B. Assuming a standard atmospheric pressure of 
14.7 lb i n " ^ the gauge pressure wiU be: 

43.2-14.7 = 28.5 lb in"^ (gauge). 

Finally, fill C with nitrogen to 1080 lb i n " ^ absolute, i.e. 1065 
lb in"'^ gauge, from cylinder A. 
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Note that the low percentage component is introduced into the 
receiving cylinder first since its pressure can then be accurately 
measured with the low pressure gauge. I t may also be noted that 
once the low percentage component is introduced, the 'topping up' 
cylinder is then capable of exceeding the required pressure in the 
receiving cylinder. In the above example the maximum pressure 
possible in C would have been 1097 lb in~^ absolute. This may be 
calculated from equation (3.2), Pc being 43.2 lb i n " ^ absolute. The 
pressure remaining in any cylinder after mixing may be calculated 
from equation (3.1). 

The procedure for mixing gases in cylinders is summarized as 
follows: 

(a) Ascertain the ratings of all the cylinders to be used. 
(b) Flush the gas mixing plant using the major component of the 

mixture to be prepared, or evacuate with the vacuum pump. (Care 
should be taken at all times not to deviate from the manufacturer's 
specifications for any gauge.) 

(c) Evacuate the receiving cylinder, preferably after filling it with 
the major gas component and flushing to waste. 

(d) Calculate the required pressures using equation (3.1). 
(e) Introduce the low percentage component. 
( / ) Top up with the high percentage component. 
(g) After filHng, store the receiving cylinder horizontally at room 

temperature for 12 hours to ensure complete mixing. 
(h) Check the gas composition with a gas chromatograph or mass 

spectrometer. 

3.10.2 The Continuous Preparation of Gas Mixtures 
Gas mixtures up to about 10 per cent concentration can be 

continuously produced using a small peristaltic pump to infuse the 
low percentage component as shown in Figure 3.19. For a given 
major component flow rate, the infused gas percentage may be varied 
by altering the pump speed, the gas supply pressure, or the peristaltic 
tube internal diameter. The pump in this case has an equilateral 
triangular rotor of 2.2 cm side operating at 5, 10 or 20 revolutions 
per minute. The infused gas flow rate may be measured 'offl ine ' using 
a bubble flowmeter. Alternatively, a sensitive variable area flowmeter 
may be used 'on line', although the reading may fluctuate with the 
pump rotation. 

The flexibility of this method of sweep gas preparation makes it 
ideal for experimental use, particularly when only trace quantities 
of added gas are required. 
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3.11 DESIGN, PREPARATION A N D CONSTRUCTION 
TECHNIQUES FOR RADIOACTIVE GAS PROCESSING 

SYSTEMS 

In this section we shall consider some of the practical aspects of 
the various techniques used in the construction and maintenance of 
typical radioactive gas systems. Many of the techniques necessary 

Flowmeter 

Peristaltic 
tube 

Mixed 
gas 

Needle 

Delta' 
pump 

Pressure regulator 
and flow control 

valve 

Minor 
component 

Figure 3.19 Apparatus for the continuous preparation of gas mixtures 

Major 
component 

for this work are standard engineering procedures and we shall 
assume that those who are prepared to construct their own pro
cessing systems will be familiar with them. A high standard of 
workmanship is necessary for both the efficient and safe operation 
of such systems. 
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3.11.1 Taps and Valves 
The choice of a particular tap or valve is governed principally by 

the operational requirements such as the number of ways, operating 
pressure and temperature, and resistance to chemical attack and 
radiation damage. Table 3.6 lists some taps and valves together with 
some of their characteristics, which the authors have found to be 
satisfactory (see also sections 3.4.2, page 62 and 3.4.4, page 63). 

Sometimes a commercially available tap can be modified to reduce 
its dead volume or provide an additional port. Such modifications 
are shown in Figure 3.20. 

BODY 

Additional body 
fitting 

Position of 
rototbn limit New port 

\ \ \ \ \ ^ 
Ball ground 

P T F E fittings to 
'reduce dead volume 

Luer taper 

Existing body 

Circle seal 
'0' ring 

Position of 
rotation limit 
flat 

Limits of 
rotation 

Existing port 

New port 

Figure 3.20 Modifications to a Circle Seal tap to reduce its dead volume and provide 
an additional port (see Table 3.6) 

Where possible metal bodied rather than plastic taps and valves 
are to be preferred for permanent installation. Disposable plastic 
taps are invaluable for sterile assemblies {Figures 5.15 and 6.13) and 
similar applications; these may also be used semi-permanently for 
low pressure applications at ambient temperature. 

3.11.2 Tubes and Connections 
As has been discussed in section 3.3, small bore stainless steel, 
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nylon, copper or PTFE tube is suitable for most radioactive gas 
transmission systems. Various types of joint may be needed such as 
couplings for hand tightening and releasing, permanent installation 
or quick release connections. 

Vacuum connectors with 'O' rings have proved very satisfactory 
for hand tightening and releasing. A simple and effective permanent 

Brazed.^ 

N \ \ '< A V \ V w 

\ / .' ) } : 
••••••••• - • -

Close fitting sleeve Gas transmission tube 

Figure 3.21 Method of joining metal gas transmission tubes using a close fitting 
sleeve and brazed joints 

Nut Brass fitting Nut 

Flared P T F E 
tube Brass spacer 

compresses 
axially onto 
flared end 
of tube 

Nylon tube 

Brass ferrule 
compresses radially 
onto tube whilst 
supporting it internally 

Figure 3.22 ' P T F E to nylon' tube connector showing two types of compression 
fitting. The flared end of the P T F E tube is formed using the device shown in Figure 
3.23. Note that the nylon compression fitting is of the type which supports the nylon 

tube internally at the point of compression (Nitex—see Table 3.7) 

joint in metal tubes is to use a close fitting sleeve, preferably of the 
same material as the tubes to be joined, and braze the ends as 
shown in Figure 3.21. Care should be taken to avoid the ingress of 
flux; it is advisable to carry out a pressure and flow test immediately 
after making such a joint. The tube will be annealed during this 
brazing process and will therefore be weaker at the joint, necessi
tating careful subsequent handling, especially during installation. 
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Soft solder should never be used for making connections in radio
active gas systems since it is prone to fracture. 

Both metal and plastic tube can be joined using coinpression 
fittings. Various types are commercially available. Care is necessary 
to use the correct size of tube when using compression fittings since 
quite close tolerances are necessary for a satisfactory connection. 

Soldering 
iron 

Stainless 
steel tip 

Recess ~1 3 mm 
deep 

Split , 
brass 
block 

!.D. of tube 
O.D. of flange 

P T F E tube 

Outside diameter Outside diameter 
of P T F E tube of f lange 

1-6 mm 3-8 mm 

3 2 mm 3-8mm 

6 8 m m 7-6mm 

Figure 3.23 Device for producing flanged ends on P T F E tubing. The split brass 
block is arranged to clamp the P T F E tube as shown. The flanges are formed by 
inserting the hot stainless steel tool into the tube causing it to flare out into the recess 
in the cold brass block. The table gives some recommended sizes of flange for various 
sizes of tube (Chromatronix—see Table 3.7). N.B. A similar device is available 

commercially from Chromatronix Inc. 

The authors have found that for joining metal tubes, compression 
fittings using copper olives are better than those using brass. Also, 
compression fittings for nylon should preferably be of the type which 
support the tube internally at the point of compression {Figure 3.22). 
A satisfactory connector for PTFE tube is also shown in Figure 3.22. 
The end of the tube is flanged using the device shown in Figure 3.23. 
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Quick release couplings are useful, especially for target connec
tions. Some types incorporate a self-sealing device which is auto
matically activated when the coupling is removed. A connector 
which may be used singly or in multiples (in one application a 
bank of 16 has been used) is shown in Figure 3.24 and has proved 
satisfactory for pressures up to 14 kg cm"^ (200 lb in"^) . This type 
of connector does not incorporate a self-sealing device. Another type 
of quick release coupling is the disposable plastic luer fitting. These 
are particularly useful for use with sterile assemblies and in similar 

Al l d imens ions in m i l l i m e t r e s 

' 0 ' r i n g * 4'27 

0 - 0 2 5 , 

• 0-000 
-0-050 

* ' 0 ' r i ng ; 7-15mm OD 
3 - 6 8 m m I D 
1 • 7 8 m m sect ion 

Ca ta logue Number R20t5 
George Angus & Co. Ltd. 
WG I Isend, Northumber land 
Eng land . 

N.B. A 0-8 fim f i n i sh is recommended for the internal d iameter 
of the gas socket 

Figure 3.24 Gas plug and socket for use in single or multiway gas tube fittings. This 
type of connector is suitable for use at pressures up to 14 kg cm"^ (200 lb in"^). It 
is essential that the tolerances shown are adhered to and that a good finish is produced 
in the bore of the socket. In use, it is preferable to loosely mount one of the units to 
permit self-centring. This is particularly necessary if multiway fittings having a large 

number of connectors are to be made 

units. This type of connector may also be satisfactorily used semi
permanently for low pressure appUcations at ambient temperature. 

Table 3.7 and Figure 6.13 list some connectors which have been 
used successfully in radioactive gas systems. 

3.11.3 Pumps 
Pumps used in radioactive gas systems should be of the oil-free 

diaphragm type, preferably with a low volume. A main scavenge 
pump {Figure 3.16) could have a pumping speed of up to 50 1 m i n " ' 
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(1.77 ft-' m i n " ' ) with an output pressure of 0.16 kg cm"^ ( ~ 2.3 
lb in"^) gauge. Circulating pumps for closed circuit systems {Figure 
5.77) operate at a much lower flow rate, about 8-16 ml s"\ but at a 
pressure of about 1 kg cm"^ (14 lb in"^) gauge. Gas transmission 
pumps for open circuit systems {Figure 5.2) may well have to operate 
at 16 ml s"' at an output pressure of up to 5 kg cm~^ (71 lb in^^) 
gauge. 

Some variation in the output flow rate of diaphragm pum.ps is 
possible by adjustment of the output impedance. This may be done 
using a needle valve at the pump output. It is important to select a 
diaphragm material which is radiation resistant and leak free. PTFE 
covered neoprene has proved satisfactory. The authors have found 
Compton* oil-free diaphragm pumps to be very suitable for use in 
radioactive gas systems. 

3.11.4 Special Techniques 

The Preparation of BiOz Stepped Wedges 
Stepped wedges for the carbon-11 target described in section 7.3.2 

(page 234), inay be coated with B2O3 using an electric furnace, a 
muffle furnace being ideal for this purpose. (Heating the wedge with 
a blow torch or gas flame is not recommended since it has been 
shown that gases become trapped in the B2O3 which subsequently 
give rise to contaminants in the target effluent gas.) 

I f a muffle furnace is not available it is possible to construct a 
simple alternative wedge heating furnace of the type shown in Figure 
3.25. It contains two 1 kW fire bars 23 cm long and 8 cm wide 
between which the wedge is placed. The top section is arranged to 
hinge so as to be able to position the wedge and apply the B2O3. 
When shut, it is parallel to the bottom section and 2.5 cm above it. 
On opening, the current is automatically cut oR~with suitably posi
tioned microswitches. For safety reasons it is imperative that the 
wedge is not touched whilst the furnace is switched on. I t wil l be 
seen that a safety screen is incorporated in the top section which 
covers the front of the furnace when it is in use. 

When a brass wedge is to be coated its temperature need not be 
monitored. However, to avoid melting, aluminium wedges should be 
drilled to take an insulated detachable thermocouple and the 
temperature monitored during coating, it not being allowed to 
exceed 450 °C. 

* Supplied by Dawson, McDonald and Dawson Ltd, Ashbourne, Derbyshire, 
DE6 I D B , England. 
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Before coating, any old B2O3 is washed off with hot water and the 
wedge dried. It is then positioned as shown in Figure 3.25 and a 
thin layer ( ~ 2 g) of B2O3 powder is applied to the centre of the 
stepped area. The furnace is shut and the temperature allowed to 
rise. On heating, the B2O3 bubbles and forms large blisters which 
eventually burst and settle into an even glassy layer, which forms at 
400-450°C. The furnace is then opened, more B2O3 is added and 
the process repeated until a total of about 16 g of B2O3 has been 
applied. This results in a layer having a thickness of 1-2 mm. 

Figure 3.25 Furnace for coating " C stepped wedges with boron trioxide ( B 2 O 3 ) 

It is important that only small amounts of B2O3 powder are added 
at each stage since large quantities will form very large blisters which 
may become stuck to the top of the furnace or overflow the wedge.* 
Care should also be taken not to apply the B2O3 too near to the 
front of the wedge since during bombardment it may run off and 
puncture the aluminium foil beam entry window. It should also be 
kept away from the sides since it could run off and block the sweep 
gas ports {Figures 7.5 and 7.6). 

When the coating is complete the furnace is switched off and the 
wedge left in position to cool slowly. Accelerated cooling may cause 

* Heating the B 2 O 3 powder to ~ 150°C for ~ I h in an oven can prevent the 
formation of large blisters when it is subsequently used for wedge preparation. The 
tendency is then for the powder to sinter into an even glassy layer. 
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the B2O3 to crack badly and even become loose. When cold, the 
wedge is stored in a desiccator until required for use. 

The Design of Cold Traps 
Cold traps used for the recovery or storage of radioactive gases 

should be carefully designed since they may have to withstand very 
high pressures on warming. Seamless tube should always be used 
to contain the adsorbent. For medium pressures (up to ~ 21kg cm " ^ 
or 300 lb in"'^) copper of an appropriate wall thickness is suitable 
{Figure 7.17). For higher pressures (up to 140 kg cm~^ or 2000 
lb i n " ^) stainless steel should be used {Figure 8.8). The rated bursting 
pressure of the tube should be at least six times the maximum 
working pressure. Brazed joints should be used throughout and 
when possible extra strength should be given by peening over the 
ends of the tube or inserting screwed plug(s). 

Taps and valves used on cold traps should be of high quality and 
capable of withstanding the high pressures involved. The use of 
stainless steel connecting tubes between the taps and the trap reduces 
heat transfer by conduction, prevents seals freezing and makes the 
taps safe to handle even when the trap is at its minimum temperature 
(see also section 3.5.3, page 70). 
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Dispensing and Clinical Facilities 

4.1 DISPENSING 

4.1.T General 
Having been produced and suitably processed, the radioactive 
gas has to be brought to a convenient area in which it may be safely 
dispensed. Such an area may be either adjacent to, or in the clinical 
investigation room. In the latter case extra shielding may be neces
sary to reduce the background count rate of the clinical radiation 
detectors. 

I t is very desirable that all dispensing of radioactive gases is 
carried out in a well-ventilated fume cupboard. Quite apart from 
the personal dose received from the accidental inhalation of radio
active gases (many of which are beta emitters), the contamination 
of the atmosphere in the clinical investigation room may well render 
the counting equipment quite useless for periods of up to 15 minutes, 
the actual length of time being determined by the amount and type 
of room ventilation and the half-life of the nuclide concerned. Thus 
the routine use of a fume cupboard cannot be too strongly 
emphasized. 

The dispensing apparatus needed varies according to the gas being 
handled and the clinical requirements. In general, radioactive gas 
supplied for clinical use in the gas phase does not have to be sterile; 
that supplied in solution does ('solution'"in this context includes 
labelled blood). Details of specific equipmentare given in the relevant 
chapters of this monograph. However, an item of universal value for 
the transfer of radioactive gas is the sterile disposable syringe. A 
selection of such syringes in sizes from 1 ml to 50 ml, together with 
a supply of disposable needles, blind hubs and multiway stopcocks, 
will prove invaluable. Other items necessary include disposable luer 
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connectors (male-to-male and male-to-female) and Milhpore filters.* 
An ionization chamber (high pressure or atmospheric pressure) and 
its associated amphfier is necessary for the measurement of dispensed 
samples, and a geiger counter with a movable ^ absorbing window 
should be available for general monitoring purposes. 

When dispensing radioactive gases every care should be taken to 
avoid an unnecessary personal dose. Beta absorbing safety spectacles 
should always be worn. Since the dose to the fingers can be high, 
especially when handling high activities, finger dosimeters should 
also be worn. When dispensing '^^Xe a significant reduction in 
personal radiation dose can be achieved if lead loaded gloves and 
apron are used. Finger doses can also be reduced i f syringes con
taining this nuclide are surrounded by a lead sheath 2-3 mm thick. 
The only way of reducing personal radiation dose when dispensing 
other radioactive gases is to work behind a lead wall at least 5 cm 
thick and use the inverse square law as much as possible! 

The total activity of each dispensed sample should be measured 
prior to its use. I t should be noted that if a sample taken from a 
continuous flow system contains a radioactive contaminant of longer 
half-life than that of the required radionuclide, the percentage con
tamination will increase from the moment of dispensing. The 
information which should be available when supplying samples 
should include the following: (a) total activity; {b) time of measure
ment; (c) sample volume; {d) radioactive concentration of required 
and contaminant radionuclides. 

Other parameters include the specific activity of the required and 
contaminant radionuclides, and the stable gas composition. In the 
case of solutions, the isotonicity, sterility condition and pyrogenicity 
should be determined by clinically acceptable standard procedures 
and batch tests, 

When routinely dispensing samples of a given radioactive gas, it 
is convenient to have a calibration chart available so that a direct 
conversion can be made from the ion chamber reading to microcuries 
or millicuries. Care should be taken to allow for geometry errors 
when measuring large gas volume samples in relatively small re
entrant ionization chambers. When the radiation emitted by the 
nuclide is of low energy, as for example in the case of '^^Xe, the 
absorption in the ionization chamber wall must also be allowed for 
(see sections 3.7.3, page 79 and 3.7.5, page 85). 

4.1.2 Dispensing Gases for Non-sterile Use 
Radioactive gases administered by inhalation do not usually need 

* Millipore filters supplied by Millipore (U.K.) Ltd, Wembley, England. 
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to be Sterile. The dispensing equipment is therefore extremely simple. 
In the case of a continuous flow system it may just be a two-way 
tap from which a sample may be transferred into the dispensing 
syringe or inhalation bag. When the gas is to be taken from a low 
pressure storage unit [Figure 7.19) or from a trapping system, all 
that is required are suitable taps and connections. The volume of 
the dispensed sample may be between 5 ml and 1000 ml depending 
upon the gas being used, its radioactive concentration and the type 
of measurement for which it is intended. When necessary the gas 
may be diluted with a suitable inactive gas either before dispensing, 
in a continuous flow system, or after dispensing in the case of other 
systems. Continuous flow systems using hydrogen as a sweep gas 
should never be diluted with gases containing oxygen; helium or 
nitrogen should be used. Air, as well as helium or nitrogen may be 
used in other systems (section 2.2.3, page 29). No single dispensed 
sample for a 1000 ml inhalation should contain more than 7 ml of 
hydrogen or 3 ml of carbon monoxide'' '̂ *. 

4.1.3 Dispensing Gases for Sterile Use 
Gases may be sterilized by passing them through a Millipore 

filter. Such filters work on the principle of retaining absolutely all 
particles or micro-organisms larger than the pore size of the chosen 
filter element. In fact during the filtration of gases, the large specific 
surface and high resistivity of Millipore filters create substantial 
electrostatic charges that prevent the passage of particles far smaller 
than the pore dimension*^'. Consequently in this apphcation the 
efficiency is increased to such an extent that a 0.5 ^m Millipore 
filter will ensure the sterifity of gases. 

A particularly suitable filter for use in continuous flow systems 
is the Millipore gas-line filter holder fitted with a type H A filter 
having a pore size of 0.45 //m, an efl"ective area of approximately 
3.9 cm^ and a diameter of 25 mm. Such a filter will pass air at a 
flowrateof about 2.2 ml s~ ^ with an input pressure of 0.014 kg cm~^ 
(0.2 lb in"^). A Millipore filter suitable for use with syringes is the 
Millex disposable filter unit having a 25 mm diameter filter. A useful 
pore size is 0.22 /im. 

When using a miUipore filter it is important that the gas is passed 
through it in the right direction. To maintain its performance there 
should be no possibility of Hquid entering the filter when it is being 
used for gas sterilization. 

The method of dispensing a radioactive gas for sterile use is deter
mined by the actual application. I t may be that the gas .is to be 
drawn into a syringe containing the physiological solution to be 
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labelled. Alternatively the gas may be continuously bubbled through 
the solution. Whichever method is used Millipore filtration is 
necessary. 

When blood is being handled for labelling and subsequent re-
injection every care should be taken to avoid accidental red cell 
damage, and, of course, contamination by non-sterile media (see 
section 7.7, page 253). 

4.1.4 Radioactive Gases in Solution 
Radioactive gases are obtained in solution by bringing into 

intimate contact a small volume of gas having a high activity, and 
the solvent in which the activity is to be dissolved. 

The amount of activity passing into solution will depend upon: 
(a) The solubility of the gas. 
{b) The specific activity. 
(c) The radioactive concentration. 
{d) The temperature and volume of the solvent. 
(e) The partial pressure of the gas to be dissolved. 

{ / ) The efl^ciency of mixing. 
Thus it is important that the dispensed gas should be free of any 

insoluble gases which would adversely affect parameters {b), (c) 
and (e). 

Figure 6.12 shows an apparatus used for the preparation of high 
radioactive concentration ^^N2 saline solutions. It will be seen that 
the gas is dispensed direcdy into the apparatus, which is used to 
increase its radioactive concentration before the actual solution 
labelling. Since the solutions are required for intravenous injection 
they have to be sterile and pyrogen free. This necessitates the use 
of sterile components throughout and strict quality control pro
cedures. Typical batches of solutions destined for intravenous 
administration should be regularly submitted for pyrogen testing. 

Sahne solutions containing ^^^Xe are simpler to prepare since 
the solubility of xenon is much greater than that of nitrogen. The 
vigorous shaking of a syringe containing a few millicuries of '^^Xe 
in a few ml ol CO2 with physiological saline solution, followed by 
ejection of the excess gas is all that is required for the preparation 
of clinical samples"''. In order to prevent a loss of solution activity 
it is advisable to eject the gas bubble through a needle and sub
sequently allow no gas to come into contact with the solution before 
use. Isotonic saline solutions suitable for injection, containing ^^^Xe 
are available commercially.* 

* Supplied by the Radiochemical Centre, Amersham, England. 
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4.1.5 Dispensing from Storage Systems 
Two types of storage system are in common use; high pressure 

(^'CO activated charcoal) and low pressure ( " C O molecular sieve 
and "CO2 copper spiral). In the high pressure system [Figure 7.16) 
the gas is dispensed directly from the trap by first pressurizing a 
short section of hypodermic tubing and then transferring this volume 
of gas to the dispensing syringe. In the low pressure system [Figure 
7.18) the gas is transferred from the trap to the low pressure storage 
unit from which it may be dispensed at atmospheric pressure. A 
Millipore filter may be used when dispensing from the low pressure 
storage unit if the gas has to be sterile. Care should be taken however, 
not to subject Millipore filters to the pressures found in high pressure 
storage systems; the gas should be dispensed unsterile and then 
transferred to a sterile syringe through a Millipore filter. 

The number of patient doses which can be obtained from a charge 
in a given storage system will depend upon the amount of activity 
required per dose, the time interval between doses, the nuclide's 
half-life and the total stored activity. Clearly the volume of gas 
needed for a given dose will increase with storage time. 

A special case is the dispensing of '^^Xe supplied as a gas in high 
radioactive concentration in 'break seal' glass ampoules*^-^'. 

4.2 C L I N I C A L FACILITIES 

4.2.1 The Clinical Investigation Room 
The clinical investigation room is the area in which the radioactive 

gas is finally administered to the patient and the diagnostic measure
ments are made. Such measurements can range from the simple and 
routine to the sophisticated and infrequent; in any event careful 
planning of the clinical investigation room and its facilities is 
necessary if efficient use is to be made of the radioactive gas 
production and processing equipment. 

The design of a typical clinical investigation suite is shown in 
Figure 4.1. It will be seen that the clinical investigation room is 
adjacent to both the processing room and preparation area with its 
dispensing fume cupboard, and a room housing the activity assay 
and counting electronic equipment. The patient enters and leaves 
through a changing room; by having more than one such room 
patients undergoing routine diagnosis can be rapidly investigated. 

4.2.2 Personnel 
A minimum of four people is generally required to operate an 
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'on line' radioactive gas system: the cyclotron operator, a technician 
to operate the processing, dispensing, activity assay and recording 
equipment, another technician to assist in the clinical diagnostic 
procedure and a clinician to administer the radioactive gas and carry 
out the diagnostic measurements. 

In practice as many as six people may be involved since local 
regulations may make it necessary to have a second cyclotron 
operator available, and the clinician may require the assistance of a 
nurse or radiographer, especially if the patient is elderly or requires 
catheterization. 

4.2.3 Layout 
With a few notable exceptions the layout of equipment and 

facilities in the clinical investigation suite is not critical. That shown 
in Figure 4.1 is typical and may be varied to suit existing local 
conditions or individual requirements. 

In order to minimize the background count rate the clinical 
counting equipment should be placed as far as possible from all 
sources of activity although not in a corner since it is lasually 
necessary to have free access from all sides when positioning the 
patient. It should also be possible to remove the patient rapidly from 
the equipment in the event of any emergency such as fire or cardiac 
arrest. Al l cables and expiratory gas tubes connected to the counting 
equipment should be routed either in ducts under the floor or at 
ceiling height. 

Ideally all radioactive gas dispensing equipment should be 
situated in one corner of the room and be well shielded. As can be 
seen from Figure 4.1 the dispensing fume, cupboard is set into one 
wall of the clinical investigation room. At the rear of the fume 
cupboard is the well-shielded processing room and the preparation 
area where solutions can be labelled and passed through a small 
hatch to the dispensing fume cupboard. The radioactive gas system 
is controlled from the preparation area which also houses the sweep 
and diluting gas cylinders. It may be convenient to have a remote 
activity (yield) indicator in the clinical investigation room. The 
preparation area and processing room should be force ventilated by 
extract fans, preferably with their exhaust ducts continuously 
monitored with radiation detectors. 

The data acquisition and recording area houses the radio-gas 
chromatograph and most of the electronic equipment associated 
with the clinical counters. I t will be seen however that the recorder 
is sited in the clinical investigation room in order that the clinician 
may have direct access to the data during a measurement. In some 
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cases i t may be preferred to have the counting electronic equipment 
in the clinical investigation room also. However, noisy items such 
as the data logger (punched tape digital recorder) should be placed 
out of earshot of the patient if possible. 

Provision should be made for fire risk, emergency exits and fire 
extinguishers being strategically placed. 

These are the general principles upon which an ideal clinical 
investigation suite may be designed, and provided they are adhered 
to the actual layout can be varied as necessary. 

4.2.4 Services 
Essential services in the clinical investigation room include the 

following: 
(a) Mains electricity supply available from plenty of power outlets 

placed at convenient positions. 
{b) Mains water with a sink and washing facilities. 
(c) Suitable thermostatically controlled heating, especially if a 

gamma camera is used. 
{d) Air conditioning (closed circuit ventilation could be dis

advantageous if there were an accidental leak of radioactive gas). 
(e) An extract system to ventilate the dispensing fume cupboard 

(a minimum flow rate of 1-2 m^ m i n " ' is desirable for a small 
fume cupboard). 

Auxiliary services depend to some extent upon the type of equip
ment being used. For instance, an on-line computer data link is a 
decided advantage. The result of a given measurement could then 
be rapidly available, enabling the clinician to make an immediate 
assessment of the patient's condition and if necessary perform further 
tests. A digital recording system is of value when off-line data 
processing is to be carried out. 

When radioactive gases are being produced by continuous flow 
systems, a two-way communication system between the clinical 
investigation room, the preparation area and the cyclotron control 
room, is almost a necessity. Quite apart from saving valuable cyclo
tron running time (especially if only short spells of radioactive gas 
production are required), such a .system allows immediate action to 
be taken in the event of equipment failure. 

A service which is easily overlooked is that of providing liquid 
refreshment for the patient. Some tests involve prolonged sessions 
of breathing through a mouthpiece whilst wearing a nose clip. For 
some patients this can be quite unpleasant and a cup of tea or coffee 
at the conclusion of the session is often appreciated. 
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4.2.5 Equipment 

Counting Equipment 
The most important piece of equipment in the clinical investiga

tion room is the counting device used for the diagnostic measure
ments. I f only simple pulmonary function measurements are to be 
made this may be just a pair of scintillation counters, one mounted 

Figure 4.2 Four channel scinti-scanner for pulmonary and cardiac function studies 
using short-lived radioactive gases 

anteriorly and the other posteriorly about the patient, and free to 
move together in the vertical plane. Conversely if highly sophisti
cated studies are envisaged the corresponding equipment may well 
be a scintiscanner having four (or more) scintillation counters, a 
gamma camera, or multicrystal positron camera. 

A particularly useful device is the type of scanner shown in Figure 
4.2. This has four scintillation counters (each incorporating a pre
amplifier and independently movable in the horizontal plane) 
mounted in a large gantry in which the patient is positioned. Either 
a given pair (anterior and posterior) or all four counters can be 

112 



C L I N I C A L F A C I L I T I E S 

driven at a maximum scan rate of 4 cm s"^ The direction of scan 
may be either vertical or horizontal with the patient positioned 
accordingly. 

The sodium iodide crystals used should not be of too small a 
diameter, a minimum of about 4 cm being desirable. Their depth 
depends upon the nuclide to be counted. For ^^^Xe the depth need 
only be about 0.6 cm; in fact a greater thickness only increases the 
background count rate. For other radioactive gases however, the 
minimum satisfactory crystal depth is the order of 2.5 cm. 

The type of collimator used with the scintillation counters varies 
according to the nuclide being used and the type of measurement 
being made (fixed counter or scanning). Fixed counters are usually 
used with conical collimators resulting in a roughly cylindrical field 
of view between the counters. For scanning, however, greater count 
rates are obtained by using a rectangular design which allows little 
resolution across the field of view but affords a high degree of 
resolution in the vertical plane. The weak radiation from '^^Xe is 
easier to collimate than the relatively hard radiation resulting from 
positron emitting nuchdes. Hence if only '^•'Xe is to be used the 
collimators and supporting structure can be relatively fight and 
inexpensive compared with those used with nuclides emitting higher 
energy radiation. Some typical collimators are shown in Figure 4.3. 

Other counting equipment may include a scintillation counter for 
expiratory measurements and another for monitoring gas used in 
closed circuit ventilation studies in which the patient breathes from 
a spirometer. An essential piece of equipment in any clinical investi
gation room is a small portable geiger counter having a movable 
P absorbing window for leak detection (section 9.6, page 320). 

Since even the best equipment can fail it is always a good idea to 
have a spare scintillation counter available for rapid replacement. 
This may sound an expensive investment. However when set against 
the cost of cyclotron running time and general inconvenience to 
patients and staff", the cost is well justified. 

Electronics 
The complexity of the electronic equipment depends largely upon 

the number of counting channels used and whether the counters are 
to be arranged for parallel or coincidence counting. 

Figure 4.4 shows schematically the minimum number of electronic 
units required for an array of four scintillation counters arranged 
for parallel counting. Since it is usually necessary to count only the 
photoelectric peak when making clinical measurements, biassing or 
pulse height analysis is necessary. The ratemeters and recorder 
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Figure 4.3 (a) Lead collimator for use with positron emitting nuclides; (b) Lead 
collimator for use with " ' X e 
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should have time constants sufficiently short to permit accurate 
ventilation measurements to be made when the patient inspires 
rapidly. The use of potential dividers with the EHT supply requires 

Adding Adding 

Potential 
_ I divider 

Amplifier 

counters counters 

E.H.T 
supply 

Pulse Potential rotential 
divider divider ana lyser 

Alternative 
method ot 

supplying 

supply Ratemeter 
Ralemeter 

Recorder 

Figure 4.4 Schematic arrangement of electronic units for 'parallel' counting using 
four scintillation counters 

the latter to have a high output current capabihty since each poten
tial divider current drain should be at least ten times that of the 
photomultiplier tube and dynode chain at the maximum count rate. 
When it is impossible for an EHT unit to meet these requirements 
an alternative arrangement is to use two EHT units as shown in 
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Figure 4.5 Schematic diagram to illustrate counting system during lung scanning. 
Radioactivity within the lung is detected by paired scintillation counters over the 
front and back of each lung. The output from each side is summed in an adding 
unit, amplified and passed through a pulse height analyser (PHA). The remaining 
signals are then fed tfirough ratemeters to an ultraviolet recorder, but for automated 
data collection the signals are seen by a scaler timer chain linked to a data logger 
and its associated paper tape punch. (Reproduced from Medical and Biological 

Engineering.) 
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Figure 4.4 (such an arrangement also has the advantage of allowing 
greater flexibility when setting up pulse heights). 

When large numbers of patients are being routinely investigated, 
the time and labour taken to analyse the results can be greatly 
reduced by using an alternative system of data collection to that 
shown in Figure 4.4. One such system used for vertical lung 
scanning investigations is shown schematically in Figure 4.5. The 
measurement is made while the counters are raised at a speed of 
about 3 cm s"\ During the scan a microswitch is actuated by 
serrations set at 2 cm intervals in a metal strip on the side of the 
scanner. Using this switch to actuate a data logger, the counts 
recorded in 'shces' of lung 2 cm thick are continuously integrated 
and recorded on punched tape as the scan proceeds. The tape is 
subsequently processed by a computer. The output count rate is also 
displayed during the scan by a recorder, thus providing an immediate 
indication of the result of the measurement as well as duplicate 
information*^'. 

As with scintillation counters, it is always advisable to have spare 
electronic units available for immediate replacement. By standard
izing on one of the modular systems currendy available this becomes 
a simple matter limited only by one's budget. 

The recorder used with the counting equipment should be care
fully selected. Of particular importance is the speed of response. It 
should not take longer than 0.1 seconds for the instrument to indicate 
90 per cent of full-scale deflection starting from zero. Fast pen 
recorders are available with this kind of response using ink or hot 
wire systems. Of particular merit is the ultra-violet recorder using 
miniature galvanometers. Models are available which can take up to 
25 or more such galvanometers resulting in a highly versatile 
multichannel instrument. Being so small (typically about 3 mm 
diameter) the galvanometers have an upper frequency limit of several 
kilohertz and their low input impedance (typically 35 ohms) and 
high sensitivity (typically 0.05 mA cm" ' ) make them eminently suit
able for use with solid state electronic equipment. Ultra-violet 
recorders are available with chart speeds ranging from 1 mm s"' 
to 2 m s"^ A useful speed is about 2 cm s"^ Since it is invariably 
necessary to record time events such as inspiration, expiration or 
the counter position in scanning, at least one marker facility is 
desirable. It can also be sound policy to invest in a recorder having 
a potentially greater number of channels than one's immediate 
requirements dictate since some sophisticated studies can require the 
simultaneous recording of up to eight or more parameters. With the 
UV recorder this is possible since galvanometers are easily adued 
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when required. An instrument capable of taking 12 galvanometers 
should be adequate for most types of clinical investigation. 

I t may be necessary to include a stabilized mains supply for the 
counting electronic equipment. Clearly its size will depend upon the 
load but a servo operated mains stabilizer of 2.5 kVA rating should 
be adequate for most purposes where solid state electronics are 
being used. 

An item of electronic equipment which is practically indispensable 
for setting up counting equipment and for general fault finding, is a 
good quality oscilloscope. This needs to have a bandwidth of not 
less than 10 M H z and a time base with delayed triggering. 

Other pieces of electronic apparatus necessary for the clinical 
investigation suite include three ionization chambers and d.c. 
amplifiers (or electrometers) and a radio-gas chromatograph. 

I t will be seen that an x-ray set is included in Figure 4.1. Whilst 
not necessary for many studies using radioactive gases, it can be of 
value if frequent cardiac catheterization is to be carried out. 

Ancillary Equipment 
The range of equipment used for dispensing radioactive gases is 

described earlier in this chapter. In addition to items generally used 
for studies in respiratory physiology, the apparatus to be found in 
a typical clinical investigation room may well include the following: 

(a) Various types of collimator for use with scintillation counters. 
(b) A spirometer for closed circuit ventilation studies. 
(c) A spirometer for use with inactive gases. 
(d) Spare mouthpieces and inhalation bags. 
(e) A range of catheters. 

( / ) Extract facilities to cope with expired active gas in pulmonary 
washout investigations. 

Transducers may be necessary for the measurement of parameters 
such as inspired flow rate, heart chamber pressure and spirometer 
volume. In some cases it may be considered necessary to include an 
electrocardiograph (ECG) machine and a resuscitation trolley as 
part of the equipment to be found in the clinical investigation room. 

4.2.6 Standards and Calibration 
In general, the method of setting up scintillation counters and 

counting electronics differs little from standard practice. Simple 
biassing or preferably pulse height analysis is normally used when 
making clinical measurements. Since the photoelectric peak varies 
from 80 keV for ^^^Xe to 511 keV for the positron emitting gases, 
a fairly wide range of channel gain is needed. 
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One way of setting up a four-channel scintiscanner of the type 
depicted in Figure 4.5 is to use a standard extended source as shown 
in Figure 4.6. Such a source should have the activity homogeneously 
distributed throughout its volume and contain a long-lived nuclide 
which emits y-rays of an energy which corresponds closely to those 
of the nuclide to be used clinically. Typical standard sources are 

Standard extended 
activity source 

Scintillation 
counter 

Volume of active material 
'seen' by counters 

Figure 4.6 The use of a standard extended source of activity to calibrate a four 
channel scinti-scanner 

' ' ° T m (T^ = 127 d Ey = 80 keV) and ^»Ge (T^ = 275 d, from 
decay of daughter product ''^Ga). With the standard source posi
tioned as shown in Figure 4.6 each counter will receive quanta from 
a similar volume of active material. Pulse height adjustment can be 
made for all four counters using a combination of amplifier gain 
and EHT settings. When using an EHT supply in conjunction with 
potential dividers it is worth noting which scintillation counter needs 
the highest value of EHT before any adjustments are made; the 
EHT voltage can then be set at this value and all other voltages 
derived from the potential dividers. As was mentioned earlier in 
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this chapter the potential divider current drain needs to be high 
compared with that of the scintillation counter which it supplies. 
Failure to achieve this results in a variation of output pulse height 
with respect to count rate, a phenomenon which can cause large 
errors, especially if a narrow pulse height analyser window width 
is being used. Another factor which may cause a similar phenomenon 
is pulse pile up when using amplifiers with poor overload charac
teristics, at high count rates. This may be mitigated by using non-
overloading amplifiers of the double delay line type. 

Having carried out the energy calibration it is necessary to note 
the relative response of each pair of counters since this wil l be 
required for analysis of the clinical data. It is also advisable to 
check the calibration at intervals during a clinical session. 

Although 'parallel' counting is widely used, positron emitting 
nuclides offer the possibility of 'coincidence' counting with its 
inherently high degree of spatial resolution. Unfortunately the count 
rate is often too low to give sufficient statistical accuracy, hence its 
limited application. The procedure when setting up for coincidence 
counting is essentially the same as that for parallel counting with 
the exception that careful adjustment of channel delay times is 
necessary. The coincidence resolving time also needs careful selec
tion. I f it is too short, valuable coincidence counts will be lost; if 
too long, a high number of random coincidences will be counted. 

The calibration of the ionization chambers should be regularly 
checked. This is conveniently done using a 1 mg radium standard. 

4.2.7 Clinical Measurements 
Since this is essentially a technological monograph it is outside 

our scope to enter into a detailed discussion of clinical procedures. 
The clinical results of the uses of short-lived radioactive gases are 
well documented, and the reader's attention is drawn to the biblio
graphy at the end of chapter 1 and the reference list at the end of 
other chapters. 

New uses for short-lived radioactive gases are continually being 
found. However, it can be safely said that their principal value at 
the present time lies in the investigation, of the clinical conditions 
listed in Table 1.1 and referred to in section 1.5. 

Administration of the radionuclide is usually by inhalation of a 
labelled gas or by intravenous injection of a labelled physiological 
fluid such as whole blood, red cells, normal saline solution or water. 
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Oxygen-15 

5.1 I N T R O D U C T I O N 

Oxygen-15 is a cyclotron produced radionuclide having a half-life 
of 2.07 min and decaying by the emission of positrons having a 
maximum energy of 1.7 MeV, to the stable nuclide nitrogen-15 
{Figure 5.1Y'^\ 

Oxygen-15 which was one of the first gaseous radionuclides to be 
used for routine chnical i n v e s t i g a t i o n ' ^ i s now pro
duced at several centres of nuclear medicine and is used to 
label molecular oxygen, carbon dioxide and carbon mon-
Qxi j jgd i ,14 .18 ,24 ,32 ,36 .38 .40) ^^^^^ labelled with ^ 'O is also made 
and is used in the preparation of physiological saline solutions of 
high radioactive concentration*^*'^^'^'-"'^*. Whole blood is also 
regularly labelled with I 5 Q ^ ( 2 4 , 3 5 ) Common applications include 
regional pu lmonary v e n t i l a t i o n * ^ ^ ' ^ * ' * ^ ' and b l o o d flow 
s t u d i e s * ' c a r d i a c malfunction investigations*'*'^^' and the 
estimation of cardiac output, myocardial*^*'*, renal and cerebral 
blood flow*^^*. The 0.511 MeV gamma radiation resulting from 
positron annihilation allows organ visualization using a gamma 
camera*^''' or measurements over regions of interest using an array 
of fixed detectors*'*. 

The short half-life of oxygen-15 is advantageous in minimizing 
the radiation dose to the patient and when making serial measure
ments, but can be a disadvantage when prolonged individual studies 
are necessary. The short half-life also makes it essential that clinical 
facihties for the use of this radionuclide are sited close to the point 
of production, the associated production and processing equipment 
requiring careful design to minimize an unnecessary loss of activity 
by decay. Where possible 'on line' production systems are to be 
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preferred. In such systems the radioactive gas is continuously 
produced and processed, making it available throughout the whole 
of a clinical session. When continuous production is not possible or 
uneconomic, batch-wise production is used either 'on line' or in 
conjunction with rapid transport facilities. 

Beta - plus decoy 

2 07 min 

Stable 

Per cent Transition 
Radiation per energy 

disintegration (MeV) 

Beta plus 100 1-70* 

Reference (13) 

*Endpoint energy (MeV) 

Figure 5.1 Oxygen-I5 decay scheme 

5.2 TARGET DESIGN 

From Table 2.1 it wil l be seen that ^ 'O may be produced by two 
nuclear reactions, both of which have quite a low Q value. However, 
because of the high natural isotopic abundance of ' * N , that which 
is invariably used is the ' '^N(d,n)^'0 reaction (Table 5.1). 

I t will be seen from this reaction that a gas may be used as the 
target material. Because of this the target has to be either operated 
at an elevated pressure or be relatively long in the direction of the 
beam path (or both) for the energy of the incident charged particles 
to be reduced, within the gas volume, to the practical threshold for 
the desired nuclear reaction'^ 

Initial design considerations are determined by the energy, size 
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and distribution of the available charged particle beam, since these 
parameters directly affect the window material and thickness, 
cooling requirements and the cross-sectional area of the target. 

It is then necessary to decide on the pressure at which the target 
is to be used since this determines its dimensions and the distance 
over which it is possible to transmit the target output gas (without 
pumping), at a flow rate consistent with the half life of ' 'O . 

T A B L E 5.1 

SOME P H Y S I C A L C H A R A C T E R I S T I C S A N D C L I N I C A L U S E S O F '^O 

Nuclear practical ^3'P'«'' available-\ 
Half-life Principal ••<^''^f"^M threshold >-a,lioacUve Clinical 

, •'• i • •' production t concentration and uses and 
(mm) emissions ,ypi^„, energy* ,p,,,y;, references 

target systems (20°C 760 mm Hg) 

2.07 /?+ 1.70 MeV '*N(d,n)'50 ~ 3 0 . 2 m C i m r ' Regional 
1.00 per 120 mCi mM" ' O2 pulmonary 
disintegration ventilation 
resulting in 2.00 and blood 
0.511 MeV flow. 
annihilation Cardiac 
gamma malfunction, 
photons per myocardial, 
disintegration. renal and 

cerebral 
blood flow 
(14, 16, 19, 
22, 26. 34, 
35,40,41, 
43) 

* Derived from data in 'The production of the radioisotopes " C . '-^N and ' using the deuteron beam from 
a 3 MeV Van de Graaff accelerator.' A. 1. M. Ritchie. Nuclear Instruments and Methods 64. 181-4(1968). 

f Based on relevant data contained in this work. 

It is usually desirable to use a relatively high target pressure since 
this allows the use of long small diameter gas transmission tubes 
with their inherent high transport rate characteristics. The im
pedance of such tubes to the target output gas flow is primarily 
determined by their length and diameter; when long tubes are used 
theirimpedance alone can usually be made sufficient to maintain the 
target at optimum working pressure {Figure 5.2 (a)). Even when it is 
required to transmit the product nuclei over a short distance it is 
still preferable to use a high pressure target and small diameter 
tubes, but .with a needle valve to optimize the impedance of the 
system {Figure 5.2 {b)). 

The advantages of using a high pressure target can only be realized 
if the beam entry window is sutliciently strong under all anticipated 

124 



T A R G E T D E S I G N 

irradiation conditions. This is not difficult to achieve if the beam 
energy is high enough to require degrading since a relatively thick 
filter/window may be used, provided it can be effectively cooled. It 
is when only low beam energies are available that serious difficulties 
can arise in the design of '^O targets*^"' 

H I G H E N E R G Y B E A M / H I G H P R E S S U R E TARGET / LONG TRANSMISSION T U B E 

Thick f i l te r /w indow 
Long smal l bore 
transmission tube 

High 
energy 
beam 

Processing 

(a) 
Sweep 
gas in 

H I G H E N E R G Y B E A M / H I G H P R E S S U R E T A R G E T / S H O R T T R A N S M I S S I O N T U B E 

Thick f i l ter/window 
{^) rl Processing 

High 
energy 
beam 

Sweep 
gas in 

Needle 
valve 

Short smal l bore 
transmission tubes (b) 

LOW ENERGY B E A M / LOW P R E S S U R E T A R G E T / S H O R T OR LONG TRANSMISSION TUBE 

Thin window 

Low 
energy; 
beam 

Vacuum H V 
Pump 

Processing 

Low impedance 
target output tube 

Sweep gas in 
a l s o gives some 

Small bore 
transmission tube 
of required length 

(c l 
foil cooling) 

Figure 5.2 Types of gas transmission system for use with various oxygen-15 targets 

Clearly if the energy of the available beam is close to that required 
for radionuclide production in good or moderate yield, it is 
undesirable to degrade the beam more than is necessary. This leads 
to the use of a very thin beam entry window'^^*, or no window at 
all*^°*, which can result in a severe limitation on the maximum 
target working pressure. Thus the impedance of the gas transmission 
system has to be low and one may well be left with the problem of 
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having to send the '^O over a considerable distance under these 
conditions. The only really effective solution is to use a pump, as 
shown in Figure 5.2 (c). The target pressure is maintained by the 
setting of the sweep/target gas cylinder pressure reducing valve, and 
the impedance of the gas transmission tube following the pump can 
be optimized to match the pump's performance. 

Generally speaking, low pressure targets are longer in the direction 
of the beam path than those used at higher pressures, but as we 

1. Target mounting plate 
2. Air cooled window / beam filter (0-7 mm At) 
3. Water cooled gas tight target box 
4. Sweep / target gas connections 
5. Cooling water connection 
6. Cooling water channel 
In te rna l dimensions: ) 2 - 7 c m w i d e 

2 6 cm high 
25 5 cm deep 

Gos volume: 842 ml at 760mm Hg 20''C 

Figure 5.3 Target for oxygen-15 production 

have seen, many interdependent parameters need to be considered 
and a target designed for use with one particle accelerator may be 
quite unsuitable for use on another. 

An oxygen-15 target* '̂'* for use with the 16 MeV deuteron beam*^* 
of the M R C cyclotron is shown in Figure 5.3. To degrade the beam 
energy to approximately 6.3 MeV a 0.7 mm aluminium beam filter 
is used which also acts as the target window. The depth of the gas 
in the direction of the beam path is 25.4 cm. Ideally this is sufficient 
to reduce thefilteredbeamenergy to ~ 3 MeV (the practical threshold 
energy for the ' * N ( d , n ) ' ' 0 reaction) at the normal working pressure 
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of 0.54 kg cm"^ (7.7 lb in"^) above atmospheric pressure. A typical 
sweep/target gas flow rate is about 8 ml s~ ^ The dimensions of the 
beam entry port are 12.7 cm wide and 2.6 cm high. (Due to variations 
in the position and distribution of the spread beam it was necessary 
to make the width of the target greater than that desirable for a 
minimum gas volume.) Both air and water cooling are used. An air 
blast directed onto the filter/window removes much of the 290 W of 
heat deposited in this component at the normal beam current of 
30 //A. The front plate, its 'O' ring and the target box are cooled 
by water circulating in appropriately positioned channels {Figure 
2.5 {a)). The target, which is rigidly constructed, is entirely of 
aluminium, with the exception of external brass, copper and plastic 
fittings. Sweep gas connections are -rs in vacuum fittings. 

This target is used for the direct production of '^02 ('^OO) and 
C^^Oz ( C O O ) by the '*N(d,n) '=0 reaction and the use of an 
appropriate sweep/target gas composition (Tables 5.2 and 5.3). 
Provided the beam filter reduces the incident beam energy to 
~ 6.3 MeV, no detectable contaminant radionuclei are formed. 
However, i f the thickness of the aluminium beam filter is reduced 
to 0.25 mm, the emergent beam energy is ~ 10 MeV which results 
in the production of considerable quantities of " C and ' ^ N from 
the ' '^N(d,an)' 'C and '''0{d,any^N reactions. 

5.3 SWEEP/TARGET GASES, YIELDS A N D 
I R R A D I A T I O N CONDITIONS 

5.3.1 '^02 Experimental Production 
In order to investigate some of the parameters that affect the 

production of ''O2 from a nitrogen target by the '•*N(d,n) ' '0 
reaction a gas flow system was set up as shown in Figure 5.4. A 
fixed deuteron energy of ~ 6.3 MeV was chosen as this had been 
shown to limit the production of the longer-lived impurities ^'C 
and ^^N and also suppressed the ^*N(d,2n)''*0 reaction (Q = 
-8.115 MeV). A series of O2 in N2 mixtures .was prepared as 
described in section 3.10.1 (page 89) with oxygen concentrations of 
0.5, 1, 2, 3 and 4 per cent Irradiations were carried out under the 
conditions shown in Table 5.2. Nitrogen (purity 99.9 per cent) was 
also used although this gave rise to very variable results. The 
radioactive concentration was measured continuously before and 
after the soda lime absorber using 10 ml volume Cu spirals placed 
in high pressure ionization chambers (see section 3.7.1, page 73). 
Samples for radio-gas chromatographic analysis were taken at the 
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points indicated. Samples from point A gave information on the 
(^^NN), ' 'CO2, C^'02, N 2 ' ' 0 , C O and ' ' C O , any 

'^Oa C^OOO) and N ' ' 0 2 (N'^OO) being irreversibly adsorbed in 
the gas chromatograph. Two columns were used, a 30 cm x 4.8 mm, 
80-100 mesh molecular sieve (type 5A) for the analysis of O2, N2 
and CO and a 1.5 m x 4.8 mm, 80-100 mesh Porapak Q to separate 

Oxygen -15 
target and 
beam f i l t e r 

16 MeV n ,\ I 
d e u t e r o n ' i ' I 
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Figure 5.4 Gas flow system for the experimental production of '^OO and C ' ^ O O 

O2, N2 and CO from CO2 and N2O at 50°C. Samples from point B 
after the soda lime absorber gave confirmation that no C ' ' 0 2 was 
escaping into the second spiral; also any '^Os decomposed by the 
soda hme* '̂* would be detected as an increase in the '^02 content. 
Any N ' ^ 0 2 present was also removed by the soda lime. Thus the 
difference in the ion chamber readings, after correction for sensitivity 
differences, gave information on the C'*02 and N ' ^ 0 2 removed, 
and the ' ' O 3 decomposed by the soda lime. Some difficulties 
however were experienced with activity of an unknown chemical 
form, possibly N ' ^ 0 2 adhering to the copper spiral in chamber A. 
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An estimate for a correction factor for chamber A reading was 
made by rapidly flushing out the nonreactive gas content of the 
spiral and observing the residual activity. This, after correcting for 
decay during flushing, was subtracted from the chamber A reading 
obtained under steady state activity and flow conditions. In order 
to check the validity of this approach a simplified circuit shown in 
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Figure 5.5 Simplified gas flow system for the experimental production of '^OO 

Figure 5.5 was set up. The total '^O activity as C^^02 and N^^02 
accumulated in the soda lime absorber in a set time was compared, 
after correction for decay during accumulation and flushing, with 
the rate of production of the products not affected by the soda 
lime. This method gave results in good agreement with the previous 
method. From Table 5.2 N ' ' 0 2 and '^Os can be seen to be a 
problem only when pure N2 is irradiated. However, the rate of 
'^O recovery here is very low and as mentioned the composition 
was found to be very variable. NO2 was also estimated colorimetric-
ally using the Saltzman test*^ '̂, levels of ~0.1 per cent being found 

131 



O X Y G E N - 1 5 

in gas sample A when 4 per cent O2 in N2 was irradiated under 
the conditions shown in Table 5.2. The effect on the rate of produc
tion and target output composition of varying the beam current 
between 5 and 50 jik was also investigated for the 4 per cent O2 in 
N2 mixture. The results are shown in Figure 5.6 and Figure 5.7. The 
' ' 0 0 - i - N 2 ' ^ 0 recovery at the target output can be seen to be a 
linear function of the beam current. The N2'^0 percentage can be 
seen to be at its greatest at the low beam currents and hence for a 

10 15 2 0 25 30 3 5 

B e a m c u r r e n t fiA 
40 45 50 

Nuclei, re«:doo " N ( d . n ) " 0 
Be«m enerp jncideni or urjel m««riij . , . ^6-3 MeV 
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Swe<p/tu|ei p i . 4%0,lnN, 
Sweep/lirjet | M now ni l 8-33 mil"' 
Ti,rl|>.««.™ 0.54kicm-'("11>ln-)pup 

Figure 5.6 Oxygen-15 target used with a 4 per cent O2 in Nj sweep/target gas: 
00-HN2'^0 recovery versus beam current 

given beam distribution at relatively low radiation dose rates. At 
higher beam currents the N2"0 is reduced showing that although 
it is produced as a primary product, radiolysis causes its decom
position*". From Table 5.2 it can be seen that provided the small 
amount of O2 carrier present is > 1 per cent, the recovery of 
* - O2 from the target remains effectively constant. The reactivity of 
the '^O atoms produced by the " 'N(d,n) '^0 reaction towards O2 
to form '^02 as the product, rather than nitrogen oxygen com
pounds, can be seen to be high, the only nitrogen oxide observed in 
significant quantities being N2'^0 although the losses of some 
N'^02 in the target and flow system cannot be ruled out. The 'hot 
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atom' and radiation chemical reactions taking place in the target are 
not fully understood at the present time. Information appears in the 
literature on the irradiation of N2/O2 mixtures*^' but there is little 
information on the reactions of energetic oxygen atoms. Most 
workers in the hot atom field however have indicated that hot atom 
effects can only be observed at very low radiation doses and as the 
radiation dose is usually quite high when isotope production is being 
carried out, most of the chemical effects within the target are 
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Figure 5.7 Oxygen-15 target used with a 4 per cent O2 in N2 sweep/target gas: 
Target output radioactive gas composition versus beam current 

radiation induced. Thus N2O, NO2 and O3 are all products that 
have been observed in radiation chemical investigations of N2/O2 
mixtures. The CO2 is most probably formed as the result of radiation 
induced oxidation of trace organic impurities in the target gas and 
on the target walls. 

5.3.2 C '^02 Experimental Production 
The classical preparation of CO2 has been used for the preparation 

of C^^02 by the reaction of ''O2 with heated carbon. Some 
difficulties were however encountered in achieving a high efficiency 
of conversion and in particular a rapid attainment of maximum 

133 



O X Y G E N - 1 5 

production rate necessary when rapid beam switcliing is used. The 
reactivity of the '^O atoms produced from nitrogen towards CO2 
was therefore investigated as a direct means of C'^02 production. 
A range of CO2 in N2 mixtures was prepared including 0.25, 1, 2.5 
and 5 per cent. These mixtures were irradiated with ~ 6.3 MeV 
deuterons in the gas flow circuit shown in Figure 5.4, care being 
taicen to ensure that the soda hme absorber was not allowed to 
become exhausted by the CO2 carrier. Samples for radio-gas chro
matographic analysis were taken at the points indicated. The results 
are shown in Table 5.3. The main impurities present were ^ ̂ 02 which 
was apparently independent of the CO2 concentration, and 
which increased as the CO2 content increased due to the ' ^C(d,n)' 
reaction being favoured by a higher carbon content in the target 
gas. No oxides of nitrogen other than a trace of N2' were detected 
either radio-gas chromatographically or colorimetrically using the 
Saltzman test. No adsorption problems were encountered with the 
Cu spiral in chamber A indicating that N ' is the most likely cause 
of the adsorption problem in the '^02 work. '^Oa would not be 
expected to be found in the CO2/N2 system. The rate of production 
of C 'O2 as shown in Table 5.3 is about 20 per cent lower than that 
for '^02. This difference has not been accounted for but the loss is 
assumed to be to the target walls. The relationship between beam 
current and production rate and target output composition was 
investigated for the 5 per cent CO2 in N2 mixture over the range 
5 to 40 liA. The results are shown in Figures 5.8 and 5.9. The rate 
of production can be seen to be a linear function of beam current. 
The target output composition is more complex. As the beam current 
is increased the C^^02 percentage increases whilst the '^©2 level 
falls. 

The chemical reactions taking place in the target are thought to 
be largely as a result of the high radiation dose. Both nitrogen 
and CO2 show no net change when irradiated. Although some 
radiation decomposition takes place, recombination is almost quan
titative'^'*'. The radiation chemical properties of CO2 have been 
studied extensively but although the simple overall process is 
represented stoichiometrically by 

C02<^C0 + 0 
this simple equation apparently obscures a series of complex reac
tions which are inadequately understood'*'. The formation of C ^©2 
most probably is the result of preferential recombination of the 
excited ^'O atoms with the radiolytic CO 

'^o*+co^co'5o 
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Figure 5.8 Oxygen-15 target used with a 5 per cent CO2 in N2 sweep/target gas: 
Total recovery versus beam current 

c'̂ 00 "00 
per cent per cent 

99-5r- r -2 0 

99 0, 

98-5 

980 

97-5'-

• C'^OO 
Nuclear reaction "Ntd.nl'SQ 
Beam energy incident 
on torget material -6-3 MeV 
Beam distribution 9-5 cm wide, 

10- I -5 cm high 
Sweep/target gas 57. CO2 in N2 
Sweep/ target gas 
flow rote 8 20m( s"' 
Target pressure 0 53 kg cm"' 

(7-5 lb in"') gouge 

\-OSj 

20 30 
Beam current 

40 50 

Figure 5.9 Oxygen-15 target used with a 5 per cent CO2 in N2 sweep/target gas: 
Target output radioactive gas composition versus beam current 
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5.4 P R O D U C T I O N SYSTEMS 

5.4.1 ^̂ 02 Production System 

General Principle 
This system is designed for the continuous production of '^02 

C^OO). The flow diagram which is of open circuit design is shown 
in Figure 5.10. A mixture of 4 per cent O2 in N2 is used as the 
combined target and sweep gas, the target pressure being maintained 

Oxygen -15 target 
and beam filter High pressure 

ionization chamber 
16 MeV 

deuteron ; 
beom 

Flowmeter A 

Activated 
c h a r c o a l 

Pressure 
regulator 
and flow 
contro 
va lv 

rfn 

4V. O j i n N j 
s w e e p / 
target gas-

Needle valve 

Sodafc'v 
lime 

10 ml 
spiral 

F ow-
meter 

Pressure 
gauge 

Flowmeter B 

Dispensed 
Q — g a s 

2 way t a p s 

I / Wasi 
— • d i s p e n 

Waste 
sed 

gas 

d c. amplifier 
and polariz ing 

source 

Scavenge 
pump 

Waste 

Figure 5.10 ' * 0 0 production system using a 4 per cent O2 in N2 gas target 

at about 0.54 kg cm~^ (7.7 lb in^^) abave atmospheric pressure. 
Bombardment is by a 30 /iA 16 MeV deuteron beam degraded to 
approximately 6.3 MeV by the combined beam filter and target 
window. The '*N(d,n)''0 reaction takes place, the product at the 
target output being '^02 with small percentages of N2'^0, N ' '02 , 
^'Oa, and trace amounts of C'^02, C^^O and ' ^ N j present as 
contaminants; all but the C'^O and '̂ N2 are removed by soda 
lime and activated charcoal absorbers. The radioactive concentra
tion at the system output may be reduced by diluting the system 
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output gas or by decreasing the beam current. The performance of 
the system is given in Table 5.4. 

Flow Diagram Description 
The gas passes through the system as shown in Figure 5.10. The 

target pressure and sweep gas flow rate are determined by the 
settings of the pressure regulator and flow control valve, and the 
needle valve. The target output gas is passed through soda lime to 
remove traces of C'^02, N " 0 2 and '^Os, and activated charcoal 
to eliminate the N2''0 contaminant. A continuous indication of 
radioactive concentration is obtained by passing the gas through a 
copper measuring spiral having a volume of approximately 10 ml 
in a high pressure ionization chamber. The system output gas may be 
dispensed either batch-wise or continuously from tap A. I f con
tinuous dispensing is required the waste dispensed gas may be 
returned to the system using tap B. At this point an air inlet is 
introduced so that the scavenge pump will not alTect the sweep gas 
flow rate in the rest of the system. 

Target, Sweep/Target Gas and Irradiation Conditions 
The target is of the type shown in Figure 5.3 and described in 

section 5.2. The combined 0.7 mm aluminium beam filter and target 
window degrades the 16 MeV deuteron beam to approximately 
6.3 MeV. A normal target working pressure is 0.54 kg cm"^ 
(7.7 lb in~^) gauge. A sweep/target gas mixture of 4 per cent O2 in 
N2 is used at a flow rate of 8.3 ml s"^ The irradiation conditions 
are given in Table 5.4. 

Soda Lime and Activated Charcoal Absorbers 
A soda lime absorber 16 cm long, 2.5 cm diameter is adequate 

for the removal of the C'^02 and N'^02 contaminants. The '^03 
contaminant is decomposed in the soda Hme to *'02. The soda 
lime absorber, the volume of which is not critical, is of the type 
shown in Figure 3.6. However, it is important that the activated 
charcoal absorber used for the removal of the N2''0 is not larger 
than necessary since this can result in a significant loss of ^̂ 02 
activity also. A column 16 cm long, 2.5 cm diameter, at ambient 
temperature, is sufficient at the flow rate used. 

Flowmeters and Filters 
The flowmeters used in the system are of the variable area type. 

Since this type of flowmeter is pressure dependent the sweep gas flow 
rate is always determined from flowmeter B since this is virtually 
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at atmospheric pressure. Flowmeter A reads low due to the elevated 
pressure at this point in the system. Flowmeters A and B have a 
range of 100-1000 ml m i n ' ^ (1.67-16.7 ml s"*) (N2) at 760 mm Hg 
and 18 °C. The flow rate at the air inlet should not be less than 
about 100 times that in the rest of the system. Thus the range of 
the scavenging gas flowmeter C is 10-1001 min" ^ (air) at 760 mm Hg 
and 18°C. 

The filters are of the type described in section 3.3. I f the gas is 
required for sterile use it is dispensed through a Millipore filter as 
described in section 4.1.3. 

Gas Transmission Tubes 
The system is connected with 2.2 mm diameter, 1.5 mm bore 

stainless steel tube. Where flexible connections are required, 3.2 mm 
diameter, 2.0 mm bore nylon tube is used. The distance from the 
target to the processing equipment is approximately 10 m. Longer 
distances of up to 100 m may be used provided the target pressure 
is maintained at 0.54 kg cm"^. Unless a high sweep gas flow rate 
is maintained, there is inevitably a significant loss of activity due to 
decay in transit when long gas transmission tubes are used. 

To maintain the measuring spiral and flowmeter B at approxi
mately atmospheric pressure, long lengths ( > 2 m) of small bore 
(1.5 mm) connecting tube between the spiral input and the dispensing 
point should be avoided. 

Production Techniques and System Performance 
Before bombardment the scavenge pump is started and air 

removed from the system by flushing for half an hour with the sweep 
gas flowing at about 8 ml s~^ After flushing is complete and after 
checking the target pressure, sweep gas flow rate and yield monitor, 
the irradiation is started. As the temperature of the gas in the target 
increases during bombardment the target pressure increases and this 
may need readjusting using the needle valve. A steady state of output 
activity is reached about 6 min after the start of bombardment at 
the stated irradiation and flow rate conditions. 

I f it is necessary to increase the production rate at the system 
output, the beam current is increased (Figure 5.6). The amount of 
this increase is limited by the beam distribution since the beam filter 
will not withstand a concentrated high current beam. However, 
provided the beam is well spread it is possible to run at up to 45 or 
50 juA with no adverse effects on the filter. To reduce the radioactive 
concentration of '^©2 either the beam current may be reduced or 
the system output gas may be diluted on dispensing. 
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Since a relatively high target pressure and sweep gas flow rate are 
used the system is fairly sensitive to changes in beam current; such 
changes cause variations in the target pressure which are rapidly 
reflected as variations in the sweep gas flow rate and thus the rate 
of recovery of product nuclei. However, this is not usually a problem 
unless the beam current is severely fluctuating, and one does have 
the advantage that it is possible to obtain a usable yield in as little 
as 6 min from the start of bombardment, provided the system has 
been flushed out and the sweep gas is flowing. Thus when only short 
periods of ^̂ 02 production are required during a long clinical 
session it is convenient to leave the sweep gas flowing and use the 
cyclotron only when necessary. Such an arrangement can lead to a 
more economic use of cyclotron running time. 

It will be seen from Table 5.4 that the radiochemical purity at 
the system output is in excess of 99 per cent '^02- The ^^O recovery 
at the system output is less than that at the target output due to 
decay in transit and the loss of some activity in the soda lime and 
activated charcoal absorbers, the specific activity also being reduced. 

To avoid a premature rise in the contaminant level the soda lime 
and activated charcoal absorbers are regularly changed. Con
taminants which are likely to aff'ect clinical measurements are C ^02, 
C'^O and N2'*0. The trace amount of "N2 contaminant does not 
present a problem in most applications. Regular tests are made of 
the chemical and radiochemical composition of the system output 
gas using decay curve analyses, radio-gas chromatographic and 
colorimetric microdetermination techniques*^**. 

For systems where the irradiation parameters difi"er widely from 
those shown in Table 5.4, care should be taken to investigate the 
stability of the system output gas composition under all anticipated 
operating conditions. 

5.4.2 C*^02 Production System 

General Principle 
This system is designed for the continuous production of C* ^02 

(C' ^OO). The flow diagram which is of open circuit'design is shown 
in Figure 5.11. A mixture of 2.5 per cent CO2 in N2 is used as the 
combined target and sweep gas, the target pressure being maintained 
at about 0.61 kg cm"^ (8.7 lb in~^) above atmospheric pressure. 
Bombardnient is by a 30 ^A 16 MeV deuteron beam degraded to 
approximately 6.3 MeV by the combined beam filter and target 
window. The '*N(d,n)'^0 reaction takes place, the product at the 
target output being C'^02, with small percentages of C^^O, *^02, 
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N2^^0 and '̂ N2 present as contaminants; afl but the '•̂ N2 are 
removed by activated charcoal at 400°C. The radioactive concentra
tion at the system output may be reduced by diluting the system 
output gas or by decreasing the beam current. The performance of 
the system is given in Table 5.5. 

Flow Diagram Description 
The gas passes through the system as shown in Figure 5.11. The 

target pressure and sweep gas flow rate are determined by the 
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Figure 5.11 C ' * 0 0 production system using a 2.5 per cent CO2 in N2 gas target 

settings of the pressure regulator and flow control valve, and the 
needle valve. The target output gas is passed through a small 
activated charcoal furnace at 400°C to eliminate the ''O2 
and N2 '^0 contaminants. A continuous indication of radioactive 
concentration is obtained by passing the gas through a copper 
measuring spiral having a volume of approximately 10 ml in a high 
pressure ionization chamber. The system output gas may be dis
pensed either batchwise or continuously from tap A. I f continuous 
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dispensing is required the waste dispensed gas may be returned to 
the system using tap B. At this point an air inlet is introduced so 
that the scavenge pump will not aff'ect the sweep gas flow rate in 
the rest of the system. 

Target, Sweep/Target Gas and Irradiation Conditions 
The target is of the type shown in Figure 5.3 and described in 

section 5.2 (page 126). The combined 0.7 mm aluminium beam filter 
and target window degrades the 16 MeV deuteron beam to approxi
mately 6.3 MeV. A normal target working pressure is 0.61 kg cm"-^ 
(8.7 lb in"^) gauge. A sweep/target gas mixture of 2.5 per cent CO2 
in N2 is used at a flow rate of 8.3 ml s" ^ The irradiation conditions 
are given in Table 5.5. 

Activated Charcoal Furnace 
Although the product at the target output is almost entirely in the 

form of C*^02, a small activated charcoal furnace is included in the 
system to remove traces of C'^O, *̂ 02 and N2'^0. A column of 
activated charcoal 7.8 cm long, 1.6 cm diameter in a silica tube at 
400 °C is sufficient at the flow rate used (see Figure 3.5). It is 
inadvisable to use more activated charcoal than necessary since some 
of the desired *'0 product nuclei are retained in this absorber. To 
avoid a loss of activity by decay the 'dead volume' of the silica tube 
should be kept to a minimum. (See section 3.5.1, page 68.) 

Flowmeters and Filters 
The flowmeters used in the system are of the variable area type. 

Since this type of flowmeter is pressure dependent the sweep gas 
flow rate is always determined from flowmeter B since this is virtually 
at atmospheric pressure. Flowmeter A reads low due to the elevated 
pressure at this point in the system. Flowmeters A and B have a 
range of 100-1000 ml m i n " ' (1.67-16.7 ml s'*) (N2) at 760 mm Hg 
and 18 °C. The flow rate at the air inlet should not be less than 
about 100 times that in the rest of the system. Thus a useful range 
for the scavenging gas flowmeter C is 10-1001 m i n " ' (air) at 760 mm 
Hg and 18°C. 

The filters are of the type described in section 3.3. I f the gas is 
required for sterile use it is dispensed through a Millipore filter as 
described in section 4.1.3 (page 106). 

Gas Transmission Tubes 
The system is connected with 2.2 mm diameter, 1.5 mm bore 

stainless steel tube. Where flexible connections are required 3.2 mm 
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diameter, 2.0 mm bore nylon tube is used. The distance from the 
target to the processing equipment is approximately 10 m. Longer 
distances of up to 100 m may be used provided the target pressure 
is maintained at 0.61 kg cm~^. Unless a high sweep gas flow rate is 
maintained, there is inevitably a significant loss of activity due to 
decay in transit when long gas transmission tubes are used. 

To maintain the measuring spiral and flowmeter B at approxi
mately atmospheric pressure, long lengths ( > 2 m) of small bore 
(1.5 mm) connecting tube between the spiral input and the dispensing 
point should be avoided. 

Production Techniques and System Performance 
Before bombardment the scavenge pump is started and oxygen 

removed from the system by flushing for half an hour with the 
sweep gas flowing at about 16 ml s~'. This is done with the activated 
charcoal at ambient temperature (or by-passed) to prevent the rapid 
exhaustion of this reagent by purged air. After flushing is complete 
and after checking the target pressure, sweep gas flow rate, activated 
charcoal furnace and yield monitor, the irradiation is started. As the 
temperature of the gas in the target increases during bombard
ment the target pressure increases and may need readjusting using 
the needle valve. A steady state of output activity is reached about 
6 min after the start of bombardment at the stated irradiation and 
flow rate conditions. 

If it is necessary to increase the production rate at the system 
output the beam current is increased [Figure 5.8). The amount of 
this increase is limited by the beam distribution since the beam filter 
will not withstand a concentrated high current beam. However, 
provided the beam is well spread it is possible to run at up to 50 
with no adverse effects on the filter. To reduce the radioactive 
concentration of ^Oj either the beam current may be reduced or 
the system output gas may be diluted on dispensing. 

Since a relatively high target pressure and sweep gas flow rate are 
used the system is fairly sensitive to changes in beam current; such 
changes cause variations in the target pressure which are rapidly 
reflected as variations in the sweep gas flow rate and thus the rate of 
recovery of product nuclei. However, this is not usually a problem 
unless the beam current is severely fluctuating, and one does have 
the advantage that it is possible to obtain a usable yield in as little as 
6 min from the start of bombardment, provided the system has 
been flushed out and the sweep gas is flowing. Thus when only 
short periods of C' ^62 production are required during a long clinical 
session it is convenient to leave the sweep gas flowing and use the 
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cyclotron only when necessary. Such an arrangement can lead to a 
more economic use of cyclotron running time. 

I t will be seen from Table 5.5 that the radiochemical purity at the 
system output is in excess of 99 per cent C"02. The '^O recovery 
at the system output is less than that at the target ouput due to 
decay in transit and the loss of some activity in the activated charcoal 
furnace; the specific activity is also reduced. 

After prolonged use the heated activated charcoal is reduced in 
volume as it reacts with trace oxygen in the system. Thus this 
reagent is regularly inspected and if necessary replenished. Con
taminants which are likely to affect clinical measurements are ''O2, 
C'^O and N2'^0. The small amount of ' • ' N T contaminant does 
not present a problem in most applications. Regular tests are made 
of the system output gas using decay curve analyses and radio-gas 
chromatographic techniques. 

For systems where the irradiation parameters dilfer widely from 
those shown in Table 5.5, care should be taken to investigate the 
stability of the system output gas composition under all anticipated 
operating conditions. 

5.4.3 C'^O Production System 

General Principle 
This system is designed for the continuous production of C"0. 

The flow diagram which is of open circuit design is shown in Figure 
5.12. A mixture of 2 per cent O2 in N , is used as the combined 
target and sweep gas, the target pressure being maintained at about 
0.54 kg cm"^ (7.7 lb in"^) above atmospheric pressure. Bombard
ment is by a 30 /(A 16 MeV deuteron beam degraded to approxi
mately 6.3 MeV by the combined beam filter and target window. 
The '*N(d,n)'^0 reaction takes place, the product at the target 
output being ' ̂ 02, which is converted to C' ^O by activated charcoal 
at 900°C which also removes the N2'^0, N ' ^ O j and ''O3 con
taminants. ' N̂2 is present at the target output only in trace amounts. 
Trace C'^02 at the furnace output is removed by a soda lime 
absorber. The radioactive concentration at the system output may be 
reduced by diluting the system output gas or by decreasing the 
beam current. The performance of the system is given in Table 5.6. 

Flow Diagram Description 
The gas passes through the system as shown in Figure 5.12. The 

target pressure and sweep gas flow rate are determined by the settings 
of the pressure regulator and flow control valve, and the needle valve. 
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The target output gas is passed through a small activated charcoal 
furnace at 900°C to convert the ''O2 to C'^O and then through 
soda lime to remove any traces of C'^02. A continuous indication 
of radioactive concentration is obtained by passing the gas through 
a copper measuring spiral having a volume of approximately 10 ml 
in a high pressure ionization chamber. The system output gas may be 
dispensed either batch-wise or continuously from tap A. I f con
tinuous dispensing is required the waste dispensed gas may be 
returned to the system using tap B. At this point an air inlet is 
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Figure 5.12 C ' * 0 production system using a 2 per cent O2 in N2 gas target 

introduced so that the scavenge pump will not alTect the sweep gas 
flow rate in the rest of the system. 

Target, Sweep/Target Gas and Irradiation Conditions 
The target is of the type shown in Figure 5.3 and described in 

section 5.2. The combined 0.7 mm aluminium beam filter and target 
window degrades the 16 MeV deuteron beam to approximately 
6.3 MeV. A normal target working pressure is 0.54 kg cm"^ (7.7 lb 
in"^) gauge. A sweep gas mixture of 2 per cent O 2 in N 2 is used 
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at a flow rate of 8.3 ml s"'. The irradiation conditions are given in 
Table 5.6. 

Activated Charcoal Furnace and Soda Lime Absorber 
The activated charcoal converts the ' ^02 to C' ^O by the following 

reaction 

(2% O2 in N2) (4% CO in N2) 

This reagent also removes the N2"0, N'*02 and ''O3 contami
nants in the target output gas. Since some of the desired ' ' O product 
nuclei are also retained by the activated charcoal its volume should 
not be greater than necessary. A column 8 cm long, 1.6 cm diameter 
in a silica tube at 900°C is sufficient at a flow rate of 8.3 ml s"' (see 
Figure 3.5 and section 3.5.1, page 67). To avoid a loss of activity by 
decay the 'dead volume' of the silica tube should be kept to a 
minimum. To avoid premature exhaustion, the activated charcoal is 
changed after about 10 hours' use. 

I t is of interest to note that when activated charcoal at 900°C is 
used the composition at the furnace output is 99.6 per cent C'^O 
and 0.4 per cent C'^02. If, however, crushed graphite at 900°C is 
used instead of activated charcoal, the output gas composition 
changes to 20 per cent C'^O and 80 per cent C'^02. Hence the use 
of activated charcoal. 

The soda lime absorber removes the small percentage of C'^02 
present in the furnace output gas. Its volume is not critical, a column 
16 cm long, 2.5 cm diameter being adequate. A typical absorber of 
this type is shown in Figure 3.6. 

Flowmeters and Filters 
The flowmeters used in the system are of the variable area type. 

Since this type of flowmeter is pressure dependent the sweep gas flow 
rate is always determined from flowmeter B since this is virtually 
at atmospheric pressure. Flowmeter A reads low due to the elevated 
pressure at this point in the system. Flowmeters A and B have a range 
of 100-1000 ml m i n " ' (1.67-16.7 ml s"') (N,) at 760 mm Hg and 
18 °C. The flow rate at the air inlet should not be less than about 
100 times that in the rest of the system. Thus a useful range for the 
scavenging gas flowmeter C is 10-100 1 m i n " ' (air) at 760 mm Hg 
and 1 8 X . 

The filters are of the type described in section 3.3. I f the gas is 
required for sterile use it is dispensed through a Millipore filter as 
described in section 4.1.3. 
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Gas Transmission Tubes 
The system is connected with 2.2 mm diameter, 1.5 mm bore 

stainless steel tube. Where flexible connections are required 3.2 mm 
diameter, 2.0 mm bore nylon tube is used. The distance from the 
target to the processing equipment is approximately 10 m. Longer 
distances of up to 100 m may be used provided the target pressure 
is maintained at 0.54 kg cm"^. Unless a high sweep gas flow rate 
is maintained there is inevitably a significant loss of activity due to 
decay in transit when long gas transmission tubes are used. 

To maintain the measuring spiral and flowmeter B at approxi
mately atmospheric pressure, long lengths ( > 2 m) of small bore 
(1.5 mm) connecting tube between the spiral input and the dispensing 
point should be avoided. 

Production Techniques and System Performance 
Before bombardment the scavenge pump is started and air 

removed from the system by flushing for half an hour with the sweep 
gas flowing at about 8 ml s"'. This is done with the activated 
charcoal at ambient temperature (or by-passed) to prevent the rapid 
exhaustion of this reagent. After flushing is complete and after 
checking the target pressure, sweep gas flow rate, activated charcoal 
furnace and yield monitor, the irradiation is started. As the tempera
ture of the gas in the target increases during bombardment the 
target pressure increases and may need readjusting using the needle 
valve. A steady state of output activity is reached about 6 min after 
the start of bombardment at the stated irradiation and flow rate 
conditions. 

I f it is necessary to increase the production rate of the radioactive 
gas at the system output, the beam current is increased (Figure 5.6). 
The amount of this increase is limited by the beam distribution since 
the beam filter will not withstand a concentrated high current beam. 
However, provided the beam is well spread it is possible to run at up 
to 45 or 50 fiA with no adverse effects on the filter. To reduce the 
radioactive concentration of C'^O either the beam current may be 
reduced or the system output gas may be diluted on dispensing. 

Since a relatively high target pressure and sweep gas flow rate are 
used the system is fairly sensitive to changes in beam current; such 
changes cause variations in the target pressure which are rapidly 
reflected as variations in the sweep gas flow rate. However, this is 
not usually a problem unless the beam current is severely fluctuating. 

It will be seen from Table 5.6 that the radiochemical purity at the 
system output is in excess of 99 per cent C'^O. The ^'O recovery 
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at the system output is less than that at the target output due to 
the loss of some activity in the activated charcoal furnace. 

To avoid a premature rise in the contaminant level the activated 
charcoal furnace filling and soda lime absorber are regularly 
changed. Contaminants which are likely to affect clinical measure
ments are C'^Oi and '^02. The trace amount of '^Ni contaminant 
does not present a problem in most applications. Regular tests are 
made of the chemical and radiochemical composition of the system 
output gas using decay curve analyses and radio-gas chroma
tography. 

For systems where the irradiation parameters differ widely from 
those shown in Table 5.6, care should be taken to investigate the 
stability of the system output gas composition under all anticipated 
operating conditions. 

5.4.4 Hz '^O Production System 

General Principle 
This system is designed for the batchwise production of Hi'^O. 

The flow diagram which is of open circuit design is shown in Figure 
5.13. A mixture of 1^ per cent O2 in N2 is used as the combined 
target and sweep gas, the target pressure being maintained at about 
0.52 kg cm"" (7.4 lb in"^) above atmospheric pressure. Bombard
ment is by a 30 fiA 16 MeV deuteron beam degraded to approxi
mately 6.3 MeV by the combined filter and target window. The 
'''•N(d,n)^^0 reaction takes place, the product at the target output 
being '^Oz with small percentages of N2*^0, €^^02, N^ 'Oz, '^Os, 
C'^Oand '^Nz present as contaminants; all but the C^^O and ^ ^ N j 
are removed by soda lime and activated charcoal absorbers. The 
^̂ 02 is combined with H2 over a heated palladium catalyst to form 
H2^^0 of high specific activity which is mixed with 1-2 ml of H2O 
or physiological saline solution. The performance of the system is 
shown in Figure 5.14. 

Flow Diagram Description 
The gas passes through the system as shown in Figure 5.13. The 

target pressure and sweep gas flow rate are determined by the settings 
of pressure regulator and flow control valve A, and needle valve A. 
The target output gas is passed through soda lime to remove traces 
of C'^02, N^^02 and '^Os, and activated charcoal to eliminate the 
N2 ^ contaminant. A continuous indication of radioactive concen
tration is obtained by passing the gas through a copper measuring 
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20 iO 60 80 100 120 
Bubbling time (seconds) 

Figure 5.14 Performance of a Hz'^O production system using a 4 per cent O2 in 
N2 gas target 

Particle 
Nuclear reaction 
Current 
Energy 
Energy incident on target material 
Window material and thickness 
Energy loss in window 
Beam distribution dimensions* 
Target dimensions 

Target pressure 
Sweep/target gas How rate 
Sweep/target gas composition 
Hydrogen flow rate 
Steady state '^Oi production at catalyst 

Catalyst temperature 
Volume of water in bubbling chamber 
Maximum '^O specific activity in water 
Maximum total ' ' O activity in water 
Target output to system output 

* See section 2.4. 

Deuteron 
'*N(d,n)'50 
30 /iA 
16.1 MeV 
~ 6.3 MeV 
Al 0.70 mm 
~ 9.8 MeV 
~ 7.5 cm wide, 1.0-1.5 cm high 
12.7 cm wide, 2.6 cm high, 25.5 cm deep. 
Gas volume 842 ml at 760 mm H g 2 0 ° C 
0.52 kg cm " (7.4 lb in )̂ gauge 
8.3 mis"' 
4% O2 in N2 
~ 4 m l s - ' 
~ 1.6 m C i s " ' 
~ 0.20 mCi ml" ' 760 mm Hg 20°C 
~ 120 mCi mM " ' O2 760 mm Hg 

20°C 
146°C 
2 ml 
0.70 mCi m M " ' H j O 
78 mCi in 2 ml 
~ 10 m 
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spiral having a volume of about 10 ml in a high pressure ionization 
chamber. 

After passing through flowmeter B the target output gas is passed 
toa'Tjunction'whereitis mixed with hydrogen. From this point the 
two-way tap A directs the gas mixture either directly to waste or 
over a heated catalyst which combusts it to H 2 ' ^ 0 vapour of high 
specific activity. This vapour is swept (by the N2 and excess H2) 
into the bubbling chamber where it is mixed with 1-2 ml of H2O 
or physiological saline solution. On leaving the bubbling chamber 
the gas passes to waste. At tliis point a scavenging gas inlet is 
introduced so that the scavenge pump will not affect the sweep gas 
f\ow rate. After a suitable mixing time the two-way tap A is turned 
to waste and the contents of the bubbling chamber are extracted 
into the syringe. 

Scavenging Gas 
Since hydrogen is present in the system the choice of scavenging 

gas is important. Air may be used, provided the waste gas composi
tion is well below the explosive hmit for an air/hydrogen mixture"^'. 
(See section 9.3.1, page 316 and section 9.3.2, page 318.) This neces
sitates a scavenging gas flow rate of not less than 10 1 m i n " ^ In 
practice, a good scavenging gas flow rate is 50 1 m i n " ' . Large 
volumes, other than the shielded scavenging gas tank (see Figure 
5.76), should be avoided in the system between the scavenging gas 
inlet and the point of release into the atmosphere. A good alternative 
scavenging gas is nitrogen which may be supphed from a cylinder 
as shown in Figure 7.10. 

Target, Sweep/Target Gas and Irradiation Conditions 
The target is of the type shown in Figure 5.3 and described in 

section 5.2. The combined 0.7 mm aluminium beam filter and target 
window degrades the 16 MeV deuteron beam to approximately 
6.3 MeV. A normal target working pressure is 0.52 kg cm~^ (7.4 lb 
in" - ) gauge. Any sweep/target gas mixture of between I and 4 per 
cent O2 in N2 may be used at a target flow rate of about 8 ml s"'. 
Typical irradiation conditions are given in Figure 5.14. 

Hydrogen Supply 
Commercial grade hydrogen (99.9 per cent) is used, the flow rate 

being determined by the settings of pressure regulator B and needle 
valve B. The actual flow rate required is determined by the sweep 
gas flow rate and the oxygen concentration. For example, if 1 per 
cent O2 in N2 is being used at 8 ml s~', the volume of oxygen 
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flowing is 0.08 ml s~^ Thus the minimum flow rate of hydrogen 
required for H 2 O production is 0.16 ml s " I n practice it is advisable 
to provide an excess of about 50 per cent to ensure complete 
combustion. Thus a hydrogen flow rate of about 0.25 ml s"* is 
required for a 1 per cent O2 in N2 mixture. Similarly a 4 per cent 
O2 in N2 sweep gas flowing at 8 ml s"' requires about 1 ml s"' 
of hydrogen. 

When unstable beam currents are encountered it is desirable to 
increase the excess hydrogen flow rate to allow for the resulting 
fluctuations in the sweep gas flow rate. 

Soda Lime and Activated Charcoal Absorbers 
A soda lime absorber 16 cm long, 2.5 cm diameter is sufficient for 

the removal of the C'^02 and N " 0 2 contaminants. The 
contaminant is decomposed in the soda lime to "02- The soda 
lime absorber, the volume of which is not critical, may be of the 
type shown in Figure 3.6. However, it is important that the activated 
charcoal absorber used for the removal of N 2 ' is not larger than 
necessary since this can result in a significant loss of ' ^02 activity 
also. A column 16 cm long, 2.5 cm diameter, at ambient temperature 
is adequate at the flow rate used. 

Flowmeters and Filters 
The flowmeters used in the system are of the variable area type. 

Since this type of flowmeter is pressure dependent the sweep gas 
flow rate is always determined from flowmeter B since this is virtually 
at atmospheric pressure. Flowmeter A reads low because of the 
elevated pressure at this point in the system. Flowmeters A and B 
have a range of 100-1000 ml m i n ~ ' (1.67-16.7 ml s"') (N2) at 
760 mm Hg and 18 °C. The hydrogen supply flowmeter C has a 
range of 5 to 150 ml min ' ' (0.083-2.5 ml s " ( H 2 ) at 760 mm Hg and 
18 °C. The range of the scavenging gas flowmeter D is 10-1001 min " ^ 
at 760 mm Hg and 18°C. 

The gas line filters are of the type described in section 3.3. The 
filter used at the output of the catalyst column consists of a porosity 3 
sintered glass frit . When H2^ or labelled saline solution is required 
for sterile use it is dispensed through a Millipore filter. 

Gas Transmission Tubes 
The system is connected with 2.2 mm diameter, 1.5 mm bore 

stainless steel tube. Where flexible connections are required 3.2 mm 
diameter, 2.0 mm bore nylon tube is used. The distance from the 
target to the processing equipment is approximately 10 m. Longer 

154 



' ' O P R O D U C T I O N SYSTEMS 

distances of up to 100 m may be used, provided the target pressure 
is maintained at 0.52 kg cm"^. Unless a high sweep gas flow rate is 
maintained there is inevitably a significant loss of activity due to 
decay in transit when long gas transmission tubes are used. 

Catalyst and Bubbling Chamber 
The catalyst consists of a 6.5 cm long, 1.1 cm diameter column 

of Deoxo palladium-coated alumina pellets* heated to about 150°C. 
The pellets are packed into a Pyrex glass tube with a sintered glass 
filter at the output, the tube being mounted in an aluminium block 
containing a heating element and a thermometer. Temperature 
control is by an energy regulator. 

The bubbling chamber is a vertical pyrex glass tube 2 cm diameter, 
7 cm high, which contains the water or saline solution to be labelled. 
A spray trap is fitted at the top of the tube to prevent spray 
escaping from the system. 

The catalyst and bubbling chamber are closely positioned since 
the H2^^0 water vapour must not be allowed to condense until i t 
reaches the water or saline solution to be labelled. The junction 
consists of a high temperature two-way tap. A short length of small 
bore polyethylene tube connects the filling/extracting syringe to the 
two-way tap. The whole assembly is readily demountable to facilitate 
maintenance. 

Production Techniques and System Performance 
Before bombardment the catalyst heater is switched on and the 

temperature allowed to reach a value between 140 and 150°C. 
Two-way tap A is turned to its 'waste' position. The scavenge pump 
is started (the nitrogen scavenging gas being turned on if this is used) 
and air removed from the system by flushing for half an hour with 
the sweep gas flowing at about 8 ml s"'. After flushing, the target 
pressure and sweep gas flow rate are set to 0.52 kg cm"^ and 
8.3 ml s"^ respectively, the hydrogen flow rate being set to a value 
approximately 50 per cent greater than that required for H 2 O 
production with a given O2/N2 sweep gas mixture. The H 2 O or 
physiological saline solution to be labelled is introduced into the 
bubbling chamber, care being taken to leave two-way tap B in the 
'syringe' position to prevent liquid from entering the catalyst. After 
checking the yield monitor the irradiation is started. A steady state 
of output activity is reached about 6 min after the start of bombard
ment at the irradiation and flow rate conditions stated in Figure 5.14. 

* Deoxo Model D ~ 3 mm long x ~ 3 mm diameter. Supplied by Engelhard 
Industries. 
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Labelling is carried out by first turning tap A and then tap B to 
their Mabel' positions, the gas being allowed to pass over the catalyst 
and bubble through the H 2 O or saline solution for sufficient time 
to produce the desired radioactive concentration. After labelling, 
tap B is first turned to 'syringe' and then tap A to 'waste', after 
which the contents of the bubbling chamber are extracted into the 
syringe. 

It will be seen from Figure 5.14 that the radioactive concentration 
reaches almost 40 mCi m l " ' after 180 s bubbling time. An equi
librium condition is reached when the activity in the H 2 O or saline 
solution is decaying at a rate equivalent to the radioactive gas 
production, extraction and processing rate. It is inadvisable to 
bubble for more than 180 s since evaporation losses become 
significant. This is particularly noticeable when one is dealing with 
volumes of less than 1 ml. The authors have found that 0.75 ml is 
the minimum volume which may be labelled and extracted without 
difficulty. To prevent evaporation losses by prolonged bubbling it is 
clearly preferable to use a relatively high beam current and a short 
bubbling time, rather than the reverse. However, if low radioactive 
concentrations are required it is possible to use a beam current lower 
than 30 fiA since the activated charcoal absorber is quite capable of 
coping with the increase in N 2 ' ^ 0 production (Figure 5.7). As a 
precautionary measure the soda lime and activated charcoal 
absorbers are regularly changed. 

Quality control procedures are necessary, especially if the labelled 
H 2 O or saline solutions are to be used in humans. Specimens are 
regularly checked for their pyrogenicity and the presence of both 
stable and radioactive contaminants. A possible stable contaminant 
is NH3 produced by the catalytic combination of hydrogen and the 
nitrogen in the sweep gas. Trace levels of N H 3 were estimated 
colorimetrically using the Nessler method'^'. NH3 levels found in 
production samples were not greater than approximately 3 parts 
per million. 

The presence of any long-lived contaminants in labelled samples 
of H 2 O or saline solution is observed by decay curve analysis. A 
radiochemical purity in excess of 99.99 per cent is typical. (The trace 
amount of '^N2 does not present a problem as its solubility in water 
is negligible.) In addition, regular tests are made of the chemical and 
radiochemical composition of the Ha'^O using radio-gas chroma
tography. 

For systems where the irradiation parameters differ widely from 
those shown in Figure 5.14, care should be taken to investigate the 
stability of the system output gas composition and also the com-
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position of labelled samples of H 2 O or saline solutions, under all 
anticipated operating conditions. 

5.4.5 ''O2 Red Cell Labelling System 

General Principle 
This system is designed for the batchwise labelling of red cells 

with ^ ̂ 02. The flow diagram which is of open circuit design is shown 
in Figure 5.15. A mixture of 2-4 per cent O2 in N2 is used as the 
combined target and sweep gas, the target pressure being maintained 
at about 0.54 kg cm"^ (7.7 lb in^^) above atmospheric pressure. 
Bombardment is by a 30 ̂ A 16 MeV deuteron beam degraded to 
approximately 6.3 MeV by the combined filter and target window. 
The '*N(d,n)''0 reaction takes place, the product at the target 
output being ^^Oj with small percentages of N2 ' ^O, O^Oi, N ' 'O2, 
^ 0̂3, C'^O and ' ^ N j present as contaminants; all but the C'^O 
and '^N2 are removed by soda lime and activated charcoal 
absorbers. After Millipore filtration, a small proportion of the 
processed target output gas is bubbled slowly through 2-5 ml of 
whole blood, the remainder being shunted to waste. The performance 
of the system is shown in Figure 5.16. 

Flow Diagram Description 
The gas passes through the system as shown in Figure 5.15. The 

target pressure and sweep gas flow rate are determined by the 
settings of the pressure regulator and flow control valve and 
needle valve A. The target output gas is passed through soda lime 
to remove traces of C ^©2, N ' 'O2 and ' ^63, and activated charcoal 
to eliminate the N2'^0 contaminant. A continuous indication of 
radioactive concentration is obtained by passing the gas through a 
copper measuring spiral having a volume of about 10 ml in a high 
pressure ionization chamber. 

After passing through flowmeter B the target output gas is passed 
to two-way tap A which directs it either directly to waste, or to 
the by-pass needle valve B and the sterile assembly and hence 
through the blood. On leaving the bubbling chamber the gas passes 
to waste. At this point an air inlet is introduced so that the scavenge 
pump will not affect the sweep gas flow rate. After a suitable 
mixing time the blood is extracted into the syringe. 

Target, Sweep/Target Gas and Irradiation Conditions 
The target is of the type shown in Figure 5.3 and described in 

section 5.2. The combined 0.7 mm aluminium beam filter and target 
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5.16 Performance of a ' * 0 0 red cell labelling system using a 4 per cent O2 
in N2 gas target 

Particle 
Nuclear reaction 
Current 
Energy 
Energy incident on target material 
Window material and thickness 
Energy loss in window 
Beam distribution dimensions* 
Target dimensions 

Target pressure 
Sweep/target gas flow rate 
Sweep/target gas composition 
Steady state '^Oi production at system 

output 

Volume of blood in bubbling chamber 
Gas flow rate through blood 
Typical '^O activity in blood 
Target output to system output 

• See section 2.4. 

Deuteron 
"'N(d,n)'50 
30 nA 
16.1 MeV 
~ 6.3 MeV 
Al 0.70 mm 
~ 9.8 MeV 
2.0-2.5 cm wide, 1.0-1.5 cm high 
12.7 cm wide. 2.6 cm high, 25.5 cm deep. 
Gas volume 842 ml at 760 mm Hg 20 °C 
0.54 kg cm"^ (7.7 lb in"^) gauge 
8.3 mis"' 
4% O2 in N2 
~ 1.6 mCi s"' 
~ 0.20 mCi ml - ' 760 mm Hg 20 "C 
~ 120 mCi m M " ' O2 760 mm Hg 

20 °C 
5 ml 
- 0 . 8 m i s - ' 
~ 4.3 mCi in 5 ml t 
~ 10 m 

t Value variable, highly dependent on haemoglobin concentration and other factors (see text). 
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window degrades the 16 MeV deuteron beam to approximately 
6.3 MeV. A normal target working pressure is 0.54 kg cm"^ (7.7 lb 
in"^) gauge. Any sweep/target gas mixture of between 2 and 4 per 
cent O2 in N2 may be used at a target flow rate of about 8 ml s"'. 
Typical irradiation conditions are given in Figure 5.16. 

Soda Lime and Activated Charcoal Absorbers 
A soda lime absorber 16 cm long, 2.5 cm diameter is sufficient for 

the removal of the C'^02 and N ' ^ O j contaminants. The ' ^ © 3 
contaminant is decomposed in the soda lime to ''O2. The soda lime 
absorber, the volume of which is not critical, may be of the type 
shown in Figure 3.6. However, it is important that the activated 
charcoal absorber used for the removal of N2'^0 is not larger than 
necessary since this can result in a significant loss of '^02 activity 
also. A column 16 cm long, 2.5 cm diameter, at ambient temperature 
is adequate at the flow rate used. 

Flowmeters and Filters 
The flowmeters used in the system are of the variable area type. 

Since this type of flowmeter is pressure dependent the sweep gas flow 
rate is always determined from flowmeter B since this is virtually at 
atmospheric pressure. Flowmeter A reads low because of the elevated 
pressure at this point in the system. Flowmeters A and B have a 
range of lOO-lOOO ml m i n " ' (1.67-16.7 ml s"') (N2) at 760 mm Hg 
and 18°C. A normal scavenging gas flow rate is 50 1 m i n " ' . Thus 
the scavenging gas flowmeter C has a range of 10-100 1 m i n " ' at 
760 mm Hg and 18°C. 

The gas line filters are of the type described in section 3.3. The 
Millipore filter at the input of the sterile assembly is a Swinnex-13 
filter unit used with a type HA 0.45 ^m filter, or a 25 mm diameter, 
0.22 fim Millex disposable filter (see also section 4.1.3). 

Gas Transmission Tubes 
The system is connected with 2.2 mm diameter, 1.5 mm bore 

stainless steel tube. Where flexible connections are required 3.2 mm 
diameter, 2.0 mm bore nylon tube is used. The distance from the 
target to the processing equipment is approximately 10 m. Longer 
distances of up to 100 m may be used provided the target pressure 
is maintained at 0.54 kg cm"^. Unless a high sweep gas flow rate is 
maintained there is inevitably a significant loss of activity due to 
decay in transit when long gas transmission tubes are used. 
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Sterile Assembly and By-Pass Needle Value 
The sterile assembly comprises the Millipore filter, the mixing 

chamber, a two-way tap and the filling/extracting syringe. The 
mixing chamber consists of a vertical glass tube 7 cm high, 2 cm 
diameter, above which is mounted the spray trap. At the input of the 
mixing chamber is a disposable two-way tap adjoining the Millipore 
filter. The disposable filling/extracting syringe is connected using a 
short length of small bore polyethylene tubing. Several such 
assemblies are in use; all are identical and designed in such a way 
that they are readily demountable for cleaning. As a precaution 
against foaming, the mixing chambers are prepared using an anti-
foam agent containing silicones (see section 7.7, page 254). 

Because red cells are easily haemolysed if subjected to violent 
agitation, it is necessary to restrict the flow of gas through the blood. 
This is done using the by-pass needle valve B which shunts most of 
the gas to waste, resulting in a very low flow rate ( ~ 0.8 ml s"') 
through the blood. Since the exchange of oxygen in a given red cell 
is very rapid, the amount of activity obtained in the blood is deter
mined by the time of mixing, and gas oxygen concentration (partial 
pressure) and specific activity, rather than the flow rate. To obtain 
optimum control of the flow rate through the blood it is necessary 
to have some series impedance to the gas flow at the input of the 
sterile assembly. Normally the Millipore filter provides this, but 
when insufficient control is obtained from the by-pass needle valve, 
an additional needle valve may be required at the input of the 
Millipore filter. 

Production Techniques and System Performance 
Before bombardment the two-way tap A is set to its 'waste' 

position, the scavenge pump started and air removed from the system 
by flushing for half an hour with the sweep gas flowing at about 
8 ml s"'. The target pressure and sweep gas flow rate are then 
adjusted to 0.54 kg cm"^ and 8.3 ml s"^ respectively. The by-pass 
needle valve B is adjusted to produce a small flow rate (two or 
three bubbles a second) through about 5 ml of blood in a test sterile 
assembly. Having adjusted the flow rate in this way, this assembly is 
replaced by one containing the blood to be labelled, care being 
taken to ensure that tap A is in the 'waste' position during this 
procedure. With the sweep gas still flowing to waste, the yield 
monitor is checked and the irradiation started. A steady state of 
output activity is reached about 6 min after the start of bombardment 
at the flow rate and irradiation conditions stated in Figure 5.16. 

Labelling is carried out by first turning tap A and then tap B to 
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their 'label' positions, the system output gas being allowed to bubble 
slowly through the blood for sufficient-time to produce the desired 
radioactive concentration. When labelling is complete tap B is first 
turned to 'syringe' and then tap A to 'waste', after which the blood 
is extracted into the syringe. No significant advantage has been 
found by using de-oxygenated blood, or by reducing the temperature 
below ambient"'' when labelling. Blood samples supplied for label
ling normally contain an anticoagulant such as heparin or A C D 
(see section 7.7, page 255). 

It will be seen from Figure 5. J 6 that the radioactive concentration 
reaches an equilibrium level of about 0.85 mCi ml"' after a 4 min 
bubbling time, being approximately 95 per cent of the calculated 
maximum assuming a normal haemoglobin level of 14.5 g 100 ml"' 
of blood**"'. The actual radioactive concentration achieved in a given 
blood sample depends upon many factors. Of particular importance 
is the haemoglobin concentration, the bubbling time, the specific 
activity of the '^02, and the partial pressure of oxygen in the 
sweep gas. Since the percentage saturation of haemoglobin rises with 
the partial pressure of oxygen present up to ^ 40 mm Hg< '̂, it would 
seem desirable to use a sweep gas containing an O2 partial pressure 
close to this value. However, the use of such a gas mixture results 
in a relatively low specific activity (Table 5.2) and as we have seen, 
the specific activity is one of the principal factors which determines 
how much activity passes into the red cells. Thus the ideal gas 
mixture for red cell labelling with '^©2 is one of high specific activity 
and relatively high oxygen concentration. Clearly this is another 
situation where one is faced with highly conflicting requirements; in 
practice a sweep gas mixture of between 2 and 4 per cent O2 in N2 
has been found to be satisfactory. 

An increase in the specific activity* of '^©2 in a given sweep gas 
mixture may be achieved by raising the beam current {Figure 5.6). 
The amount of this increase is limited by the beam distribution 
since the beam filter will not withstand a concentrated high current 
beam. However, provided the beam is well spread it is possible to 
run at up to 45 or 50 fiA with no adverse effects on the filter. 

Should less than the maximum attainable blood radioactive con
centration be required, either the bubbling time or the beam current 
may be reduced. It is preferable to use a shorter bubbling time as 
this reduces the possibiHty of haemolysis. When a beam current 
lower than 30 fiA is used the activated charcoal absorber is quite 

* Some advantage may be gained by using a closed circuit system as described 
in section 5.4.6 provided there is no gradual accumulation of any undesirable long 
lived contaminant which will also label the blood, e.g. " C O . 
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capable of coping with the increased N2'^0 production (Figure 5.7). 
However, since the solubility of N 2 O in blood'^''* is significant 
compared to that of oxygen'^' ( ~ 0.47 ml N 2 O m l " ' blood: 
~ 1.3 ml O2 m l " ' blood at 37°C and 760 mm Hg), the activated 
charcoal absorber is regularly changed, as is the soda lime absorber 
also. 

For some measurements the presence of even trace amounts of 
long-lived contaminants is undesirable; one such contaminant is 
" C O . (The trace amount of '^N2 does not present a problem as 
its solubility in blood is negligible.) Thus the radiochemical purity 
of typical labelled blood samples is regularly checked by decay curve 
analysis, a value in excess of 99.9 per cent ' ' O 2 being usual. The 
composition of the system output gas is determined radio-gas 
chromatographically. 

In systems where the irradiation parameters differ widely from 
those shown in Figure 5.16 care should be taken to investigate the 
stability of the system output gas composition and also the radio
chemical purity of typical labelled blood samples under all anti
cipated operating conditions. As with all procedures where blood is 
being handled for labelling and subsequent re-injection, every care 
should be taken to avoid accidental red cell damage and, of course, 
contamination by non-sterile media (see also section 7.7, page 253). 

5.4.6 Other ' ' O Production Systems 

Composite ' ^O Production and Labelling Systems 
In general, separate systems are to be preferred for the production 

and use of '^O labelled gases since this provides the greatest degree 
of flexibility, purity of product and reliability. However, it may be 
more convenient or economic to combine two or more systems into 
a composite unit. For instance it will be seen from Figures 5.13 and 
5.15 that the systems for H2'^0 production and '^02 red cell 
labelling are identical up to the output of flowmeter B. Thus if both 
labelling facilities are required it is possible to use a common ' ' O 2 
production system and direct the system output gas to the respective 
labelling equipment using a two-way tap. Similarly a composite 
system capable of producing '^02 and C O is feasible using a 
suitable arrangement of shunts, and taps or solenoid valves (cf 
Figures 7.8 and 7.14, and section 3.8, page 85). In this case a 
common sweep/target gas of 4 per cent O2 in N2 would be desirable.* 

* Suitable precautions should be taken when using 4 per c^nt O2 in N2 for C'^O 
production since the system output gas contains 8 per cent C O (see section 9.3.2, 
page 317). 
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I f the composite system were required to produce C''02 as well, 
it would also be necessary to adequately flush the target with the 
2.5 per cent C O 2 in N2 sweep/target gas, since the presence of 
oxygen could prematurely exhaust the charcoal furnace resulting in 
breakthrough and unacceptable levels of '^02 contaminant. 

Considerable care has to be taken in the design of complex 
composite radioactive gas production systems since undesirable con
taminants can appear in the system output gas, especially following 
the operation of arrays of taps or solenoid valves. Thus the perform
ance of such systems should be thoroughly ascertained in all modes 
of operation and under all anticipated irradiation conditions. An 
important feature of such systems is that they should be 'fail safe'. 

Closed Circuit ' Systems 
All the '^O production systems so far described have been of the 

open circuit type, that is to say, the system output gas is passed to 
waste. An alternative is to return the system output gas to the 
target for re-irradiation as shown in Figure 5.17. Such a system is 
known as a closed circuit system. The principal advantage of such 
a system is that since no product nuclei are wasted, the specific 
activity of the sweep/target gas can be maximized. Closed circuit ' 
systems are therefore of value where only a limited beam current is 
available (possibly of low energy), or where the maximum attainable 
specific activity is required. Thus they are preferred by some workers 
for red cell labelling and the production of H2''0<^^'^^'. It is 
important, however, that the target volume is kept to a minimum 
(not greater than approximately 300 ml gas volume at 760 mm Hg 
and 20 °C) since a long gas residence time in the target results in the 
decay of a significant proportion of the recirculated '^O product 
nuclei. A high circulating gas flow rate is required to obtain optimum 
efficiency, a typical value being between 8 and 16 ml s"'. The pump 
should be of small dead volume, oil free, and capable of maintaining 
an output pressure of about 1 kg cm"^ (14 lb in"^) at the above 
flow rate. Oi l free diaphragm and peristaltic tube pumps have been 
used successfully in closed circuit systems (see section 3.11.3, page 98). 

To operate the system shown in Figure 5.17 taps A and B (which 
should be separated by the minimum length of tube) are turned to 
' f i l l ' and 'waste' respectively and the system thoroughly flushed out 
to waste with the pump running. Tap B is then turned to 'circulate' 
and the system filled with the sweep/target gas (typically 4 per cent 
O2 in N2) until the desired target pressure is reached, tap A then 
being turned to 'circulate' also. The irradiation is then started and 
the yield allowed to reach equilibrium. Samples of radioactive gas 
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may be dispensed into a syringe from tap C, or the gas passed 
through the mixing chamber if physiological solutions are to be 
labelled. 

A disadvantage of closed circuit '^O systems can be the gradual 
accumulation of undesired long-lived contaminants such as '^C and 
^^N. Care should be taken to avoid excessively long irradiation 
periods since the proportion of oxygen in the sweep/target gas is 
gradually reduced, it being radiolytically combined with the 
nitrogen. 

5.4.7 ' Production System Selection 
Since all the '^O production systems use a gas as the target 

material, no preparation of target material is required. Moreover, 
the use of an identical design of target for all the systems allows a 
common target to be used provided care is taken to flush thoroughly 
the target when a different sweep/target gas is introduced. In general 
the beam power density (beam distribution) is not critical provided 
concentrated high current beams are avoided. 

The choice of '^O production system is determined principally 
by whether only gas phase, or gas phase and 'solution' (H2 ' ^0 and 
^^©2 red cells) samples are required. I f is required only in the 
gas phase, the system described in section 5.4.1 (page 136) is adequate. 
However, if labelled solutions are also envisaged the systems 
described in sections 5.4.4 (page 150) and 5.4.5 (page 157) should be 
considered, since with a simple modification {viz. a two-way tap at 
the output of flowmeter B), both gas phase and solution samples may 
be prepared. Of course, if only Ha^^O and '^©2 red cells are 
required the systems described in sections 5.4.4 and 5.4.5 may be used 
as described therein. 

The C' ^62 production system described in section 5.4.2 (page 140) 
uses a CO2/N2 mixture as the sweep/target gas. Thus the product 
at the target output is in the desired chemical form. Hence, only a 
small activated charcoal furnace is required for the removal of trace 
'^©2 with only a moderate loss of the desired product nuclei. This 
is a much better arrangement than earlier systems'*°' where the '^O 
was produced as * ^02 (using a O2/N2 sweep/target gas mixture) and 
converted to C*^02 using large activated charcoal and cupric oxide 
furnaces, resulting in an 80 percent loss of the desired product nuclei. 

Since no satisfactory method for the 'direct' production of C^^O 
has been found, the system for C'^O production (section 5.4.3, 
page 145) is based on earher systems*'"'. However, the '^O recovery 
at the system output has been maximized by using an optimum 
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volume of activated charcoal, and the minimum number and volume 
of other reagents. 

The comparative performance of the ' production systems is 
given in Table 5.7. 
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Nitrogen-13 

6.1 I N T R O D U C T I O N 

Nitrogen-13 is a cyclotron produced radionuclide having a half-life 
of 10 min and decaying by the emission of positrons having a 
maximum energy of 1.19 MeV to the stable nuclide carbon-13 
{Figure 6.i)<^'. 

Per cent _ Transition 
Radiaticxi per energy 

disintegration (MeV) 

Beta plus 100 1-19 * 

Reference: (8) 

*Endpoint energy (MeV) 

Beto - plus decay 

10 0 min 

Stable 

Figure 6.1 Nitrogen-13 decay scheme 

Since nitrogen is relatively insoluble in blood, molecular nitrogen 
labelled with ' • ' N is an ideal tracer for use in some pulmonary 
function studies'^'*'^'*, in particular the investigation of regional 
pulmonary ventilation""'' ' ' '*'^"*. By careful preparation it is 
possible to produce solutions of '^N2 ( '^NN) in water or physio
logical saline'^'^', these being of particular value in the study of 
regional pulmonary blood flow*^'. 
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The 0.511 MeV gamma radiation resulting from positron annihila
tion permits measurements over regions of interest using arrays of 
fixed detectors*^'^°'. The short half-life of nitrogen-13 makes it 
essential that clinical facilities for the use of this radionuclide are 
sited near to the point of production. Both 'on line' and batch-wise 
techniques are used, the choice to some extent being determined by 
the form in which the '^Na is to be administered, that is to say, in 
the gas phase or in solution. 

Although '^N2 is by far the most widely used chemical form in 
most centres of nuclear medicine, there is a growing interest in ' ^ N 
labelled compounds such as '^NHa and H C ' ^ N for use in sophis
ticated tracer studies<'5.7.>2,i3.i5,i7,i9,2i,23) 

TABLE 6.1 

SOME P H Y S I C A L C H A R A C T E R I S T I C S A N D C L I N I C A L U S E S O F '^NN 

Half 
life 

(min) 
Principal 
emissions 

Nuclear 
reaction for 

production in 
typical 
target 

systems 

Practical 
threshold 
enercjy* 
(Mev) 

Typical 
available 

radioactive 
concentration 
and specific 

activity\ 

Clinical uses 
and 

references 

10.0 
1.19 MeV 
1.00 per 
disintegration 
resulting in 
2.00 0.511 MeV 
annihilation 
gamma 
photons per 
disintegration 

2C(d,n)'3N 25 mCi m l " ' 

1.9 X 10* mCi 
m M " ' N j 

(760 mm Hg 
20 °C) 

Regional 
pulmonary 
ventilation 
and blood 
flow 
investigations 
(5, 9, 10, 11, 
18, 20, 24, 25) 

* Derived from data in T h e production of the radioisotopes " C . '^Nand " O using the deuteron beam from 
a 3 MeV Van de Graaff accelerator.' A. 1. M. Ritchie. Nuclear Instruments and Methods. 64, 181-4 (1968). 

t Based on relevant data contained in this work. 

6.2 TARGET SYSTEMS 

From Table 2.1 it will be seen that ' ^ N may be produced by 
several nuclear reactions. Some of these are rarely used either 
because they have high threshold energies at which there could be 
interference from undesired nuclear reactions, or because of a low 
yield of product nuclei. The most commonly used is the '^C(d,n)*^N 
reaction (Table 6.1). Thus the target inaterial is carbon as CO2, CO, 
graphite'^'^^* or activated charcoal*" '̂. Hence a number of target 
designs are feasible; in practice each has specific advantages for use 
in a given production system (Table 6.2). 
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Generally speaking '^N2 is required either in the gas phase or in 
solution. Any of the systems to be described will in principle produce 
'^N2 in the gas phase. In practice, however, the physiological 
application must also be considered and this precludes the 'on line' 
use of some systems since the target effluent contains a high 
proportion of CO2 or CO. 

Nitrogen-13 solutions are more difficult to produce. Since the 
solubility of N2 is low (-0.014 ml m l " ' H2O at 760 mm Hg, 
40°C)''*'', only a relatively smafl number of'^N2 molecules wifl pass 
into solution if the system output gas is bubbled through it, a 
typical solution radioactive concentration being the order of 6 ^Ci 
m l " ' . Since radioactive concentrations of approximately 0.2 mCi 
m l " ' are necessary for some physiological studies, a more sophis
ticated approach is necessary. Basically '^N2 solutions are prepared 
by absorbing the system output CO2 in sodium hydroxide solution, 
thus concentrating the product nuclei in a bubble consisting of the 
accumulated residual permanent gases found in the system. When 
this bubble is shaken vigorously with water or physiological saline, 
some of the '^N2 molecules pass into solution. The amount of '^N2 
which passes into solution depends upon several factors, the most 
important of which are the specific activity of the '^N2 and the 
partial pressure of N2 in the gas bubble. It is desirable that the 
target and processing systems should contain as little N2 and other 
sparingly soluble trace gases as possible and careful design is 
necessary to achieve this. 

We shall now consider in detail three types of target system for 
'^N2 production, two of which are suitable for the preparation of 
'^N2 solutions. 

6.2.1 Target for '^N2 Production Using CO2 as a Target Material 
(Gas Target) 

Target Design 
Nitrogen-13 may be continuously produced in a gas target using 

CO2 as the combined sweep gas and target material. A typical target 
is shown in Figure 6.2. Designed for use with a 16 MeV deuteron 
beam, it produces ' ^ N by the '^C(d,n) '^N reaction. The target is 
made of aluminium and uses a 0.7 mm aluminium combined beam 
entry window and degrading filter to reduce the incident charged 
particle energy to ~ 6.3 MeV. A gas pressure of approximately 
0.68 kg cm" ^ (9.7 lb in"^) gauge is maintained which ideally further 
reduces the deuteron beam energy to ~ 3 MeV (the practical 
threshold energy for the '^C(d,n) '^N reaction). 
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I t will be seen that this target is identical to that described in 
chapter 5 for ^ 'O production and, provided it is thoroughly flushed 
before bombardment, it may be used for the production of either 
radionuclide. Thus the design parameters considered in section 5.2 
also apply, with the exception that the traiismission of the product 

1. Target mounting plate. 
2. Air cooled window/beam filter (0-7 mm aluminium). 
3. Water cooled gas tight target box. 
4. Sweep/target gas connections. 
5. Cooling water connection. 
6. Cooling water channel. 

Internal Dimensions: 12-7 cm wide 
2-6 cm high 

25-5 cm deep 

Gas Volume: 842 ml at 760 mm Hg 20°C 

Figure 6.2 CO2 gas target for ' ^NN production 

nuclei over long distances is less of a problem due to the longer 
half-life of i ^ N . 

The principal use of this target system is for the batch-wise 
production of high specific activity ' • ' N i gas and physiological saline 
solutions. Its use 'on line' for physiological studies is inadvisable 
since, even if diluted, the output gas would probably still contain 
an unacceptable proportion of CO2. In general, large volume low 
pressure targets for use at high energies are to be avoided. Experi-
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mental bombardments using this type of target have shown that 
there is virtually no improvement in the production rate of ' ^ N and 
one has the disadvantage of a larger 'dead volume' resulting in a 
lower radioactive concentration at the target output. The flushing 
time for such a target is also considerably longer than that required 
for a small volume high pressure target. 

Target Performance 
Table 6.2 shows the performance under typical irradiation and 

flow rate conditions, of the target shown in Figure 6.2. The gas 
circuit used for these measurements is shown in Figure 6.12. 
Analytical grade CO2 sweep gas was used containing 10-50 vpm of 
residual gases. Yield measurement was by a 10 ml copper spiral in a 
high pressure ionization chamber. It was found that if the target was 
thoroughly flushed before bombardment (18 h at 25 ml m i n " ' ) the 
radiochemical purity of the product nuclei at the target output was 
in excess of 99 per cent ' ^N2, the only significant contaminant being 
C '^02 , formed by the "*N(d,n) '^0 reaction on trace nitrogen in the 
system. Traces of ' ^ N 2 0 ( ' ^ N N 0 ) and ' ^ N 0 2 were also found in 
some bombardments. Inadequate flushing of the target resulted in 
the formation of significant amounts ( ~ 6 per cent) of C '^02 
(C'^OO). Since ' ^ N 0 2 is accumulated by reaction with a copper 
spiral this contaminant could give rise to an inaccurate yield 
indication as it becomes irreversibly adsorbed in the yield measuring 
spiral. Thus the yield measuring spiral was preceded by a copper 
spiral trap. The presence of '•'NO2 and the efficiency of the trap 
were ascertained by taking gas samples from points X and Y {Figure 
6.12) and absorbing the CO2 and any NO2 in these samples in 5N 
sodium hydroxide solution. Any absorbed '^N2 was removed by 
bubbling N2 through the NaOH solution, the residual activity being 
due to ' ^ N 0 2 or C'^Oz. Since the C'^Oa content of the gas 
samples could be determined radio-gas chromatographically, it was 
possible to arrive at an estimate of the '•'NO2 activity. The label 
of this compound was confirmed by decay curve analysis. In fact 
only trace amounts of '•'NO2 activity were found at the target 
output. 

Two columns were used in the radio-gas chromatograph; a 
30 cm X 4.8 mm 80-100 mesh molecular sieve (type 5A) for the 
analysis of N2, O2 and CO, and a 1.5 m x 4.8 mm 80-100 mesh 
Porapak-Q to separate N2 from CO2 and N2O at 50°C (see section 
3.2.3, page 50). 

The relationship between beam current and '''N2 recovery at a 
constant target pressure and flow rate was investigated, the result 
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being shown in Figure 6.3. As can be seen the rate of recovery 
increases linearly with beam current up to 40 ^A. The maximum 
beam current of 16 MeV deuterons which the 0.7 mm aluminium 
target window can withstand is largely determined by the beam 

t; 007 

? 0 0 5 o 

a OOi 

2 001 

0 5 10 15 20 25 30 35 iO 
Beam current /tA 

Nuclear reacfion '^C(d, n ) ' ^ N 
Beam energy incident on target material . . . ~ 6-3 MeV 
Beam distribution 5-0-7-5 cm wide 

1-0-1-5 cm high 
Sweep/target gas CO2 
Sweep/target gas flow rate 2 mis" ' 
Target pressure 0-66 kg cm~^ 

(9-45 lb in"^) gauge 
Figure 6.3 CO2 gas target: ' ̂ NN recovery versus beam current 

distribution. A beam current of 40 ^A is close to the maximum at 
which this type of target may be used with a beam 5-7.5 cm wide 
and 1 cm high. It is preferable to have a well spread beam not 
only to minimize the possibility of target window failure, but also 
to avoid the possibility of the beam striking the end of the target 
box. This may happen especially when a highly concentrated beam 
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is used since the density of the gas in the beam path is reduced as 
it is heated by the beam. 

It will be seen from Table 6.2 that the production rate is only 
about 20 per cent of that obtained from the graphite matrix target, 
the alternative target used for '^Na solution preparation. This is not 
such a disadvantage as it might at first appear since the specific 
activity of the ^^Ni is much higher than that obtainable from the 
graphite matrix target, and high specific activities are necessary for 
'^Ni solution preparation. In practice the radioactive concentration 
of ^̂ N2 solutions obtained using the gas target is very comparable 
to that obtained using the graphite matrix target (see Tables 6.3 
and 6.4). 

The CO2 gas target may be used for the batch-wise production 
of ^̂ N2 gas samples of useful radioactive concentration, although 
for maximum activity '^N2 gas samples, the graphite matrix target 
described in section 6.2.2 is to be preferred (Tables 6.3 and 6.4). 

The operational characteristics of the CO2 gas target for '^N2 
solution preparation may be summarized as follows: 

(a) The specific activity of the '^N2 is limited principally by the 
purity of the sweep/target gas. 

(b) The product nuclei are easily recovered from the target. 
(c) No preparation of target material is required. 
(d) Low energy deuteron beams may be used (with appropriate 

adjustment of target window thickness). 
(e) The beam distribution is not critical provided highly concen

trated beams are not used. 
( / ) The target pressure must be maintained during bombardment 

to prevent the beam from striking the end of the target. 
(g) No ^^C labelled contaminants are produced. 

Procedures for using the CO2 gas target for the batch-wise prepara
tion of ^̂ N2 gas phase and solution samples are fully described in 
section 6.3.1 (page 191). 

6.2.2 Target for '^N2 Production Using Graphite as a Target 
Material 

Target Design 
An alternative type of ' ^ N target for batch-wise gas phase and 

solution preparation is the graphite matrix target. Designed for use 
with a concentrated 16 MeV deuteron beam it produces *^N by 
the '^C(d,n)^^N reaction. As mentioned in section 6.2, when making 
^̂ N2 for use in solution it is imperative that unwanted gases are 
excluded from the cyclotron target, its sweep gas and the gas 
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handling system. I f these unwanted gases are insoluble they wiii have 
the undesired effect of reducing the partial pressure of N2 and thus 
the proportion of '''N2 dissolving in the final solution. Hence the 
target material is carbon in the form of graphite, the adsorbed gas 
content of which is much lower than that of activated charcoal used 
in the target for gas phase '•'N2 preparation described in section 
6.2.3. 

The complete target is shown in Figures 6.4 and 6.5. The target 
material consists of a block of graphite* 13.7 cm wide, 2.5 cm high 

V Water cooled target mounting plate 
2, Air cooled window (0-025 mm EN58B stainless steel) 
3. Spacer 
L Graphite matrix 
5. Water cooled gas tight target box 
6. Sweep gas connections 
7. Cooling water connections 

Figure 6.4 Graphite matrix target for '^NN production 

and 1.3 cm thick in the direction of the beam path, the surface of 
which is cut (to a depth of 8 mm) into a matrix of rectangular prisms 
of 3 mm X 3 inm cross section. This block fits into the aluminium 
water-cooled gas-tight target box which also contains the sweep gas 
input and output ports. An aluminium spacer is used to retain the 
graphite block in position, supporting it about 9 mm from the 
0.025 mm stainless steel beam entry window. The whole assembly is 
secured by the water-cooled aluminium target mounting plate which 
bolts onto the target box. An air blast is used to cool the foil 
window. 

* General purpose extruded eraphite grade EY9 (supplied by Morganile Carbon 
Ltd). 
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The sweep gas is C02t- During bombardment the graphite, which 
is raised to a temperature in excess of 1450°C by the beam power 
(typically ~ 920 W at 60 /<A) is eroded as the following reaction 
occurs: 

C-hC02- • 2CO 

This continuous erosion leads to the release of volatile *^N labelled 

0 1 2 3 4 5 
I — I I I i — i 

cm 

Target mounting plate 

15 cm 
2-6 cm 

2-4 cm 2-4 cm 

37 cm 

Sweep gas connection 

, Cooling water channel 

0' ring 

Graphite matrix 

Spacer 

Gas tight 
target box 

•Cooling water 
connection 

0025 mm 
EN58B stainless 
steel foil window 

Figure 6.5 Sectional side view of graphite matrix target 

molecules previously trapped in the graphite lattice. Of particular 
importance is the release of ^̂ N2. 

The purpose of cutting the graphite into a matrix as shown in 
Figure 6.4 is to minimize the heat loss by conduction from the area 
struck by the beam. This increases the release of ^ ̂ N2 from the target 
since the erosion is more rapid at high temperatures. 

t Analytical grade containing 10-50 vpm of residual gases (supplied by Distillers 
Co. Ltd). 
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The pressure within the target is maintained at about 0.07 kg cm " ^ 
(1 lb in~^) gauge, which is sufficient for transmission of the product 
nuclei up to a distance of about 50 m without the use of a pump, 
through gas transmission tubes of 1.5 mm bore. The gas inlet and 
outlet connections are made using te in vacuum fittings. Because of 
the small gas volume of the target only short pre-bombardment 
flushing times are necessary. 

Since the target effluent is largely CO, its use 'on line' for physio
logical studies is inadvisable since even if diluted, the output gas 
would probably still contain an unacceptable proportion of CO. 

Target Performance 
. Table 6.2 shows the performance under typical irradiation and 
flow rate conditions, of the target shown in Figure 6.4. The gas 
circuit used for these measurements is shown in Figure 6.14. Yield 
measurement was by a 10 ml copper spiral in a high pressure 
ionization chamber. 

The choice of CO2 as a sweep gas is the result of several initial 
experiments in which a number of different sweep gases were used in 
conjunction with a target material consisting of a thin slotted 
graphite sheet. It was found that the yield at a beam current of 
50 and a sweep gas flow rate of 1 ml s~' was in the ratio of 
1:0.02:0.004 for sweep gases of CO 2, A and H2 respectively. Also 
when argon was used the target effluent contained a high proportion 
( ~ 35 per cent) of ^^A from the *°A(d,p)*'A reaction. 

The yield from the graphite matrix target is quite sensitive to 
beam power density, it being primarily a function of the amount of 
target material in the beam strike area reacting with the CO2 sweep 
gas. At high power densities, and hence at high temperatures erosion 
is more rapid. Under normal cyclotron operating conditions the 
beam strike area is approximately 5 cm^, the life of the graphite 
matrix being about 8 h. Experiments using copper and nickel foils 
embedded in the graphite matrix indicate a temperature of at least 
1450 °C in the beam strike area using a beam power density of 
- 6 4 W c m - 1 * 

The configuration of the graphite matrix may be varied without 
significantly affecting the rate of recovery of the product nuclei. 
Experimental bombardments using a graphite block cut only in the 
horizontal or vertical plane gave good results. 

Bombardments at different beam power densities show clearly that 
high power densities are necessary for good recovery of the product 

* At fringe of central area { ~ 3.8 cm x ~ 1.3 cm) in which 50 per cent of the beam 
is concentrated (see section 2.4, page 41). 
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nuclei. The yield using a 30 iik concentrated ( ~ 1 cm wide x ~ 1 cm 
high) beam was 1.6 times that obtained with a 60 nh. normal 
(2.5-5 cm X ~ 1 cm) beam distribution, the sweep gas flow rate 
being the same for both measurements. Similarly the production 
rate using a 60 nk spread ( ~ 7 cm x ~ 1 cm) beam was only about 
0.2 of that obtained when a 60 nk normal (2.5-5 cm x ~ 1 cm) 
beam was used (see section 2.4, page 41). 

A major problem when using this type of target system is to find a 
beam entry window which retains its strength at elevated tempera
tures. Stainless steel foil (EN58B)t 0.025 mm thick has proved to be 
very reliable at beams currents up to 70 jxk. 

The combined efficiency for the graphite matrix target system is 
about 6 per cent. This value was obtained by comparing the yield of 
' ^ N recovered from the graphite matrix with that induced in a solid 
block of graphite having the same dimensions as that used in the 
target, under conditions where there were no losses of ^^N labelled 
molecules. 

The relationship between beam current and ' • 'N recovery at a 
constant target pressure and flow rate was investigated, the result 
being shown in Figure 6.6. A normal beam distribution was used 
with a standard graphite matrix target. Samples of target output 
gas at various beam currents were also taken for gas chromato
graphic analysis (Figure 6.7). As can be seen the yield increases 
rapidly in the 40-50 fik region, this being the value of beam current 
at which erosion of the matrix starts to occur. This is confirmed 
by the rise in CO production at the same beam current as shown 
in Figure 6.7. Although there is some flattening of the yield/beam 
characteristic at 70 ^A, the maximum yield obtainable in practice is 
limited by the strength of the target window at beam currents in 
excess of this value. 

Figure 6.8 shows the ' ^ N radioactive concentration at the target 
output as a function of target output gas flow rate. It will be seen 
that the radioactive concentration rises rapidly to its maximum 
value at about 0.8 ml s" ^; at flow rates above this it falls slowly as 
the target eflfluent is diluted by the excess CO2 sweep gas (see Figure 
6.9). The radiochemical purity at the target output under typical 
irradiation and flow rate conditions is in excess of 97 per cent ' ^ N i 

t E N 5 8 B is an austenitic chromium-nicke l steel liaving rust, acid and heat 
resisting pioperties. It is manufactured to B.S. Specification 970: 1955 and may be 
obtained in thin foil from Goodfel low Metals L t d , Esher, Surrey, England. Its 
composition is as follows: C : 0.15% (maximum); S i : 0.20% (minimum); M n : 2.00% 
(maximum); N i : 7.0-10.0% and C r : 17.0-20.0% (the sum of the nickel and chromium 
contents shall not be less than 25%); T i : not less than four times the carbon 
content; S: 0.045% (maximum); P : 0.045% (maximum). 
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the most significant contaminant being H C ' ^ N . This compound, 
determined both chemically and radio-gas chromatographically 
comprises about 2.4 per cent of the total target output activity. Traces 
of ^^N02 have also been found, this being detected by absorption 
in sodium hydroxide solution as described in section 6.2.1. Decay 
curve analysis also revealed traces of a ^'C labelled soluble 
compound. 

0 - 4 5 r 

<J 0-40 

3 0-35 

S,0-30 

° 0 25 

y 0 20 

o 0 05 

Nuclear reaction---C(d/i)"N 
Beam energy incident 
on target material---15-A MeV 
Beam distribution—-2-5-5 0 cm wide 

1-0-1-5 cm high 

Sweep gas C O 2 
Target output gas 

flow rale Itml s"' ^ 
Target pressure 007 kg cm* 

(t lb in"') gauge 

20 30 1.0 50 60 70 
Beam current / lA 

Figure 6.6 Graphi te matrix target: total ' ^ N recovery versus beam current 

The columns used in the radio-gas chromatograph were those 
described in section 6.2.1. Since H C ' ^ N and "NO2 react with a 
copper spiral, a copper spiral trap was placed before the yield 
measuring spiral to reduce the risk of inaccurate yield measurements. 

I t will be seen from Table 6.2 that the production rate is about 
five times that obtained from the CO2 target described in section 
6.2.1. Thus the graphite matrix target is ideal for the batch-wise 
production of gas samples having a high activity suitable for bolus 
inhalation studies. However, '^N2 solutions prepared using this 
target have only about the same radioactive concentration as those 
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10Qs-

Beam current j iA 

Nuclear reaction '^C(d,n)'^N 
Beam energy incident on target material . . . 15-4 MeV 
Beam distribution 2-5-5 0 cm wide 

1-0-1-5 cm high 
Sweep gas CO2 
Target output gas flow rate 1 -1 ml s"' 
Target pressure 0 07 kg cm"^ 

(1 lb in"^) gauge 
Figure 6.7 Graphi te matrix target: output gas composition versus beam current 
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prepared using the CO2 gas target. This is largely due to the specific 
activity of the gas being lower than that obtained from the gas target, 
adsorbed nitrogen being released from the graphite during erosion. 
There is also some loss of product nuclei due to decay in transit 
through the copper oxide furnace used to convert the CO in the 
target output gas to CO2 {Figure 6.14 and Tables 6.3 and 6.4). 

Nuclear reaction '^C(d.n)"N 
Beam current 60MA 
Beam energy incident on target material . . . 15-4 MeV 
Beam distribution 2-5-5-0 cm wide 

1-0-1-5 cm high 
Sweep gas CO 2 
Target pressure 0-07 kg cm"^ (1 lb in"^) gauge 

0-40 r 

T 0-35 h 

.SoO-30 

§ 3 0-20 

u ^0-15 

E 2 0-10 

° 0 05h 

0 0-2 a i 06 0-8 10 1-2 l i 16 1-8 
Target output gos flow rate ml r ' 

20 2-2 2-4 

Figure 6.8 Graphi te matrix target: radioactive concentration of ' ^ N versus output 
gas flow rate 

The operational characteristics of the graphite matrix target may 
be summarized as follows: 

(a) Suitable for use with particle accelerators having a concen
trated deuteron beam of high current or high energy. 

(b) Batch-wise gas phase samples of high radioactive concentra
tion are easily prepared. 

(c) Suitable for the production of '-*N2 solutions. 
(d) The target material has to be cut into a matrix. 

Procedures for using the graphite matrix target for the batch-wise 
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preparation of "N2 gas phase and solution samples are fully 
described in section 6.3.2 (page 200). 

Nuclear reaction " C ( d , n ) ' ' N 
Beam current 60fiA 
Beam energy incident on target material . . . 15-4 MeV 
Beam distribution 2-5-5 0 cm wide 

10- l -5cmhigh 
Sweep gas COj 
Target pressure 0 07 kg cm"'(1 lb in"^) gauge 

lOOr 

° 701-
S 

§ 5 0 

§ 3 0 1 

| )20| 

^101 

T - ^ - i ^ ^ " ^ " l " I I I 
0-2 0-4 0 6 08 10 12 1-4 1-6 18 

Target output gas flow rate ml s"' 
20 2-2 2-4 

Figure 6.9 Graphi te matrix target: output gas composition versus output gas flow 
rate 

6.2.3 Target for ^^Nz Production Using Activated Charcoal as a 
Target Material 

Target Design 
I f "N2 is required for use in the gas phase only, it may be more 

convenient to use the activated charcoal target shown in Figures 6.10 
and 6.11. Designed for use with a 16 MeV deuteron beam it produces 
^^N by the *^C(d,n)^^N reaction. To some extent it resembles the 
graphite matrix target. A gas tight aluminium target box with input 
and output sweep gas connections houses the target material, in 
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this case, a layer 13 cm wide, 2.8 cm high and 0.7 cm deep of 
activated charcoal granules, each about 2-4 mm diameter. This layer 
is held in position by an aluminium spacing frame incorporating a 
grid of 1 mm diameter graphite rods positioned vertically and spaced 
at 4 mm intervals. To prevent small particles of activated charcoal 

1. Water cooled target mounting plate 
2. Air cooled foil window 
3. Spacing frame with graphite grid 
4. Carbon block 
5. Retaining foil 
6. Activated charcoal 
7.. Water cooled gas tight target box 
8. Cooling water connections 
9. Sweep gas connections 

Figure 6.10 Activated-charcoal target for ' ^ N N production 

from falling through the grid, a 0.013 mm copper foil is interposed 
between the grid and the activated charcoal; this foil is secured by a 
small carbon block at each end of the spacing frame. A 0.050 mm 
aluminium beam entry window is used. The whole assembly is 
secured by the aluminium target mounting plate which bolts onto 
the target box. Both air and water cooling are used, air for the beam 
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entry window foil and water for the target mounting plate and 'O' 
ring (Figures 6.10 and 6.11). Helium (99.95 per cent) is used as the 
sweep gas. 

The target pressure is maintained at about 0.018 kg cm~^ (0.25 lb 
in"^) gauge, this being sufficient for the transmission of the ' ^ N i 
up to a distance of about 10 m without the use of a pump, through 
gas transmission tubes of 1.5 mm bore. I f necessary the target 
pressure may be increased to about 0.07 kg cm"^ (1 lb in~^) for 
longer transmission distances. The sweep gas inlet and outlet con-
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1 I I I I I 
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foil window 
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Cooling 
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channel 

Gas tight 
target box 

Spacing 
frame 

Figure 6.11 Sectional plan view of activated charcoal target 

nections are made using in vacuum fittings. Because of the small 
gas volume of the target only short flushing times are necessary. 

Before being placed in the target the activated charcoal is out-
gassed by heating it to approximately 200 °C, thus releasing any 
water vapour and adsorbed organic vapours. 

During bombardment ' ^ N labelled molecules are removed by the 
sweep gas from the interstitial spaces in the activated charcoal. 
Since the characteristics of activated charcoal are somewhat un
predictable it is advisable to try several grades to obtain optimum 
results. The authors have found that activated charcoal derived from 
wood is generally better than that derived from animal sources. 
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Target Performance 
The performance of the activated charcoal target under typical 

irradiation and flow rate conditions is shown in Table 6.2. The gas 
circuit used for these measurements is shown in Figure 6.17. Yield 
measurement is by a 10 ml copper spiral in a high pressure ionization 
chamber. 

The choice of helium as the sweep gas is the result of several 
experimental bombardments using diff"erent gases. I t was found 
that the yield at the target output was in the ratio of 1.0:0.9:0.6:0.1 
for sweep gases of He, A, CH4 and H2 respectively. A beam current 
of 35 ^ A and a sweep gas flow rate of 1 ml s~' were used for all 
the measurements. 

Unlike the graphite matrix target, the activated charcoal target 
does not require a high beam power density. Good results are 
obtained with beam distributions of 2.5 to 11 cm wide and 1 cm high. 
The use of a concentrated beam is undesirable since it may result in 
the local melting of the copper retaining foil or even the target 
window. 

The radiochemical purity at the target output under typical 
irradiation and flow rate conditions is in excess of 99 per cent ^^N2, 
H C ' - ' N being the principal contaminant. The only other conta
minant likely to be present is C'^O. As the activated charcoal is 
heated by the beam, air is released giving rise to ^^O production 
by the '*N(d,n) '^0 reaction. These '^O atoms react with the carbon 
present to form C^'O. As the bombardment proceeds and the 
activated charcoal outgases this contaminant gradually disappears. 

Since H C ' ^ N would react with a copper spiral, a soda lime 
absorber was placed before the yield measuring spiral to prevent 
inaccurate yield measurements. Contaminant determination was 
made radio-gas chromatographically, the columns used being those 
described in section 6.2.1. 

I t will be seen from Table 6.2 that the production rate at the 
target output is lower than that obtainable from either the CO2 or 
graphite matrix targets. However, the activated charcoal target can 
be used 'on line' and is of value where a simple '^N2 production 
system is required. In use it may be necessary to dilute the output 
gas to avoid non-physiological conditions due to an excess of helium. 

The operational characteristics of the activated charcoal target 
may be summarized as follows: 

(a) Simple ^̂ N2 production for 'on line' applications. 
(b) The target material requires outgasing, and careful positioning 

to avoid damage to the graphite grid during assembly. 
190 



^ N , P R O D U C T I O N S Y S T E M S 

(c) The beam distribution is not critical provided highly concen
trated beams are not used. 

A production system using the activated charcoal target is fully 
described in section 6.3.3. 

6.3 i ^ N j PRODUCTION SYSTEMS 

6.3.1 '^N2 Production System Using a Gas Target 

General Principle 
This system is designed for the batch-wise production of '^N2 

labelled gas and solutions of high radioactive concentration. The 
flow diagram which is of open circuit design is shown in Figure 6.12. 
Carbon dioxide is used as the combined target and sweep gas, the 
target pressure being maintained at about 0.68 kg c m ( 9 . 7 lb in~-^) 
above atmospheric pressure. Bombardment is by a 30 ^A 16 MeV 
deuteron beam degraded to approximately 6.3 MeV by a combined 
beam filter and target window. The '^C(d,n) '^N reaction takes 
place, the product at the target output being '^N2 with traces of 
C'^02, '^N20 and '^N02 present as contaminants. 

High specific activity '^N2 gas samples are obtained by absorbing 
the CO2 sweep gas in sodium hydroxide solution, the '•'N2 being 
concentrated in a bubble consisting of the accumulated residual 
permanent gases found in the system. '^N2 solutions are prepared 
by shaking this gas bubble with water or physiological saline. The 
performance of the system is given in Table 6.3. 

Flow Diagram Description 
The gas passes through the system as shown in Figure 6.12, the 

target pressure and sweep gas flow rate being determined by the 
settings of the pressure regulator and flow control valve, and the 
needle valve. The target output gas is passed through a copper 
spiral trap to remove trace '^N02 which would otherwise react with 
the yield measuring spiral. A continuous indication of radioactive 
concentration is obtained by passing the gas through a copper yield 
measuring spiral having a volume of approximately 10 ml in a high 
pressure ionization chamber. The system output gas may be passed 
either to the sterile assembly, where it is absorbed in sodium 
hydroxide solution, or directly to waste. At this point an air inlet 
is introduced so that the scavenge pump will not affect the sweep 
gas flow rate in the rest of the system. 
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Target, Sweep/Target Gas and Irradiation Conditions 
The target is of the type shown in Figure 6.2 and described in 

sections 5.2 (page 126) and 6.2.1 (page 173). The combined 0.7 mm 
aluminium beam filter and target window degrades the 16 MeV 
deuteron beam to approximately 6.3 MeV. The normal target 
working pressure is 0.68 kg cm"^ (9.7 lb in~^) gauge. Analytical 
grade CO2 (10-50 vpm residual gases) is used as the sweep/target 
gas, a normal flow rate being 1.9 ml s~^ Typical irradiation 
conditions are given in Table 6.3. 

Copper Spiral Trap 
The trap for the removal of the ^^N02 consists of a 2.3 m length 

of 3 mm OD, 1.7 mm bore copper tubing wound into a 6 cm 
diameter spiral. No preparation of the internal surface is necessary. 
This trap is used at ambient temperature. 

Flowmeters and Filters 
The flowmeters used in the system are of the variable area type. 

As this type of flowmeter is pressure dependent the sweep gas flow 
rate is always determined from flowmeter B since this is virtually 
at atmospheric pressure. Flowmeter A reads low due to the elevated 
pressure at this point in the system. Flowmeters A and B have a 
range of 5-150 ml mm-' (0.083-2.5 ml s"') (CO2) at 760 mm Hg 
and 18 °C. The flow rate at the air inlet should not be less than 
about 100 times that in the rest of the system. Thus the scavenging 
gas flowmeter C has a range of 2-20 1 m i n " ' (air) at 760 mm Hg 
and 18 °C. 

The target output filter is of the type described in section 3.3; the 
filter on the sterile assembly is a Millipore Millex disposable filter 
unit of 25 mm diameter having a pore size of 0.22 ^um. 

Gas Transmission Tubes 
The system is connected with 2.2 mm diameter, 1.5 mm bore 

stainless steel tube, and 3.2 mm diameter, 2.0 mm bore nylon tube 
where flexible connections are necessary. The distance from the 
target to the processing equipment is approximately 10 m. Longer 
distances of up to 100 m may be used provided the target pressure 
is maintained at 0.68 kg cm"^ (9.7 lb in^^) gauge. To maintain the 
measuring spiral and flowmeter B at approximately atmospheric 
pressure, long lengths ( > 2m) of small bore (1.5 mm) tube between 
the spiral input and flowmeter C should be avoided. 
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Sterile Assembly 
The sterile assembly consists of a small frame on which are 

mounted four syringes connected by a suitable arrangement of taps. 
The frame is so constructed that it attaches to a unit containing a 
small variable speed shaking machine which oscillates the syringe 

Figure 6.1 S (a) Sterile assembly for use with ' ^ N N production systems using CO2 
gas and graphite matrix targets 

containing the sodium hydroxide solution (Figure 6.13 (a)). The rate 
of the oscillation determines to some extent the rate of absorption 
of the CO2 sweep gas. The other syringes contain waste solutions 
(collected during preparation of the assembly), sodium phosphate 
buffer solution and the water or physiological saline to be labelled. 
The assembly is prepared under sterile conditions using disposable 
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syringes and taps {Figure 6.13 {b)). Great care is taken to exclude 
all gas bubbles (see Appendix 7). 

Each sterile assembly is used for the preparation of one labelled 
solution or gas sample. By having several interchangeable assemblies 

Syringe A 

MiUipore 
fi lter 

Syringe C Syringe D 

Pivot centre 
on mounting 

f r a m e 

Syringe B 

Code Component Manufacturer 

a 3 way 
stop cock 
type K-75 

Pharmaseal Labs. 
Cletidaie California 

U.S.A. 

b Short adaptor 
type R-91 
male-female lucr 

Avon Rubber Co. L id . 
Birmingham 30 

En^and 

c Short adaptor 
type R-93 
male-male luei 

Avon Rubber Co. Ltd. 
Birmingham 30 

England 

d 
Blind hub 
iuer 

Southern Syringe 
Services L id . 
London N 21 2RX 

England 

e Silicone rubber 
7-5 mm 0 D 
3-0 mm Bore 
(N.B. Sectional view) 

Esco Rubber Lid. 
London WIN 5AB 

En^and 

Syringes 

A & B 

50 cc Rastipak 
centre nozzle 
luei-tok 

Beet on. 
Dickinson & Co, 
Rutherford N.J. U.S.A. 

Syrinfles 

C A D 

30 cc Plastipak 
centre nozzle 
luer-lok 

Becton, 
Dickinson & Co. 
Rutherford N.J. U.S.A, 

Figure 6.13 (b) Arrangement of fittings used on sterile assembly 

available it is possible to prepare gas samples or solutions as 
required. 

Production Techniques and System Performance 
Before using the system an appropriate number of sterile assem

blies are prepared under sterile conditions. Disposable components 
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are used throughout. Two sizes of syringe are used; 50 ml for A and 
B; 30 ml for C and D. The nylon taps A, B, C and D are spaced 
using nylon luer connectors (Figure 6.13 (b)). It is necessary to keep 
the distances between taps B, C and D as short as possible since 
the residual high activity gas bubble can easily be of a volume 
comparable to the syringe interconnecting volume. To permit oscil
lation of syringe B, the connection between this syringe and tap B is a 
short piece of sterile thick-walled small bore silicone rubber tube. 

The syringes are filled with the solutions as shown in Figure 6.12, 
the initial volumes being about 30 per cent greater than those stated. 
It is essential that all gas bubbles are removed from the syringes 
before they are connected, and then from the interconnecting taps 
and tubes. Syringe A, initially empty, is first connected to receive the 
excess waste solutions from the other syringes as the assembly is 
cleared of air bubbles. Syringe B is then connected and the excess 
NaOH solution, together with any air bubbles is transferred to 
syringe A, taps A and B both being in position 1. Syringe C is then 
connected with tap C in position 1. Tap B is turned to position 2 
and the excess sodium phosphate buffer solution transferred to 
syringe A with any bubbles in the interconnection between taps B 
and C. Syringe D is then connected with tap D in position 1. The 
unused connection on tap D is filled from syringe D and a blind 
hub attached. Taps C and D are both turned to position 2, and 
the excess water or physiological saline transferred to syringe A 
together with any air in the interconnection between taps C and D. 
Taps A, B and C are finally turned to positions 1, 1 and 1 
respectively, tap D being left in position 2. The Millipore filter is 
added and the sterile assembly is ready for use by attaching it to 
the variable speed shaking machine and connecting the system 
output (tap E) to the input of the Millipore filter. 

To prevent liquid reaching the Millipore filter it is important that 
a positive pressure is applied to the input of this component before 
tap A is manipulated. I f the filter should become wet it may impede 
the gas flow. (If desired a small liquid trap may be placed between 
the Millipore filter and tap A, but this requires sterilization, careful 
flushing during operation and constitutes an unnecessary active 
'dead volume'.) 

Before bombardment the scavenge pump is started and air 
removed from the system by flushing to waste for 3 h with the 
sweep gas flowing at about 2.5 ml s"'. After flushing is complete 
and having checked the target pressure, sweep gas flow rate and 
yield monitor, the irradiation is started. As the temperature of the 
gas increases during bombardment the target pressure increases and 
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may need re-adjusting using the needle valve. A steady state of output 
activity is reached about 17 min after the start of bombardment at 
the stated irradiation and flow rate conditions. 

If it is necessary to increase the production rate the beam current 
is increased {Figure 6.3). The amount of this increase is limited by 
the beam distribution since the beam filter will not withstand a 
concentrated high current beam. However, provided the beam dis
tribution is as given in Figure 6.3 it is possible to operate at up to 
50 with no adverse effects on the filter. To reduce the production 
rate the beam current is reduced. 

Since a relatively high target pressure is used the system is fairly 
sensitive to changes in beam current; such changes cause variations 
in the target pressure which are rapidly reflected as variations in 
the sweep gas flow rate and hence the rate of recovery of product 
nuclei. However, this is not usually a problem unless the beam 
current is severely fluctuating, and one does have the advantage 
that it is possible to obtain a usable yield in as little as 17 min 
from the start of bombardment, provided the system has been flushed 
out and the sweep gas is flowing. Since this system is used for batch-
wise production it is convenient to leave the sweep gas flowing 
and use the cyclotron only when necessary. Such an arrangement 
can lead to a more economic use of cyclotron running time. 

When the production rate reaches a steady state value ^̂ N2 gas 
phase samples or solutions may be prepared as follows. 

Tap E (Figure 6.12) is turned to 'label' and then tap A to position 
2. The system output gas is allowed to pass into syringe A thus 
flushing air from the Millipore filter and the connecting tube between 
taps E and A. When flushing is complete (10-20 ml gas) tap A is 
turned to position 3 and the gas passed to syringe B. It is allowed 
to accumulate until a CO2 bubble of about 10 ml is formed 
above the NaOH solution. The variable speed shaking machine is 
then started and its speed adjusted until the rate of absorption of 
the CO2 is sensibly constant. This is ascertained by observation of 
flowmeter B and if necessary, the volume of the gas bubble in 
syringe B. 

It is important that the rate of absorption is neither too high 
nor too low. I f it is too high the bubble may disappear altogether 
causing the NaOH solution to be sucked back into the Millipore 
filter; if too low the plunger of syringe B may be forced to its 
maximum extension due to the large gas bubble which will be 
formed. In practice there is a wide tolerance in shaking speed 
between these two conditions and it is not diflficult to achieve a fairly 
constant rate of absorption. 
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Shaking is continued for 5 min, tap E then being turned to the 
'waste' position. I f the bubble above the NaOH solution is 
sufficiently small ( ~ 0.5 ml) the shaking machine is stopped; if not, 
oscillation of syringe B is continued until the gas bubble is of this 
volume. (It should be noted that if the strength or volume of the 
N a O H solution is less than that shown in Figure 6.12, premature 
exhaustion may occur resulting in a large gas bubble, the volume 
of which cannot be reduced.) Tap B is then turned to position 3 and 
the bubble transferred to syringe C, care being taken to avoid the 
transfer of any NaOH. The sodium phosphate buffer solution (which 
neutralizes any traces of NaOH which may have been carried over 
with the bubble) is next ejected into syringe B leaving the bubble in 
syringe C. Tap C is turned to position 3 and the bubble is finally 
transferred to syringe D. Tap D is turned to position 3 and syringe 
D together with tap D is removed from the sterile assembly for 
measurement in an ionization chamber. A typical bubble radioactive 
concentration is 25 mCi m l " ' (Table 6.3). 

I f the '^Na is required in the gas phase the excess water or 
physiological saline is ejected from syringe D, leaving the high 
activity bubble. 

I f a '^N2 solution is required, the above procedure is carried out 
including the removal of syringe D and its tap from the sterile 
assembly. After ionization chamber measurement this syringe is 
shaken vigorously for 90 s to obtain optimum solution activity. After 
allowing the phases to separate the bubble is ejected through a 
small bore needle leaving a solution having a typical radioactive 
concentration of 0.2 mCi m l " ' (Table 6.3). 

To prevent a loss of activity, care is taken to ensure that no air 
(or any other gas) comes into contact with the solution after it 
has been prepared. 

Since ''N2 solutions are usually administered by intravenous 
injection it is essential that strict quality control procedures are 
adopted. The pH of a labelled solution is always tested to ensure 
that it has remained unchanged, using a suitable indicator paper. 
The solution must also remain sterile, pyrogen free and isotonic. 
For reliable physiological measurements at least 99 per cent of the 
solution activity must be present as ' ^N labelled molecular nitrogen. 
This is confirmed by making a typical ' ^Na solution and recording its 
activity as the '^Na is washed out of solution by bubbling nitrogen 
through it at about 250 ml m i n " ' . I f no contamination is present 
the washout curve falls to the base line. In practice it falls to 
between 0.01 and 0.1 per cent of the original solution activity. 
Gamma ray spectrometry and decay curve analysis of this con-
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taminant show that it contains a ' • 'N labelled soluble compound. 
A typical measurement of this type is shown in Figure 6.16. I t wil l 
be seen from Table 6.3 that the specific activity of the '^Na gas 
bubble obtained using this system is the order of 1.9 x lO"' mCi 
mM"'N2. Comparison with Table 6.4 shows that this is far higher 
than that obtained using the graphite matrix target. The reason for 
this high specific activity is that the primary sources of N2 con
tamination are limited to the analytical grade sweep gas and 
desorption from the internal surfaces of the target and gas trans
mission tubes. 

Gas chromatographic analysis of a typical gas bubble (collected 
at the end of a 5 min N a O H absorption period) shows that it 
consists largely of CO2 with N2, O2 and CO also present, the partial 
pressure of the N2 being about 24 mm Hg at 20°C. I t is of interest 
to note that a typical bubble collected with the beam switched off 
shows an absence of CO. This indicates that under bombardment 
conditions some of the CO2 sweep gas is being radiolysed to CO. 

Although the specific activity of the ' •'N2 gas bubble is higher than 
that obtained using the graphite matrix target, its total activity is 
lower. Since both parameters affect the amount of activity passing 
into solution, similar solution radioactive concentrations are 
achieved whichever target system is used. 

The amount of activity dissolved in the NaOH solution at the 
end of the 5 min shaking period is about 1 mCi. Most of this is 
'^N2, the remainder being ' ^ N labelled soluble compounds. 

For systems where the irradiation parameters differ widely from 
those shown in Table 6.3, care should be taken to investigate the 
stability of the system output gas composition and purity of solutions 
under all anticipated operating conditions. 

6.3.2 '^N2 Production System Using a Graphite Matrix Target 

General Principle 
This system is designed for the batch-wise production of '^N2 

labelled gas and solutions of high radioactive concentration. The 
flow diagram which is of open circuit design is shown in Figure 6.14. 
A graphite matrix target is used with carbon dioxide as the sweep 
gas. During bombardment most of the CO2 is converted to CO by 
reaction with the target material. The target pressure is maintained 
at about 0.07 kg cm"^ (1 lb in"^) above atmospheric pressure. 
Bombardment is by a concentrated 60 /<A deuteron beam resulting 
in the '^C(d,n) '^N reaction. The product at the target output is 
'^N2 with traces of H C ' ^ N and '^N02 present as contaminants. 
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The CO content of the target output gas is oxidized to CO2 by a 
copper oxide furnace at 700 °C. 

High specific activity '•'N2 gas samples are obtained by absorbing 
the CO2 in sodium hydroxide solution, the '^Na being concentrated 
in a bubble consisting of the accumulated residual permanent gases 
found in the system. '^N2 solutions are prepared by shaking this 
gas bubble with water or physiological saline. The performance of 
the system is given in Table 6.4. 

Flow Diagram Description 
The gas passes through the system as shown in Figure 6.14, the 

target pressure and sweep gas flow rate being determined by the 
settings of the pressure regulator and flow control valve. The target 
output gas is passed through a copper spiral trap to remove trace 
'^N02 and H C ' ^ N which would otherwise react with the yield 
measuring spiral. A continuous indication of radioactive concentra
tion is obtained by passing the gas through a copper yield measuring 
spiral having a volume of approximately 10 ml in a high pressure 
ionization chamber. As the gas passes through the copper oxide 
furnace the CO is oxidized to CO2. The system output gas may be 
passed either to the sterile assembly where it is absorbed in sodium 
hydroxide solution, or directly to waste. At this point an air inlet is 
introduced so that the scavenge pump will not affect the sweep gas 
flow rate in the rest of the system. 

Target, Sweep Gas and Irradiation Conditions 
The target is of the type shown in Figure 6.4 and described in 

section 6.2.2. A 0.025 mm EN58B stainless steel beam entry window 
is used. The normal target working pressure is 0.07 kg cm"^ (1 lb 
i n " ^) gauge. Analytical grade CO2 (10-50 vpm residual gases) is used 
as the sweep gas, a normal flow rate at the target output under 
bombardment conditions being 1.1 ml s"'. Typical irradiation 
conditions are given in Table 6.4. 

Copper Spiral Trap 
The trap for the removal of the H C ' ^ N and "NO2 consists of a 

2.3 m length of 3 mm OD, 1.7 mm bore copper tubing wound 
into a 6 cm diameter spiral. No preparation of the internal surface 
is necessary. This trap is used at ambient temperature. 

Flowmeters and Filters 
The flowmeters used in the system are of the variable area type. 

Because of the chemical reaction taking place in the target during 
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bombardment the flow rate of gas at the target output can be up to 
twice the input flow rate. At the bombardment conditions stated in 
Table 6.4, the target output gas composition is almost entirely CO 
(Figure 6.7). Thus flowmeters A and B are calibrated for CO2 and 
CO respectively and have a range of 5-150 ml m i n " ' (0.083-2.5 ml 
s"') at 760 mm Hg and 18°C. Since the flow rate at the air inlet 
should not be less than about 100 times that in the rest of the system, 
the scavenging gas flowmeter C has a range of 2-20 1 m i n " ' (air) 
at 760 mm Hg and 18°C. 

The target output filter is of the type described in section 3.3; 
the filter on the sterile assembly is a Millipore Millex disposable 
filter unit of 25 mm diameter having a pore size of 0.22 ^m. 

Gfls Transmission Tubes 
The system is connected with 2.2 mm diameter, 1.5 mm bore 

stainless steel tube, and 3.2 mm diameter, 2.0 mm bore nylon tube 
where flexible connections are necessary. The distance from the 
target to the processing equipment is approximately 10 m. Longer 
distances of up to 100 m may be used provided the target pressure 
does not exceed approximately 0.07 kg cm"^ (1 lb in"^) gauge. 

Copper Oxide Furnace 
The copper oxide furnace at 700°C converts the target output CO 

to CO2 by the following reaction: 

C O + C u O ^ ^ ^ C O z + C u 

To avoid 'streaming' which could occur with a horizontal furnace, a 
vertical muffle furnace is used (see section 3.5, page 65). A siHca tube 
contains the copper oxide which is formed in situ by the oxidation 
of a roll of copper gauze 23 cm high and 2.5 cm diameter. In use 
the copper oxide becomes reduced to copper, this process taking 
place in not less than 1.5 h at the flow rate stated in Table 6.4. 
Re-oxidation is carried out in situ at 700 °C by passing oxygen into 
the furnace at about 1 ml s"' until the copper is fully re-oxidized. 
This takes about 7 h after which the oxygen appears at the furnace 
output; its presence may be detected using a simple water displace
ment indicator (figure 6.75). I f a flow rate higher than about 1 m i s " ' 
is used in an attempt to obtain rapid re-oxidation, the process is 
inefficient, the result being premature exhaustion of the CuO when 
it is used and hence a large CO gas bubble which cannot be absorbed 
by the N a O H solution. 

I t is essential that air is not used for re-oxidation since nitrogen 
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may be adsorbed*^" '̂ which could later be released and give rise to 
an undesirably large residual gas bubble. 

Sterile Assembly 
The sterile assembly consists of a small frame on which are 

mounted four syringes connected by a suitable arrangement of taps. 
The frame is so constructed that it attaches to a unit containing a 

When oxidation is complete, bubbles 
appear In vessel B. Should accidental 
suckback occur, vessel A traps the water 
thus preventing it from entering the furnace. 

F r o m CuOv 
f u r n a c e 
output -Capi l la ry 

tube 

To w a s t e 

- W a t e r 

Figure 6.15 Water displacement indicator for CuO furnace re-oxidation process 

small variable speed shaking machine which oscillates the syringe 
containing the sodium hydroxide solution {Figure 6.13). The rate of 
oscillation determines to some extent the rate of absorption of the 
CO2 sweep gas. The other syringes contain waste solutions (collected 
during preparation of the assembly), sodium phosphate buffer 
solution and the water or physiological saline to be labelled. The 
assembly is prepared under sterile conditions using disposable 
syringes and taps. Great care is taken to exclude all gas bubbles. 
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Each sterile assembly is used for the preparation of one labelled 
solution or gas sample. By having several interchangeable assemblies 
available it is possible to prepare gas samples or solutions as 
required. 

Production Techniques and System Performance 
An appropriate number of sterile assemblies are first prepared as 

described in section 6.3.1. After ascertaining that the furnace is at 
700°C and the reagent fully oxidized, the scavenge pump is started 
and air removed from the system by flushing to waste for half an 
hour with the sweep gas flowing at about 2.5 ml s"' as indicated 
by flowmeter A. When flushing is complete the target input flow 
rate is set to approximately 0.5 ml s" ^ as indicated by flowmeter A, 
the yield monitor checked and the bombardment started using the 
irradiation conditions given in Table 6.4. A steady state of output 
activity is reached about 45 min after the start of bombardment at 
the stated irradiation and flow rate conditions. I f necessary the 
radioactive concentration is maximized by adjusting the flow control 
valve until the target output flow rate is between 0.8 and 1.1 ml s" ̂  
as indicated by flowmeter B {Figure 6.8). 

It will be seen from Figure 6.6 that the yield changes rapidly 
with beam current below about 55 ^A at the stated beam distribu
tion. It is therefore advisable to maintain a beam current of between 
55 and 70 ^ A ; below 55 <̂A the yield can be variable, whilst above 
70 fiA there is a risk of target window failure. Since a low target 
pressure is used the system is relatively insensitive to short-term 
fluctuations in beam current. This, together with the thermal charac
teristics of the target leads to a fairly steady production rate once 
equilibrium conditions are established. 

The sterile assembly is identical to that used with the CO2 gas 
target. Thus when the production rate reaches a steady state value, 
^̂ N2 gas phase samples and solutions may be prepared as described 
in section 6.3.1, the furnace output tap E being turned to its 'label' 
position. It is found that with this target system it is diflicult to 
reduce the volume of the residual gas bubble to less than 1-2 ml 
since air previously trapped in the graphite matrix is released as the 
erosion takes place. Thus the specific activity of the bubble is much 
lower than that obtained using the CO2 gas target, it being about 
1.4 X 10^ mCimM"'N2. However, the total bubble activity is higher 
(even though there is a loss of activity by decay in the CuO furnace) 
which results in the production of ^̂ N2 gas samples of an activity 
suitable for a number of physiological applications including bolus 
inhalation studies. '^N2 solutions having a radioactive concentra-
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tion of 0.21 mCi ml ' are readily prepared using this gas bubble 
(Table 6.4). 

Gas chromatographic analysis of a typical gas bubble shows that 
it consists of N2 and O2, the partial pressures being approximately 
570 mm Hg and 190 mm Hg respectively at 20°C. In some analyses 
traces of CO2 are also found. The high O2 content is thought to 

'^NN WASHOUT FROM 0 9V, SALINE SOLUTION 
(CORRECTED FOR DECAY TO Z E R O TIME) 

100 
80 

-Solution activity at 
start Of wastiout 

= 100 liCi ml - ' ^ = 

N 2 ~ 2 5 0 m l m i n ' ' 

r 
10 ml 0 97« sa l ine solution 

S o l u t i o n ac t iv i ty 
a t e n d of wast^out 
=0 07 ^Ci m r ' 

0 0 1 -I I 
1 0 2 4 6 8 10 12 K 

Minutes 

Figure 6.16 '^NN solution washout curve 

arise from excess oxygen desorbed from the CuO and the not 
insignificant partial pressure of O2 over the CuO at 700°C'". 

The amount of activity dissolved in the NaOH solution at the end 
of the 5 min shaking period is about 1 mCi. This consists of 
approximately 99 per cent '^N2, the remainder being ' ^ N and " C 
labelled soluble compounds. 

The quality control procedures are identical to those described in 
section 6.3.1. The solution washout curve [Figure 6.16) indicates a 
contaminant level between 0.01 and 0.1 per cent of the original 
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solution activity. Gamma ray spectrometry and decay curve analysis 
of this contaminant show that it contains a ' ^ N labelled soluble 
compound. 

For systems where the irradiation parameters differ widely from 
those shown in Table 6.4, care should be taken to investigate the 
stability of the system output gas composition and purity of solutions 
under all anticipated operating conditions. 

NHrogan -13 activated 
ctwrcoal 

High pressure 
ionization chamber Flowmeter B 

/ larg.1 p - f — 

t6Mt\F^or 
dauteron i . 
Mam 

2 way laps 

Waste 
dispensed 

Scavenge 

d.c amplifter 
and polarizing 
source 

and flow r \ 
control 
valve 

Helium' 
sweep 
gas 

System also used for target performance 
measurements, gas samples being taken 
from points X and Y (see section 6.2.3) 

Waste 

Figure 6.17 '^NN production system using an activated charcoal target 

6.3.3 '^N2 Production System Using an Activated Charcoal Target 

General Principle 
This system is designed for the continuous production of '^N2 for 

use in the gas phase using activated charcoal as the target 
material. The flow diagram which is of open circuit design is shown 
in Figure 6.17. Helium is used as the sweep gas, the target 
pressure being maintained at about 0.018 kg cm"^ (0.25 lb in"^) 
above atmospheric pressure. Bombardment is by a 35 ^A 16 MeV 
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deuteron beam resulting in the '^C(d,n) '^N reaction. The product 
at the target output is ' ^ N i with traces of HC^^N and C^^O present 
as contaminants. Soda lime is used to absorb the H C ' ^ N . The 
performance of the system is given in Table 6.5. 

Flow Diagram Description 
The gas passes through the system as shown in Figure 6.17. The 

target pressure and sweep gas flow rate are determined by the settings 

T A B L E 6.5 

P E R F O R M A N C E O F A '^NN P R O D U C T t O N S Y S T E M U S I N G A N A C T I V A T E D C H A R C O A L 
T A R G E T 

Particle 
Nuclear reaction 
Current 
Energy 
Energy incident on target material 
Window material and thickness 
Energy loss in windows 
Beam distribution dimensions 

(see section 2.4) 
Target dimensions (internal) 
Activated charcoal dimensions 
Target pressure 
Sweep gas flow rate 
Target output to system output 

^N 
Deuteron 
'2C(d.n) 
35 /lA 
16.1 MeV 
15.2 MeV 
Al 0.05 mm -I- Cu 0.0125 mm 
0.9 MeV 
2.5-5.0 cm wide, 1.0-1.5 cm high 

13.5 cm wide, 3.0 cm high, 2.0 cm deep 
13 cm wide. 2.8 cm high. 0.7 cm deep 
0.0175 kg cm~- (0.25 lb in^^) gauge 
1 ml s"' 
~ 10 m 

Helium 
sweep 

gas 

Per cent of total recovered 
activity 

'^N recovery 
Helium 
sweep 

gas '^NN H C ' ^ N C'^O m C i s " ' 
mCi m | - ' 

760 mm Hg 20°C 

Target output > 99 < 1 Tracef 0.053 0.053 

System output* > 99 <0.1 Tracef 0.051 0.051 

Tolerance % > 90 +1 
< 10 +50 

± 1 5 

* Target output gas passed through column of soda lime 16 cm long and 2.5 cm diameter, 
t Present only during early part of bombardment as activated charcoal outgases. 

of the pressure regulator and flow control valve, the target effluent 
being passed through a soda Hme absorber to remove the H C ' ^ N 
contaminant. A continuous indication of radioactive concentration 
is obtained by passing the gas through a copper yield measuring 
spiral having a volume of about 10 ml, in a high pressure ionization 
chamber. The system output gas may be dispensed either con
tinuously or batch-wise from tap A. I f continuous dispensing is 
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required the waste dispensed gas may be returned to the system 
using tap B. At this point an air inlet is included so that the 
scavenge pump will not affect the sweep gas flow rate in the rest of 
the system. 

Target, Sweep Gas and Irradiation Conditions 
The target is of the type shown in Figure 6.10 and described in 

section 6.2.3. A 0.05 mm aluminium foil beam entry window is used. 
The target working pressure may be any value between 0.018 kg 
cm " ^ (0.25 lb in " ^) and 0.07 kg cm " ^ (1 1 b in " ^) above atmospheric 
pressure. 

The sweep gas is helium of 99.95 per cent purity, a normal flow 
rate being 1 ml s"'. Typical irradiation conditions are given in 
Table 6.5. 

Soda Lime Absorber 
A column of soda lime 16 cm long and 2.5 cm diameter [Figure 3.6) 

is sufficient for the removal of the H C ' ^ N contaminant. 

Flowmeters and Filters 
The flowmeters used in the system are of the variable area type. 

Since this type of flowmeter is pressure dependent the sweep gas flow 
rate is always determined from flowmeter B since this is virtually at 
atmospheric pressure. Flowmeter A reads slightly low due to the 
elevated pressure at this point in the system. Flowmeters A and B 
have a range of 5-150 ml m i n " ' (0.083-2.5 m i s " ' ) (He) at 760 mm Hg 
and 18°C. Since the flow rate at the air inlet should not be less than 
about 100 times that in the rest of the system the scavenging gas 
flowmeter C has a range of 2-20 1 m i n " ' (air) at 760 mm Hg and 
18°C. 

The filters at the output of the target and soda lime absorber are 
of the type described in section 3.3. 

Gas Transmission Tubes 
The system is connected with 2.2 mm diameter, 1.5 mm bore 

stainless steel tube and 3.2 mm diameter, 2.0 mm bore nylon tube 
where flexible connections are necessary. The distance from the 
target to the processing equipment is approximately 10 m. Longer 
distances of up to 100 m may be used provided the target pressure 
does not exceed about 0.07 kg cm " ^ ( ~ 1 lb i n " ^) gauge. To maintain 
the measuring spiral and flowmeter B at approximately atmospheric 
pressure, a large pressure drop between the spiral input and the 
dispensing point should be avoided. 
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Production Techniques and System Performance 
The target is prepared as described in section 6.2.3, particular 

care being taken to dry thoroughly the activated charcoal as failure 
to do this could cause water vapour and volatile organic compounds 
to enter the system during the irradiation. Before bombardment the 
scavenge pump is started and the system flushed for half an hour 
with the sweep gas flowing at the working flow rate of 1 ml s " ^ After 
flushing is complete and having checked the target pressure, sweep 
gas flow rate and yield monitor, the irradiation is started. 

A steady state of output activity is reached about 13 min after the 
start of bombardment at the irradiation and flow rate conditions 
stated in Table 6.5. To increase the production rate the beam current 
may be raised to 40 juA, but this should be considered the maximum 
since the target window and copper retaining foil may not withstand 
a beam current in excess of this value, especially i f the beam is not 
well spread. The radioactive concentration at the system output may 
be reduced by either decreasing the beam current or diluting the gas 
on dispensing. Because of the unpredictable characteristics of 
activated charcoal it is difficult to give precise information about 
the stability of the yield at nominally equilibrium conditions. In 
general, the variations in the production rate tend to be greater than 
those experienced with the gas and graphite matrix targets. 

I t will be seen from Table 6.5 that the radiochemical purity at the 
system output is in excess of 99 per cent ^ ^ N j . The trace amount of 
C' ^O at the target and system output gradually disappears as air is 
desorbed from the activated charcoal during bombardment. To 
avoid a premature rise in the H C ' ^ N contaminant level the soda 
lime absorber is regularly changed. Routine tests are made of the 
chemical and radiochemical composition of the system output gas 
using decay curve analysis and radio-gas chromatography. Care 
should be taken that the high proportion of helium in the system 
output gas does not interfere with physiological investigations. 

For systems where the irradiation parameters differ widely from 
those shown in Table 6.5, care should be taken to investigate the 
stability of the system output gas composition under all anticipated 
operating conditions. 

6.3.4 ' ^N2 Production System Selection 
The choice of '•'N2 production system is determined principally 

by the required radioactive concentration and whether the '•'N2 is 
needed in solution as well as in the gas phase. Generally speaking, 
i f '^N2 solutions and high specific activity gas phase samples are 
to be prepared it is preferable to use a CO2 gas target production 
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system as described in section 6.3.1. Such a system has the advantages 
of simplicity of target design, no need for a furnace and a very high 
gas phase '^N2 specific activity. These, together with the use of an 
uncritical beam power density make this the system of choice where 
possible. 

T A B L E 6.6 

C O M P A R A T I V E P E R F O R M A N C E O F '^NN P R O D U C T I O N S Y S T E M S 

Typical '^NN production sample 

Production Gas phase Solution 
Remarks system 

mCi 
ml 

760 mm Hg 
20 °C 

mCi ml 

Remarks 

C O 2 gas 
target 
'^C(d,n)''N 

13 0.5 2.0 10 System of choice if possible 
Simple target design 
No furnace required 
Beam power density (beam distri
bution) not critical for optimum 
yield 

Graphite 
matrix 
target 
'^C(d,n)'^N 

43 1.8 2.1 10 System to use for maximum 
activity gas phase samples 
Target material needs preparation 
Copper oxide furnace required 
High beam power density neces
sary for optimum yield 

Activated 
charcoal 
target 
'^C(d,n)''N 

4.8* 100 NA NA System suitable for 'on line' gas 
phase use only 
Unsuitable for '^NN solution 
preparation 
Target material needs preparation 
Beam power density not critical 
for optimum yield 

NA: Not applicable. 

* Activity at end of 100 s collection period. 

I f a higher system output yield is required it is necessary to use 
the graphite matrix target production system described in section 
6.3.2. This system is particularly useful when maximum activity gas 
phase samples are needed. However, the radioactive concentration 
of '^N2 solutions prepared using this production system is similar 
to that obtained using the CO2 gas target system. The graphite 
matrix target production system requires high beam power densities 
and preparation of the target material, as well as a copper oxide 
furnace capable of being re-oxidized in situ. Thus, this system would 
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only be used i f the demand for gas phase activity were in excess of 
that obtainable from the CO2 gas target production system. 

I f '^N2 is required only in the gas phase and 'on fine', the 
production system using the activated charcoal target may be used 
(section 6.3.3). Although the radioactive concentration is relatively 
low and some care is necessary in the preparation of the target 
material and target assembly, it is a useful system where only 
moderate amounts of activity are required and may be used with 
a wide range of beam power density. This system is not suitable for 
the production of '^N2 solutions. 

The comparative performance of the ' ^N2 production systems is 
given in Table 6.6. 
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Carbon-11 

7.1 I N T R O D U C T I O N 

Carbon-11 is a cyclotron produced radionuclide having a half-life 
of 20.3 min and decaying by the emission of positrons having a 
maximum energy of 0.98 MeV, to the stable nuclide boron-11 
{Figure 7.1 f ° \ 

Carbon monoxide and carbon dioxide both labelled with " C 
(^^CO and '*C02) are produced at several centres of nuclear 
medicine<2'=''^''^'"-^'^'2^'2°'"*, the principal uses being serial blood 
volume estimation**'^^ ' ' ' , placental localization*'^', spleen function 
studies''^', pulmonary investigations'^^-^*' and the study of CO2 
pools*'". Ease of administration and a low radiation dose to the 
patient make ^'C an attractive radionuclide for this work. The 
0.511 MeV gamma radiation resulting from positron annihilation 
permits organ visualization using a gamma camera"*' or scinti
scanner"®-^^'. A further advantage is that the half-Hfe is long enough 
to make ^'C storage systems a practical proposition**'. Such 
systems allow the nuclide to be used away from the site of pro
duction and can also result in the more efficient use of cyclotron 
running time. Storage systems are also of value in studies requiring 
the consecutive use of two labelled gases (e.g. " C O and H2'^0). 

A new field of development is the synthesis o f C labelled organic 
compounds*^'«"' '* -^ ' -" '2* '" -3« '" '3« ' . Using a gamma camera or 
scintiscanner the in vivo distribution and metabolic fate of such com
pounds may be studied. However, the preparation of '^C labelled 
organic compounds requires sophisticated target systems and rapid 
radiochemical processes and much of the current work is directed 
towards achieving these. 
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7.2 TARGET SYSTEMS 

From Table 2.1 it will be seen that '^C may be produced by a 
variety of nuclear reactions. Some of these are of limited practical 
value either because of their high threshold energy, low yield of 
product nuclei, or possible interference from undesired nuclear 
reactions. Of the remainder, those that are in common use are the 

Beta-plus decoy 
20-3min 

Stable j'B 

Radiation 
Per cent 

per 
disintegration 

Transition 
energy 
(MeV) 

Beta plus 99-8 0-980' 

Electron 
capture 019 M 

Reference (10) 
•Endpoint energy (MeV) 

Figure 7.1 Carbon-11 decay scheme 

"B(p ,n ) "C , '*N(p,(x)"C, " 'B(d,n)"C and ' 'B(d ,2n)"C reactions 
(Table 7.1). 

When nitrogen is used as a target material for " C production, 
a gas type target box is continuously flushed with a sweep gas 
containing a high proportion of N2. 

A more common target material is boron which is used in the 
form of boron trioxide (B2O3). This is available as a powder which 
when heated to approximately 400°C melts and fuses into a glass
like substance. When, used as a target material the B2O3 is melted 
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into a block or onto a stepped metal wedge and supported in a 
target box. 

7.2.1 Target for'' C Production Using Nitrogen as a Target Material 
(Gas Target) 

Target Design 
Carbon-11 may be continuously produced in a gas target using 

nitrogen as the target material. The chemical form of the product 
nuclei is largely dependent upon the sweep/target gas composition 
and irradiation conditions. 

Internal dimensions: 12 5 cm wide 
2-5 cm high 
45 cm deep 

GQS volume 1406ml 
at 760 mm Hg 20°C 

1. Target mounting plate 
2. Air cooled foil window (0 013mm Ti) 
3. Cooling water connection 
t. Water cooled gas-tight torgel box 
5. Sweep/target gas connection 
6. Cooling water channel 

Figure 7.2 Nitrogen gas target for " C production 

A gas target used for the production o f CO2 is shown in Figure 
7.2. Designed for use with a 7.6 MeV proton beam of up to 40 /iA 
intensity, it produces ' 'C by the '*N(p,a)' 'C reaction using nitrogen 
as the combined target and sweep gas. The target box is made 
entirely of aluminium and has a 0.013 mm titanium foil beam entry 
window which degrades the beam energy to 7.4 MeV. The depth in 
the direction of the beam path is 45 cm, ideally sufficiently 'thick' 
to reduce the proton beam energy to ~ 5 MeV (the practical 
threshold energy*'^' for the '*N(p,a) ' 'C reaction) when the sweep 
gas pressure is 0.53 kg cm~^ (7.5 lb in~^) above atmospheric 
pressure. The total gas volume of the target is ~ 1400 ml at 
atmospheric pressure and ambient temperature. 
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Sweep/Target Gases, Yields and Irradiation Conditions 
The sweep/target gas used with the " C gas target may be either 

nitrogen or nitrogen containing a small percentage of oxygen. In 
either case the chemical form of the target effluent is almost 
entirely ' 'CO2. Even if 99.9 per cent purity nitrogen is used there 
are usually still sufficient oxygen atoms present in the target system 
both for the primary product ' ' C O to be formed and for its subse
quent radiolytic oxidation to " C O 2 . I f considered necessary, a 
trace of oxygen may be added to the sweep/target gas; a mixture 

T A B L E 7.2 
PERFORMANCE O F GAS T A R G E T FOR EXPERIMENTAL ' ' C P R O D U C T I O N U S I N G NITROGEN 

AS A S W E E P / T A R G E T GAS 

Proton 
"*N(p,a)"C 
40 M 
7.6 MeV 
7.4 MeV 
Ti 0.013 mm 
0.2 MeV 
Not measured 
12.5 cm wide, 2.5 cm high, 45 cm deep. Gas 
vol. 1406 ml at 760 mm Hg 20 °C 
0.53 kg cm-^(7.51bin-^) gauge 
1.38 m i s - ' 
~ 10 m 

Particle 
Nuclear reaction 
Current 
Energy 
Energy incident on target material 
Window material and thickness 
Energy loss in window 
Beam distribution dimensions 
Target dimensions 

Target pressure 
Sweep/target gas flow rate 
Target output to system output 

Sweep/ 

Per cent of total recovered 
activity at target output " C Recovery at target output 

target m C i m r ' m C i m M " ' C O 2 
gas "CO 2 " C O i^NN '^OO mCis ' 760 mm Hg 760mmHg 

20 °C 20 °C 

Nitrogen 99 < 1 <0.1 <0.1 0.27 0.20 9.5 X 10̂  

Tolerances % >90 . 
< 1. 

+ 1 
+ 50 + 10 

of 0.1 per cent O2 in N2 is more than adequate. Although the 
authors have shown that even a saturation level of 4 per cent O2 in 
N2 results in the production of approximately 94 per cent "CO2, 
this level of oxygen is unnecessary for normal production and may 
even result in the formation of oxides of nitrogen, the presence of 
which could be undesirable, especially if the gas were to be used in 
biological studies which included systems that were easily poisoned 
by NOx- The use of excess oxygen in the sweep/target gas has also 
been shown to increase the '^N2 and "O2 contaminant levels; the 
'•'N2 is produced by the '^0(p,a)'^N reaction, the increase of '^02 
(formed by the '^N(p,n)''0 reaction) being due to the higher level 
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of oxygen carrier gas present in the system (see section 5.3.1, 
page 132). 

Table 7.2 shows some radioactive products which have been 
detected in " C experimental irradiations using a 7.6 MeV proton 
beam to bombard the gas target shown in Figure 7.2. The gas flow 
system which was used is shown in Figure 7.3. The analysis of these 
products was carried out using a radio-gas chromatograph fitted 
with a katharometer and a scintiflation p detector, the column 

Carbon-11 
Nj gas target 

7 6 MeV 
proton 
beam 

Filter High pressure 
ionization chamber 

Needle 
valve 

Flowmeter -

Gas sample 
for analysis 

Septum 

Pressure 
regulator J^i-T 
and flow ' > 
control valve 

d.c. amplifier 
and polarizing 

source 

-10 ml 
spiral 

Sweep/target 
gas 

m 
o o o 

1 
I I 1^1 I I I 

^ Scavenge 
pump 

Chart recorder Air waste 
inlet 

Figure 7.3 Gas flow system for the experiinental production of " C using a nitrogen 
gas target 

materials, temperatures and carrier gas being the same as those given 
in section 7.2.2. The yield is expressed as the rate of production of 
activity in mCi s" ^ continuously monitored by a 10 ml spiral in an 
ionization chamber approximately 10 m from the target. 
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7.2.2 Target for ' ' C Production Using Boron Trioxide as a Target 
Material (Solid Target) 

Target Design 
When B2O3 is used as a target material for production it is 

necessary for it to be maintained at its melting point (400°C) during 
bombardment so that the radioactive products may be released. This 
is usually done by using the beam power only although when the 

Nuclear reaction -"Bld.nrc, "B(d,2n)"c 
Beam energy incident on target material -15-6 MeV 

•7 Beam distribution 4-5-5 0cm wide,10-1 5cm high 
.12 Sweep gos Hydrogen 
g Sweep gas flow rote -1-33 ml s-' 

Target pressure 0 028 kg cm"^ (0-4 lb in'^lgauge 
Target output to system output 100 m 
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10 15 20 25 30 35 40 45 50 55 
Beam current /xA 

Boron trioxide wedge target: recovered activity at " C O system output 
versus beam current 

cyclotron output is limited, supplementary heating of the B2O3 
could be advantageous since a thermal threshold exists in the yield/ 
beam current relationship (Figure 7.4). The B2O3 may be supported 
in the charged particle beam in a variety of ways; typical con
figurations which have been tried include blocks and wedge shaped 
inserts'^^*. One of the most successful methods is to melt it onto a 
stepped wedge and allow the beam to strike it at grazing inci-
dence'^i*. 

A target of this type, shown in Figure 7.5, is designed for the 
continuous production of " C O or " C O 2 using a 16 MeV deuteron 
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1. Water cooled target nnounting plate 
2. Air cooled foil window (O OSO mm Al) 
3. Stepped wedge supporting B2O3 
4. S w e e p g a s connect ion 
5. GQS tight t o r g e t box 
6. Wedge retaining s c r e w 
7. Cooling water connection 

Figure 7.5 Boron trioxide wedge target for " C production 

Target 
mounting 
plate 

Foil 
window. 

10cm 2 2 cm 

O W 

Cooling water 
channel 

Wedge retaining Gas tight 
screw target box 

Sweep gas port 
(3mm minimum diameter) 

7-6cm 

'0' ring 

Cooling water 
connection 

12 cm 

^Stainless steel 
insert 

Stepped wedge 

Figure 7.6 Sectional side view of boron trioxide wedge target 
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beam*" of 40 ^A intensity, the nuclear reactions being ' °B(d ,n ) "C 
and '^B(d,2n)"C. It may also be used with a 40 M 7.6 MeV 
proton beam, the nuclear reaction in this case being ' 'B(p,n)' 'C. 

To prepare the target approximately 16 g of B2O3 powder is 
melted onto the stepped wedge in an electric furnace (see section 
3.11.4, page 100) to a thickness of 1-2 mm. The deuteron beam, 
defocussed to cover an area of approximately 4.4 cm^, passes through 
the 0.050 mm aluminium foil window and strikes the surface of the 
B2O3 at grazing incidence. With a beam current of 40 nk the total 
incident power is approximately 620 W on the surface of the wedge 
which is deliberately in poor thermal contact with the surrounding 
box [Figure 7.6). This power is sufficient to melt the B2O3 releasing 
^'C labelled gases into a stream of sweep gas passed through the 
box at about 1.3 ml s" ^ The molten B2O3 is prevented from rapid 
movement down the wedge by the step shape. 

The gas volume of the target box is kept small (about 200 cm^) to 
maximize the radioactive concentration of the effluent gas. Its normal 
working pressure is approximately 0.007 kg cm " ^ (0.1 lb in " ^) above 
atmospheric pressure. Brass is used for all parts of the target box 
except the front plate and window which are aluminium and cooled. 
Aluminium wedges have also been used (see section 3.11.4, page 100). 
The gas inlet and outlet connections are made using vacuum fittings. 

During bombardment the molten B2O3 slowly migrates from the 
area of the beam strike eventually causing a loss of yield. This 
process takes about 12 hours after which the wedge has to be re-
coated. Since B2O3 is hygroscopic, wedges are always stored in a 
desiccator until required for use. 

Since the stepped wedge type of target is not thick in the nuclear 
sense, its yield using a 16 MeV deuteron beam is only about 
40 per cent of that obtainable with other target material configura
tions in which the beam energy is degraded to ~ 3 MeV, the practical 
threshold energy for the " 'B(d,n)"C reaction. However, the rela
tively long life of the wedge type target usually outweighs this 
disadvantage in practice. 

Sweep Gases, Yields and Irradiation Conditions 
The parameters affecting the total yield recovered from a B2O3 

carbon-11 target may be listed as follows: 
(a) Target material nuclear cross section. 
{b) Beam current. 
(c) Beam energy. 
{d) Target material thickness. 
(e) Sweep gas flow rate. 
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( / ) Sweep gas composition. 
(g) Beam distribution. 
[h) Target material water content. 
(/) Target material temperature. 
These parameters may be divided into those affecting the activity 

produced within the target, and those affecting the recovery of 
activity from the target. Thus (a), (b), (c) and (d) largely determine 
the activity produced, whilst (e), ( / ) , (g), (/)) and (/) tend to determine 
the amount of recovered activity and its chemical composition. With 
the recovery of the activity depending upon so many factors the yield 
is never constant from day to day or even during a bombardment of 
say, three hours' duration. However, it is possible to determine the 
relationship between some of the parameters by running for long 
periods and taking mean values of beam current, yield and analyses 
of samples. 

Table 7.3 shows some radioactive products which have been de
tected in ^ ^C experimental bombardments using a 16 MeV deuteron 
beam to intercept the stepped wedge target shown in Figures 7.5 
and 7.6. The analysis of these products was carried out using a 
radio-gas chromatograph fitted with a katharometer and a scintilla
tion detector (section 3.2.3, page 50). Three 1.5 m x 4.8 mm bore 
columns were used: molecular sieve (type 5A), silica gel and 
Poropak Q, all of 80-100 mesh. Fixed column temperatures of 50, 
75 or 100°C were used, the chromatograph carrier gas being helium. 

The gas flow system, shown schematically in Figure 7.7 was of 
open circuit design. The yield is expressed as the rate of production 
of activity in mCi ' continuously monitored by a 200 ml cylinder 
in an ionization chamber approximately 10 m from the target. 

The target efficiency values were obtained by comparing the yield 
o f ' 'C induced in a similar wedge under conditions where there were 
no losses of volatile products, decay curve analysis being necessary 
to extract the '^C component. The activity of the target effluent 
was measured using a calibrated ionization chamber system shown 
schematically in Figure 1.1. The calibration was performed by taking 
a 1 ml sample from the input of the monitored 200 ml volume and 
measuring it with a calibrated gamma spectrometer (see section 3.7.1, 
page 76). 

It will be seen from Table 7.3 that the composition of the target 
sweep gas has a pronounced effect upon the recovered chemical 
forms and their specific activities. 

The precise nature of the chemical and radiolytic reactions which 
take place in the target during irradiation is not fully known. How
ever, it is thought that " C O is the primary product of the reaction 
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between the " C atoms and the oxygen atoms in the B 2 O 3 . In the 
absence of any oxygen radical scavenger the " C O is largely 
radiolysed to "C02*^^'. Thus when helium is used as the sweep gas 
most of the " C activity in the target effluent is "CO2, the addition 
of CO2 carrier having little effect upon the recovered yield. When 
stable CO is added to the helium, less " C O 2 is made, the CO acting 

Filter 

16 MeV 
deuteron n. 
beam—— 

Carbon-ll 

Flowmeter 

B 2 O 3 
target 

NPL ionization 
chamber 

Gas sample 
for analysis 

Septum 

Pressure 
regulator 
and flow 
control 
valve 

d.c. amplifier 
and polarizing 

source 

Sweep 
gas 

200 ml 
cylinder 

Scavenge 
pump 

Chart 
recorder 

Waste 

Figure 7.7 Gas flow system for the experimental production of " C using a boron 
trioxide wedge target 

as a scavenger for oxygen radicals and protecting the ' ^CO. As more 
CO is added this protection is seen to increase. 

When a sweep gas of helium containing a small amount of hydro
gen is used it also acts as a radical scavenger giving some recovery 
o f ' 'CO without added carrier. If, however, hydrogen is used alone, a 
much higher recovery of " C O is achieved, also without added 
carrier. It should be noted that there is a significant recovery of 
'•'N2 with all sweep gases except hydrogen. Presumably the ' ^ N 
atoms are scavenged by hydrogen to form non-volatile products. 
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The absence in the target effluent of a possible volatile product 
'^NHs, has been demonstrated both chemically and gas chromato-
graphically, although its possible presence in the target vessel cannot 
be excluded as '^NHs in trace amounts is known to be rapidly lost 
to brass and copper surfaces* '̂*. In systems where ' ^ N is troublesome 
and cannot be removed chemically, some advantage may be gained 
by using a proton beam, the energy of which is sufficiently low to 
prevent the production of this nuchde (see Table 2.1). 

7.3 " C O P R O D U C T I O N SYSTEMS 

7.3.1 " C O System Using a Gas Target 

General Principle 
This system is designed for the continuous production of " C O . 

The flow diagram which is of open circuit design is shown in 
Figure 7.8. Nitrogen is used as the combined target and sweep gas, 
the target pressure being maintained at about 0.53 kg cm" ^ (7.5 lb 
in"^) above atmospheric pressure. Bombardment is by a 40 fxA 
7.6 MeV proton beam resulting in the ' '^N(p,a)"C reaction. The 
product at the target output is " C O 2 which is reduced to " C O 
using zinc at 390°C; a soda lime absorber removes any traces of un
converted " C O 2 . The performance of the system is given in 
Table 7.4. 

Flow Diagram Description 
The gas passes through the system as shown in Figure 7.8. The 

target pressure and flow rate are determined by the settings of the 
pressure regulator and flow control valve, and the needle valve. The 
" C O 2 target output gas is reduced in the zinc powder furnace to 
" C O , the following reaction taking place: 

Z n + "CO2 ^ ^ ^ Z n O + " C O 

To eliminate any traces of unconverted " C O 2 the furnace output 
gas is passed through a small soda lime absorber. 

A continuous indicatioii of radioactive concentration is obtained 
by passing the gas through a copper measuring spiral having a 
volume of approximately 10 ml, in a high pressure ionization cham
ber. The gas may be dispensed either continuously or batch-wise 
from tap A. I f continuous dispensing is required (as in some red 
cell labelling techniques) the waste dispensed gas may be returned 
to the system using tap B. At this point an air inlet is introduced in 
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order that the waste gas scavenge pump will not affect the sweep 
gas flow rate in the rest of the system. 

Target, Sweep/Target Gas and Irradiation Conditions 
The target is of the type shown in Figure 7.2 and described in 

section 7.2.1. A 0.013 mm titanium foil beam entry window is used. 
The working pressure is 0.53 kg cm"^ (7.5 lb in"^). 

Pressure 
gauge 

High pressure 
ionization chamber 

7-6 MeV 
proton 
beam 

Flowmeter 
A 

Dispensed 
gas 

2 way taps 

Pressure 
regulator 
and flow 
control 
valve 

Fi l te r 

Carbon-!! 
N 2 g a s 
target Flow

meter 
B 

Needle 
valve \ 

10ml 
spiral 

Waste gas 

d.c amplifier 
1 and polarizing >: 

Nitrogen 
sweep/target 

gas 
Figure 7.S 

Zinc powder 
390 "C 

source 

Flow^ 
meter 

C 

Scavenge 
pump 

Air Waste 
inlet 

' C O production system using a nitrogen gas target 

The combined sweep and target gas is nitrogen (purity 99.9 per 
cent) and preferably contains not more than 0.05 per cent oxygen. 
A high level of oxygen may result in the production of oxides of 
nitrogen and can cause unnecessarily rapid oxidation of the zinc 
powder, resulting in the possibility of ^'C02 'breakthrough'. A 
normal sweep/target gas flow rate is ~ 1.4 ml s"'. Particular care 
should be taken to ensure that the sweep/target gas is not contamin-
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ated with CO2 since if this were the case, dangerous amounts of 
CO could be produced at the system output (see section 9.3.2, 
page 317). 

The irradiation conditions are given in Table 7.4. 

Zinc Powder Furnace and Soda Lime Absorber 
The zinc powder is retained by a glass sinter (porosity 1) in a 

T A B L E 7.4 

P E R F O R M A N C E O F A " C O P R O D U C T I O N S Y S T E M U S I N G A N I T R O G E N G A S T A R G E T 

Particle 
Nuclear reaction 
Current 
Energy 
Energy incident on target material 
Window material and thickness 
Energy loss in window 
Beam distribution dimensions 
Target dimensions 

Target pressure 
Sweep/target gas flow rate 
Target output to system output 

Proton 
'*N(p.a)"C 
40 tik 
7.6 MeV 
7.4 MeV 
Ti 0.013 mm 
0.2 MeV 
Not measured 
12.5 cm wide, 2.5 cm hieh. 45 cm deep. Gas 
vol. 1406 ml at 760 mm Hg 20°C 
0.53 kg cm"^ (7.5 lb in"') gauge 
1.38 ml S - ' 
- 10 m 

Nitrogen 

Per cent of total 
recovered activity " C Recovery 

sweep 
gas " C O " C O 2 ' ' N N ' = 0 0 mCi s ' 

mCi ml"' 
760 mm Hg 

20°C 

mCi mM"' C O 
760 mm Hg 

20 °C 

Target 
output < 1 99 < 0.1 < 0.1 0.27 0.20 N.A.t 

System 
output* > 99 0 < 0.1 <0.1 0.14 0.10 4x 10̂  

Tolerances % ^ + 1 
+ 15 + 10 

* Target output gas passed through a column of zinc powder 5 cm long and 2.5 cm diameter al 390°C. 
followed by a column of soda lime 16 cin long and 2.5 cm diameter, 

f Nol applicable. 

Pyrex glass tube 2.5 cm internal diamter (see section 3.5.1, page 68). 
A column 5 cm long is sufficient to elTect complete reduction of the 
" C O 2 at a flow rate of 1.38 ml s ^ Care should be taken to 
maintain the temperature at 390°C + 10°C*^*". I f the temperature is 
too low the reduction may not be complete; if too high there is the 
danger of the zinc powder fusing into a solid mass or even softening 
of the glass tube. Since the amount of " C O 2 to be removed is very 
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small, a soda lime absorber 16 cm long and 2.5 cm diameter is 
sufficient {Figure 3.6). 

Prolonged use of the zinc furnace will result in the complete 
oxidation of the zinc resulting in ^^COa breakthrough. Premature 
exhaustion of the zinc will occur if purged air is allowed to pass 
through the furnace at its operating temperature. 

Flowmeters and Filters 
The flowmeters used in the system are of the variable area type. 

Since this type of flowmeter is pressure dependent, the system flow 
rate is always determined from flowmeter B since this is virtually at 
atmospheric pressure. Flowmeter A reads low due to the elevated 
pressure at this point in the system. Flowmeters A and B have a 
range of 5-150 ml mm"^ (0.083-2.5 ml s"') (N2) at 760 mm Hg 
and 18 °C. 

The flow rate at the air inlet should not be less than about 100 
times that in the rest of the system. Thus the range of flowmeter C 
should be chosen accordingly. Since the target flow rate is 1.38 ml s " ' 
(83 ml m i n " ' ) a useful range for flowmeter C is 2-20 1 m i n " ' 
(air) at 760 mm Hg and 18 °C. 

The filters used are of the type described in section 3.3 (page 61). 
I f the gas is required for sterile use it may be dispensed through a 
Millipore filter as described in section 4.1.3 (page 106). 

Gas Transmission Tubes 
The system is connected using 2.2 mm diameter, 1.5 mm bore stain

less steel tube. Where flexible connections are required, 3.2 mm 
diameter, 2.0 mm bore nylon tube is used. The distance from the 
target to the processing equipment is approximately 10 m. Longer 
distances of up to 100 m may be used provided the target pressure is 
maintained at 0.53 kg cm"^. In order .to maintain flowmeter B and 
the spiral at approximately atmospheric pressure a large pressure 
drop between the furnace output and dispensing point should be 
avoided. 

Production Techniques and System Performance 
Before bombardment the scavenge pump is started and the 

system flushed for at least one hour with the sweep gas at the 
normal working flow rate of 1.38 ml s"^ to exclude oxygen, the 
zinc powder furnace being at ambient temperature. A higher flow 
rate and shorter time may be possible but the impedance of the 
zinc powder furnace may set an upper limit to the maximum 
practicable flow rate. (Alternatively the furnace may be by-passed 
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for this procedure.) After flushing is complete, the zinc is brought up 
to its working temperature of 390°C, and after checking the target 
pressure and flow rate, and also the yield monitor, the irradiation is 
started. As the temperature of the gas in the target increases during 
bombardment the target pressure increases and may need re
adjusting. A steady state of system output activity is reached about 
20 min after the start of bombardment at the stated irradiation 
and flow rate conditions. 

It may be necessary to reduce the radioactive concentration at 
the system output during bombardment. The radioactive concentra
tion of the gas at the dispensing point is a nominal value for given 
beam current, target pressure and flow rate conditions. I t is inadvis
able to vary the beam current, target gas pressure or flow rate without 
radio-gas chromatographic analyses, since the radiation dose per 
molecule will change with the result that the proportion of each 
labelled chemical form may change. Thus a practicable way to reduce 
the radioactive concentration during bombardment is to dilute the 
gas on dispensing. 

To prevent ^^COa appearing at the system output the zinc 
powder and soda lime are regularly changed. It will be seen from 
Table 7.4 that the radiochemical purity at the system output is the 
order of 99 per cent '^CO. The ^^C recovery at the system output is 
lower than that at the target output since about half of the ^^C 
activity remains in the zinc powder furnace. For a higher ' ' C O 
production rate and radioactive concentration at the system output, 
a system using a solid target may be necessary, as described in the 
next section. For systems where the irradiation parameters differ 
widely from those shown in Table 7.4, care should be taken to investi
gate the stabihty of output composition under all anticipated oper
ating conditions. 

7.3.2 ' ' C O System Using a Solid Target 

General Principle 
This system is designed for the continuous production of " C O 

using B2O3 as the target material. The flow diagram which is of 
open circuit design is shown in Figure 7.9. Hydrogen sweep gas is 
used, the target pressure being only slighdy above atmospheric 
pressure. Bombardment is by a 40 ^A 16 MeV deuteron beam 
resulting in the ' ° B ( d , n ) " C and "B(d ,2n)"C reactions. The pro
duct at the target output is largely " C O with "CO2, " C H 4 and a 
trace of '^N2('^NN) as contaminants. Soda lime is used to absorb 
the " C O 2 . The performance of the system is given in-Table 7.5. 
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Flow Diagram Description 
The gas passes through the system as shown in Figure 7.9. The 

target pressure and sweep gas flow rate are determined by the 
settings of the pressure regulator and flow control valve*, a soda lime 
absorber being used to remove the ' 'CO2 contaminant in the target 

Filter 

16 MeV 
deuteron 

beam 

High pressure 
ionization chamber 

Dispensed 

Flowmeter 
A 

Pressure & 2 ) 
regulator ^ ^ ^ f - \ 
and flow ^ ' ' 
control valve 

Hydrogen 
sweep / 

gas 

Carbon-
- J - B 2 O 3 

target 

meter 

~10 ml 
spiral 

gas 

2 way taps 

Waste gas 
from labelling 
or storage 

system 

d.c. amplifier 
and polarizing 

source 

Scavenge 
pump 

Flow
meter 

C 

Scavengir 
gas inlet Waste 

f igure 7.9 " C O production system using a boron trioxide wedge target 

output gas. A continuous indication of radioactive concentration is 

obtained by passing the gas through a copper measuring spiral 

having a volume of about 10 ml, in a high pressure ionization 

* Under certain adverse conditions (for example, sudden large changes in beam 
current) it is possible that air could momentarily be sucked back from the system out
put and thus form a potentially explosive gas mixture. In order to prevent this, it is 
desirable that the impedance between the hydrogen cylinder and the target input 
should be as low as possible. Thus it could be advantageous to use a pressure 
regulator of the low pressure type in conjunction with a low impedance flow 
control valve (sec sections 3.4.2, page 62, and 3.4.4. page 64). The gas transmission 
tube between the hydrogen cylinder and the target input should also be of a lower 
impedance than that used in the rest of the system. 
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chamber. The gas may be dispensed either continuously or batch-
wise from tap A. I f continuous dispensing is required (as when using 
a storage system or in some red cell labelling techniques) the waste 
dispensed gas may be returned to the system using tap B. At this 
point a scavenging gas inlet is introduced so that the scavenge 
pump will not afi'ect the sweep gas flow rate. 

T A B L E 7.5 

P E R F O R M A N C E O F A " C O P R O D U C T I O N S Y S T E M U S I N G A B O R O N T R I O X I D E W E D G E 
T A R G E T 

Particle 
Nuclear reaction 
Current 
Energy 
Energy incident on target material 
Window material and thickness 
Energy loss in window 
Beam distribution dimensions (see 
section 2.4) 
Target dimensions 

Target pressure 
Sweep gas flow rate 
Target output to system output 

Deuteron 
"'B(d,n)"C and "B(d,2n)"C 
40/(A 
16.1 MeV 
15.6 MeV 
Al 0.05 mm 
0.5 MeV 
3.0-4.0 cm wide, 1.0-1.5 cm high 

12.7 cm wide, 2.2 cm high, 10 cm deep. Gas 
vol. 200 ml at 760 mm Hg 20 °C. 
~ 0.007 kgcm"^(0.1 lb in"^) gauge 
1.33 mis"' 
~ 10 m 

Hydrogen 
sweep 

gas 

Per cent of total 
recovered activity " C Recovery 

Hydrogen 
sweep 

gas " C O " C O 2 " C H 4 1 3 N N mCi s~' 
mCi m P ' 

760 mm Hg 
20 °C 

mCi m M " ' C O 
760 mm Hg 

20 °C 

Target 
output 

System 
output* 

86 

94 

8.7 

0 

5.2 

5.7 

< 1 

< 1 

0.23 

0.21 

0.17 

0.15 

7.1 X 10̂  

6.8 X 10̂  

^ , „, > 60 + 1 
Tolerances % JQ ± 1 0 

Target output gas passed through soda lime column 16 cm long and 2.5 cm diameter. 

Scavenging Gas 
Since hydrogen is used as a sweep gas, the choice of scavenging 

gas is important. Air may be used provided the waste gas mixture 
is well below the explosive limit for an air-hydrogen mixture'^'. This 
necessitates a scavenging gas flow rate of not less than 16 1 m i n ^ ' 
when the hydrogen flow rate is 1.3 ml s~' (80 ml minr ' ) - Large 
volumes other than the shielded scavenging gas tank (see Figure 3.16) 
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should be avoided in the system between the scavenging gas inlet and 
the point of release into the atmosphere. 

A good alternative scavenging gas is nitrogen which may be 
supplied from a cylinder as shown in Figure 7.10. 

Target, Sweep Gas and Irradiation Conditions 
The target is the B2O3 stepped wedge type shown in Figure 7.5 

and described in section 7.2.2. A 0.050 mm aluminium foil beam entry 

To input of flowmeter C (Fig. 7.9) 

Continuous ^ 
bleed to 
atmosphere 

Pressure regulator 
and flow control 
valve 

-Nitrogen 
scavenging 
gas 

Figure 7.10 Nitrogen scavenging gas supply for " C O systems using hydrogen as a 
sweep gas 

window is used. The target working pressure may be any value be
tween 0.007 kg cm-2 (0.1 lb i n a n d 0.05 kg cm^^ (0.7 lb in "2) 
above atmospheric pressure. During bombardinent the outside 
surface of the target reaches a temperature of about 200 °C. The 
sweep gas is 99.9 per cent purity hydrogen, a normal range of flow 
rate being 0.73-1.73 ml s"'. The irradiation conditions are given in 
Table 7.5. 

Soda Lime Absorber 
A column of soda lime 16 cm long, 2.5 cm diameter [Figure 3.6) 

is sufficient for removal of the "C02. 

Flowmeters and Filters 
The flowmeters used in the system are of the variable area type. 

Since this type of flowmeter is pressure dependent the system flow 
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rate is always determined from flowmeter B since this is virtually at 
atmospheric pressure. Flowmeter A reads slightly low due to the 
elevated pressure at this point in the system. Flowmeters A and B 
have a range of 5-150 ml m i n " ' (0.083-2.5 ml s"') (H2) at 760 mm 
Hg and 18°C. The flow rate at the scavenging gas inlet should not 
be less than about 100 times that in the rest of the system. Thus a 
useful range for the scavenging gas flowmeter C is 2-201 min~ ^ (N2) 
at 760 mm Hg and 18 °C. 

The filters used are of the type described in section 3.3 (page 61), 
and are fitted close to the target and soda lime absorber outputs in 
order to prevent particulate matter escaping into the system. I f the 
gas is required for sterile use it may be dispensed through a Milhpore 
filter as described in section 4.1.3 (page 106). 

Gas Transmission Tubes 
The system is connected using 2.2 mm diameter, 1.5 mm bore 

stainless steel tube. Where flexible connections are required 3.2 mm 
diameter, 2.0 mm bore nylon tube is used. The distance from the 
target to the processing equipment is approximately 10 m. Longer 
distances of up to 100 m may be used provided the target pressure 
is maintained at a value between 0.007 and 0.05 kg cm~-^.* In order 
to maintain flowmeter B and the spiral at approximately atmos
pheric pressure a large pressure drop between the soda lime absorber 
output and the dispensing point should be avoided. 

Production Techniques and System Performance 
Before bombardment, the scavenge pump is started (the nitrogen 

scavenging gas being turned on if this is used) and the system flushed 
with hydrogen for half an hour at the working flow rate of 
1.3 ml s"' to remove air. After flushing, the sweep gas flow rate 
and yield monitor are checked and the irradiation is started. Steady 
state conditions are reached about 15 min after the start of bombard
ment at the irradiation and flow rate conditions given in Table 7.5. 

The radioactive concentration of the gas at the dispensing point 
is a nominal value for given beam current and sweep gas flow rate 
conditions. Within certain limits, however, it is possible to change 
the radioactive concentration at the system output during bombard
ment. This is done by varying the sweep gas flow rate using the 
flow control valve. The authors have shown that the ratio of radio
active products at the system output is unchanged for sweep gas 
flow rate variations between 0.73 and 1.73 ml s~' (44 and 80 ml 
min~^). Over this range of sweep gas flow rate the radioactive 

* See footnote page 232. 
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concentration at the system output increases as the flow rate is 
reduced. 

Alternatively the gas may be diluted with air immediately after 
dispensing. When hydrogen containing " C O is administered by re-
breathing"** a maximum volume of 7 ml is diluted with between 

" N N " C H , ; C O 

\ , , 1 2 97 
1 2 r I - . 

s " 
a 10 

1 
09 

" 07 

o 

a) 

02 
35 40 45 

B e a m current 

Nuclear reaction '•'B(d,n)"C, "B(d,2n)"C 
Beam energy incident on target material . . . 15-6 MeV 
Beam distribution 4-5—S O cm wide, 1-0—1-5 cm high 
Sweep gas . . . . Hydrogen 
Sweep gas flow rate '. 1-33 mis"' 
Target pressure ~O 028 kg cm"^(0-4 lb in"^) gauge 
Target output to system output ~lOOm 

Figure 7.11 " C O production system using a boron trioxide wedge target: system 
output radioactive gas composition versus beam current 

1000 ml and 3000 ml of air or oxygen, thus giving a 0.7 per cent 
maximum H2 mixture which is 5.7 times lower than the explosive 
limit (4 per cent H2) for air/02 mixtures*^'. 

I t is inadvisable to change the beam current to vary the output 
activity since this will have the effect of varying the proportion of 
labelled products as shown in Figure 7.11. I t is also inadvisable to 
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use any form of continuous dilution technique with hydrogen being 
used as a sweep gas. 

To prevent ^'COa appearing at the system output the soda lime 
absorber is regularly changed. 

It will be seen from Table 7.5 that the radiochemical purity at 
the system output is the order of 94 per cent ' ^CO, this being at the 
stated beam distribution. It has been shown that if the beam width 
is increased to approximately 12 cm there is a fourfold rise in the 
proportion of ^'CH4 at the target output. 

The recovery at the system output is slightly lower than that 
at the target output due to the absorption of the ' ^C02 by the soda 
lime. Even so, the ^ 'CO production rate and radioactive concentra
tion at the system output can be significantly higher than the values 
obtained when using a gas target. The ^ 'CH4 contaminant does not 
interfere with red cell labelling and one has the advantage of a low 
'^N2 contaminant level, not attained when other sweep gases are 
used with a B2O3 target (Table 7.3). When using long gas trans
mission tubes the level of ^^N2 at the system output is reduced still 
further due to the relative decay constants of the ' ^ N and " C 
nuclides. For systems where the irradiation parameters differ widely 
from those shown in Table 7.5, care should be taken to investigate 
the stability of output composition under all anticipated operating 
conditions. 

7.4 PRODUCTION SYSTEMS 

7.4.1 ^^C02 System Using a Gas Target 

General Principle 
This system is designed for the continuous production of '^C02. 

The flow diagram which is of open circuit design is shown in 
Figure 7.12. Nitrogen or 0.1 per cent O2 in N2 is used as the combined 
target and sweep gas, the target pressure being maintained at about 
0.53 kg cm"^ (7.5 lb in"^) above atmospheric pressure. Bombard
ment is by a 40 yuA 7.6 MeV proton beam resulting in the 
'*N(p,a)"C reaction. The product at the target output is '^C02. 
The performance of the system is given in Table 7.6. 

Flow Diagram Description 
The gas passes through the system as shown in Figure 7.12. The 

target pressure and sweep gas flow rate are determined by the 
settings of the pressure regulator and flow control valve, and the 
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needle valve. Since the product at the target output is almost entirely 
' 'CO2 no absorbers or reagents are required in the system.* 

A continuous indication of radioactive concentration is obtained 
by passing the gas through a copper measuring spiral having a 
volume of approximately 10 ml, in a high pressure ionization 
chamber. The gas may be dispensed either continuously or batch-
wise from Tap A. I f continuous dispensing is required the waste 

T A B L E 7.6 

P E R F O R M A N C E O F A " C O 2 P R O D U C T I O N S Y S T E M U S I N G A N I T R O G E N G A S T A R G E T 

Particle 
Nuclear reaction 
Current 
Energy 
Energy incident on target material 
Window material and thickness 
Energy loss in window 
Beam distribution dimensions 
Target dimensions 

Target pressure 
Sweep gas flow rate 
Target output to system output 

Proton 
'*N(p,a)"C 
40 M 
7.6 MeV 
7.4 MeV 
Ti 0.013 mm 
0.2 MeV 
Not measured 
12.5 cm wide, 2.5 cm high, 45 cm deep. 
Gas vol. 1406 ml at 760 mm Hg 20°C 
0.53 kg cm"" (7.5 lb in"^) gauge 
1.38 m i s - ' 
~ 10 m 

Nitrogen 
Per cent of total 

recovered activity ' ' C Recovery 

sweep 
gas " C O 2 " C O '^NN ''00 mCi S - ' 

mCi mr' 
760 mm Hg 

20 °C 

mCi m M " ' CO2 
760 mm Hg 

20°C 

Target 
output 99 < 1 <0.1 <0.1 0.27 0.20 9.5 X 10^ 

System 
output 99 < 1 <0.1 < 0.1 0.27 0.20 9.5 X 10' 

Tolerances % ^ ''' + 1 
. . . + 15 ± 10 

dispensed gas may be returned to the system using tap B. At this 
point an air inlet is introduced in order that the waste gas scavenge 
pump will not affect the sweep gas flow rate in the rest of the system. 

Target, Sweep/Target Gas and Irradiation Conditions 
The target is of the type shown in Figure 7.2 and described in 

section 7.2.1. A 0.013 mm titanium foil beam entry window is used. 

* Under certain irradiation conditions the ' ' C O content of the target output gas 
may exceed one percent necessitating the use of a small copper oxide furnace between 
the needle valve and flowmeter B (Figure 7.12). 
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The working pressure is 0.53 kg cm"^ (7.5 lb in"^) above atmos
pheric, pressure. The combined sweep and target gas is nitrogen 
(purity 99.9 per cent) or a mixture of 0.1 per cent O2 in N2, a 
normal flow rate being ~ 1.4 ml s" ^ The irradiation conditions are 
given in Table 7.6. 

7 6 MeV 
proton 
beam 

Pressure 
gauge 

Filler 
High pressure 
ionization chamber 

Row-
I/meter Carbon-11 Dispensed N2 gas 

Fiowmeler 

valve 

Pressure 
regulator 
and flow 
control 
va ve 

2 way taps 

pNitrogen or 
0-1V. O2 in N2 
sweep/ target 
gas 

~ » m 
spiral 

0 0 e 

Waste gas 
from labelling 
or storage system 

dc. amplifier 
and polarizing 

source 

Flow
meter 

C 

T 

wr 
Inlet Waste 

Scavenge 
pump 

Figure 7.12 " C O 2 production system using a nitrogen gas target 

Flowmeters and Filters 
The flowmeters used in the system are of the variable area type. 

Since this type of flowmeter is pressure dependent, the system flow 
rate is always determined from flowmeter B since this is virtually at 
atmospheric pressure. Flowmeter A reads low due to the elevated 
pressure at this point in the system. 

Flowmeters A and B have a range of 5-150 ml m i n " ' (0.083-
2.5 ml s~0 (N2) at 760 mm Hg and 18°C. The flow rate at the air 
inlet should not be less than about 100 times that in the rest of the 
system. Thus the range of flowmeter C should be chosen accordingly. 
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Since the target flow rate is 1.38 ml s~' (83 ml m i n " ' ) a useful 
range for flowmeter C is 2-201 m i n " ' (air) at 760 mm Hg and 18°C. 

The filters used are of the type described in section 3.3 (page 61). 
I f the gas is required for sterile use it may be dispensed through a 
Millipore filter as described in section 4.1.3 (page 106). 

Gas Transmission Tubes 
The system is connected using 2.2 mm diameter, 1.5 mm bore 

stainless steel tube. Where flexible connections are required 3.2 mm 
diameter, 2.0 mm bore nylon tube is used. The distance from the target 
to the system output is approximately 10 m. Longer distances of up 
to 100 m may be used provided the target pressure is maintained at 
0.53 kg cm"^. In order to maintain flowmeter B and the spiral at 
approximately atmospheric pressure a large pressure drop between 
the needle valve output and the dispensing point should be avoided. 

Production Techniques and System Performance 
Before bombardment the scavenge pump is started and the system 

flushed for at least one hour with the sweep gas flowing at ~ 2.5 ml s"' 
to remove oxygen. After flushing is complete, and after checking 
the target pressure and flow rate, and also the yield monitor, the 
irradiation is started. As the temperature of the gas in the target 
increases during bombardment, the target pressure increases and 
may need re-adjusting. A steady state of system output activity is 
reached about 20 min after the start of bombardment at the stated 
irradiation and flow rate conditions. 

It may be necessary to reduce the radioactive concentration at 
the system output during bombardment. The radioactive concentra
tion of the gas at the dispensing point is a nominal value for given 
beam current, target pressure and flow rate conditions. I t is in
advisable to vary the beam current, target gas pressure or flow rate 
without radio-gas chromatographic analyses, since the radiation 
dose per molecule will change with the result that the proportion of 
each labelled chemical form may change. Thus a practicable way to 
reduce the radioactive concentration during bombardment is to 
dilute the gas on dispensing. 

I t will be seen from Table 7.6 that the radiochemical purity at the 
system output is the order of 99 per cent " C O 2 . The " C recovery 
at the system output is virtually the same as that at the target output 
unless long gas transmission tubes are being used, in which case the 
target output gas will decay significantly during transit. 

For systems where the irradiation parameters differ widely from 
those shown in Table 7.6 care should be taken to investigate the 
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stabifity of output composition under all anticipated operating 
conditions.* 

7.4.2 " C O 2 System Using a Solid Target 

General Principle 
This system is designed for the continuous production of ' 'CO2 

7-6 MeV r i 
proton beam! T~ 

_Lq— 

Filter 

Flow
meter 
A 

Carbon-11 
B2O3 
target 

High pressure 
lonizaticr chamber 

Pressure regulator 
and floiw control 
valve 

Flow 
meter 
B 

Dispensed 
• 

gas 

2 way taps 

Waste gas from 
1 labelling or storage 

system 

\ Helium 
sweep 
gas 

d.c. amplifier and 
polarizing 

source 

meter 

Scavenge 
pump 

Waste 

Figure 7.13 " C O 2 production system using a boron trioxide wedge target 

using B2O3 as the target material. The flow diagram which is of 
open circuit design is shown in Figure 7.13. Helium sweep gas is 
used, the target pressure being only slightly above atmospheric 
pressure. Bombardment is by a 40 fxA 7.6 MeV proton beam resulting 
in the ^'B(p,n)'^C reaction. The product at the target output is 
largely ' 'CO2 with ^^CO and '^N2 as contaminants. The perform
ance of the system is given in Table 7.7. 

* See footnote page 238. 
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Flow Diagram Description 
The gas passes through the system as shown in Figure 7.13. The 

target pressure and sweep gas flow rate are determined by the settings 
of the pressure regulator and flow control valve. Since the product 
at the target output is almost entirely " C O 2 no absorbers or re
agents are required in the system. A continuous indication of radio-

P E R F O R M A N C E O F A " C O 2 

T A B L E 7.7 

P R O D U C T I O N S Y S T E M U S I N G A B O R O N T R I O X I D E W E D G E 

T A R G E T 

Particle 
Nuclear reaction 
Current 
Energy 
Energy incident on target material 
Window material and thickness 
Energy loss in window 
Beam distribution dimensions 
Target dimensions 

Target pressure 
Sweep gas flow rate 
Target output to system output 

Proton 
" B ( p , n ) " C 
40/iA 
7.6 MeV 
7.4 MeV 
Ti 0,013 mm 
0.2 MeV 
Not measured 
12.7 cm wide, 2.2 cm high, 10 cm deep. 
Gas vol. 200 ml at 760 mm Hg 20°C 
~ 0.007 kg cm-2 (0.1 lb in"^) gauge 
1.35 m i s " ' 
~ 10 m 

Helium 
Per cent of total 

recovered activity " C Recovery 

sweep 
gas " C O 2 " C O 13NN mCi s"' 

mCi ml"' 
760 mm Hg 

20 "C 

mCi m M ~ ' CO2 
760 mm Hg 
- 20°C 

Target 
output 98 1.1 0.90 0.11 0.084 2.0 X 10" 

System 
output 98 1.1 0.90 0.11 0.084 2.0 X I C 

Tolerances % > 60 
< 10 

+ 1 
± 15 ± 10 

active concentration is obtained by passing the gas through a copper 
measuring spiral having a volume of about 10 ml, in a high pressure 
ionization chamber. The gas may be dispensed either contmuously or 
batch-wise from Tap A. I f continuous dispensing is required the 
waste dispensed gas may be returned to the system using tap B. At 
this point an air inlet is introduced so that the scavenge pump wil l 
not aflect the sweep gas flow rate. 

Target, Sweep Gas and Irradiation Conditions 
The target is the B2O3 stepped wedge type shown in Figure 7.5, 

and described in section 7.2.2. A 0.013 mm titanium foil beam entry 
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window is used, the working pressure being approximately 
0.007 kg cm"^ (0.1 lb in"^) above atmospheric pressure. The sweep 
gas is helium of 99.995 per cent purity, a normal flow rate being 
~ 1.4 ml s" K The irradiation conditions are given in Table 7.7. 

Flowmeters and Filters 
The flowmeters used in the system are of the variable area type. 

Since this type of flowmeter is pressure dependent, the system flow 
rate is always determined from flowmeter B since this is virtually at 
atmospheric pressure. Flowmeter A reads low due to the elevated 
pressure at this point in the system. Flowmeters A and B have a range 
of 5-150 ml min - ' (0.083-2.5 ml s"') (He) at 760 mm Hg and 18 °C. 

The flow rate at the air inlet should not be less than about 100 
times that in the rest of the system. Thus the range of flowmeter C 
should be chosen accordingly. Since the target flow rate is 1.35 ml s " ' 
(81 ml m i n " ' ) a useful range for flowmeter C is 2-20 1 m i n " ' (air) 
at 760 mm Hg and 18 °C. 

The filters used are of the type described in section 3.3 (page 61). 
I f the gas is required for sterile use it may be dispensed through a 
Millipore filter as described in section 4.1.3 (page 106). 

Gas Transmission Tubes 
The system is connected using 2.2 mm diameter, 1.5 mm bore 

stainless steel tube. Where flexible connections are required 3.2 mm 
diameter, 2.0 mm bore nylon tube is used. The distance from the 
target to the system output is approximately 10 m. Longer distances 
of up to 100 m may be used provided the target pressure is main
tained at approximately 0.007 kg cm"^. In order to maintain flow
meter B and the spiral at approximately atmospheric pressure, a 
large pressure drop between flowmeter B and the dispensing point 
should be avoided. 

Production Techniques and System Performance 
Before bombardment the scavenge pump is started and the system 

flushed with the sweep gas for half an hour at the working flow rate 
of 1.35 ml s"' to remove air. After flushing, the sweep gas flow rate 
and yield monitor are checked and the irradiation is started. A steady 
state of system output activity is reached about 15 min after the 
start of bombardment at the stated irradiation and flow rate 
conditions. 

It may be necessary to reduce the radioactive concentration at the 
system output during bombardment. The radioactive concentration 
of the gas at the dispensing point is a nominal value for given beam 

243 



C A R B O N - l l 

current, target pressure and flow rate conditions. It is inadvisable to 
vary these parameters without radio-gas chromatographic analyses, 
since the radiation dose per molecule will change with the result that 
the proportion of each labelled chemical form may change. Thus, a 
reduction of radioactive concentration during bombardment is 
obtained by diluting the gas on dispensing. 

It will be seen from Table 7.7 that the radiochemical purity at 
the system output is the order of 98 per cent " C O 2 . The " C 
recovery at the system output is virtually the same as that at the 
target output unless long gas transmission tubes are being used, in 
which case the target output gas will decay significantly during 
transit. 

For systems where the irradiation parameters differ widely from 
those shown in Table 7.7 care should be taken to investigate the 
stability of output composition under all anticipated operating 
conditions. 

7.5 OTHER " C P R O D U C T I O N SYSTEMS 

7.5.1 System for ' ' C O and "CO2 Production 
It will be seen from Figures 7.8 and 7.12 that the only essential 

dilTerence between the " C O and " C O 2 production systems using 
a gas target is the use of a zinc powder furnace and soda lime absorber 
for the conversion of the " C O 2 to " C O . Thus the system shown in 
Figure 7.8 may be modified to produce either " C O or " C O 2 , 
simply by directing the output from the needle valve to either the 
zinc furnace and soda hine ( " C O ) or the input of flowmeter B 
("CO2). This modification is shown in Figure 7.14. The two-way 
taps are used to ensure complete isolation of the zinc powder and 
soda lime. The additional needle valve is used to match the combined 
impedance of the zinc powder and soda lime reagents and thus 
maintain the sweep/target gas flow rate at a constant value irrespec
tive of the position of the two-way taps. 

7.5.2 Closed Circuit Systems 
One method of maximizing the yield of product nuclei is to use a 

closed circuit system. In such a system the output, instead of being 
passed to waste, is recirculated through the target and processing 
reagents. One such system described by Welch and Ter-Pogossian 
produces " C O using a solid B2O3 target and a zinc furnace at 
400°C, with a sweep gas of 2 per cent CO in h e l i u m * ^ A radio
chemical purity of 94 per cent " C O is claimed. 
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(see f ig 
7.8) 
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Figure 7.14 Method of modifying the " C O production system shown in Figure 7.1 
for either " C O or " C O j production 
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Figure 7.15 "CO2 'stopped flow' system for batch-wise production using a boron 
trioxide wedge target 
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7.5.3 'Stopped Flow' Systems 
I f batch-wise production is permissible it is possible to bombard a 

B2O3 wedge target under conditions where the sweep gas is present 
but not flowing. When the irradiation is complete the product is 
flushed from the target as shown in Figure 7.15. Such a system is 
capable of producing approximately 100 mCi of " C O 2 from a 
half hour 30 deuteron bombardment, using helium as the sweep 
gas. So as to collect the target effluent at maximum radioactive 
concentration a low temperature trap is used as the collection vessel 
(see section 7.6.3, page 251). " C O may also be similarly produced 
and stored using hydrogen as the sweep gas. 

7.6 " C STORAGE SYSTEMS 

The 20 min half-life of carbon-11 makes systems for the storage of 
this nuclide a practical proposition. Such storage systems allow the 
use of the nuclide away from the site of production and make for 
more efficient use of cyclotron running time. They are also of value 
when two nuclides are required simultaneously, for example ' and 
'^O. Also, when batch-wise production is used, storage systems can 
be of value in reducing the level of undesired contaminants such as 
*^N2. When used with the " C O and " C O 2 production systems 
described in sections 7.3 and 7.4, the storage systems are capable of 
trapping activities of the order of 150 mCi (referred to the end of 
trapping time) making it possible to supply up to 6 or 7 0.5 mCi 
patient doses at 20 min intervals. Alternatively, the nuclide may be 
made available in reasonable amounts to users up to half an hour's 
travelling time from the point of production. 

Al l the " C storage systems described work on the principle of 
trapping the labelled gas using low temperature techniques. " C O 
may be trapped on either activated charcoal at — 196°C, or 
molecular sieve at — 72°C. We have found the latter to be more 
reproducible. " C O 2 is trapped in a copper tube at —196°C. 

Since water vapourand some permanent gases are retained at low 
temperatures it is advisable to use stainless steel rather than nylon 
for the gas transmission tubes. This is particularly necessary when 
using long (approximately 100 m) transmission tubes since the 
amount of air and water vapour diffusing through tubes of this length 
quickly causes a deterioration in storage system performance. 

Another factor which contributes to poor storage system perform
ance is the use of a sweep gas containing added carrier, for example 
one per cent CO in helium. This leads to rapid saturation of the 
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adsorbent resulting in low trapped activities. It will be noted that 
none of the * production systems described earlier in this chapter 
uses a sweep gas with added carrier. 

7.6.1 ' ' C O Storage System Using Activated Charcoal 
The activated charcoal ' ' CO storage system is shown in Figure 7.16. 

The volume of the trapping material is about 2 ml. Since nitrogen is 
trapped on activated charcoal at - 196 °C this type of storage system 

Output 
to waste "CO in H2 input 

Needle 
valve 

Hypodermic tubing 

Water 
100°C 

Pressure gouge 

-stainless steel 
tube 

-Activated charcoal 

Figure 7.16 

Liquid nitrogen 
' C O storage system using an activated charcoal trap 

is only suitable for use with ' 'CO systems which do not use this as a 
sweep gas. Thus this storage system may be used successfully with 
the " C O production system described in section 7.3.2 but not with 
that described in section 7.3.1. The gas is passed through the storage 
system to waste at about 1.3 ml s"' for 20 min, the trap being cooled 
to — 196°C in liquid nitrogen. Trapping efficiency is about 80 per 
cent. With an ' ' C O production rate of about 0.2 mCi s"' a typical 
trapped activity is 160 mCi of which approximately 85 per cent is 
released on heating the trap to about 90°C. Since some of the 
residual permanent gases in the system are trapped at - 196 °C the 
volume of the released gas is the order of 40 ml. Thus the pressure 
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in the trap rises to a high value upon heating, the actual value 
depending upon the amount of adsorbed permanent gas and the trap 
dimensions. A typical value for the trap shown in Figure 7.17 is 
14 kg cm^^ (200 lb in"^) . The pressure gauge shows this and 
simultaneously provides an indication of remaining trapped gas 
when dispensing. 

To dispense from the trap, the short section of hypodermic tubing 
is first pressurized using needle valve B {Figure 7.16), this volume 
then being transferred to a syringe using needle valve C. I f sterile 
samples are required this dispensed volume is transferred to another 
syringe through a Milhpore filter (see section 4.1.5, page 108). The 
first few millilitres dispensed are usually of low radioactive concen
tration due to dead volume dilution. They are therefore discarded. 
Thereafter it is possible to dispense by volume to within about 
15 per cent of the estimated activity. 

Before use, the activated charcoal is conditioned by heating to 
approximately 400 °C for about 15 min in an atmosphere of hydrogen 
flowing at 8 ml m i n " ' . The trapping efficiency will then be a 
maximum. After prolonged use (10 to 20 cycles) the activated 
charcoal may become damp, indicated by a significant fall in the 
trapping efficiency and also in the pressure obtained upon heating. 
I f this occurs the activated charcoal is reconditioned in situ using 
the above technique. 

The design of a practical storage system for portable use is shown 
in Figure 7.17. 

7.6.2 " C O Storage System Using Molecular Sieve 
The molecular sieve ' 'CO storage system is shown in Figure 7.18 

and consists of a 27 cm length of 6 mm bore copper tubing filled 
with rs in pellets of type 13X molecular sieve.* Since nitrogen is 
trapped on molecular sieve at — 72°C this type of storage system is 
only suitable for use with " C O systems which do not use this as a 
sweep gas. Thus this storage system may be used successfully with 
the " C O production system described in section 7.3.2, but not with 
that described in section 7.3.1. The gas is passed through the storage 
system to waste at about 0.8 ml s"' for 20 min the trap being 
cooled to - 7 2 ° C in an alcohol (IMS)t Drikold bath.J Trapping 
efficiency is about 85 per cent. With a " CO production rate of about 
0.2 mCi s"' a typical trapped activity is 150 mCi of which approxi
mately 95 per cent is released on heating the trap to 90 °C. Since some 

* Linde Air Products, U.S.A. 
t IMS: Industrial rnethylated spirit. 
+ Drikold: Solid CO2 supplied by Distillers Co. Ltd. 
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Output "CO in Hj input 
to waste 

Water 
IOO°C 

Needle valve 

Stainless steel tube 

Copper gauze 

Copper tube 

Molecular sieve 

Alcohol/solid COj 
mixture 

Figure 7.18 " C O storage system using a molecular sieve trap 

50 ml 
volume 
indicator V 

j Input from"cO or"c02 
storage systems 

Ring 

50ml 
rubber sac 

Perspex 
vi/ater 
container 

Lead 
Shielding 

Water 

Figure 7.19 Low pressure storage unit to contain " C O or " C O 2 released from 
storage systems 
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of the residual permanent gas in the system is trapped at — 72°C, 
the volume of the released gas is about 7 ml. This is transferred to 
the low pressure storage unit shown in Figure 7.19 by flushing the 
trap with ~ 40 ml of air or helium. Alternatively, if about 40 ml of 
air is introduced into the trap during the first two minutes of 
trapping, flushing becomes unnecessary since upon heating, the air 
together with about 90 per cent of the " C O is released directly 
into the low pressure storage unit. An indication of the volume of 
stored gas is given by a simple water displacement indicator. When 

Output COj input 
to 

waste 

Water 
100 "C 

,-196 °C 

Needle valve 

Stainless steel 
tube 

— Copper tube 
spiral 

Liquid nitrogen 

Figure 7.20 " C O 2 storage system using a copper spiral trap 

Sterile samples are required they are dispensed through a Millipore 
filter. 

The molecular sieve is conditioned in situ by heating to 200°C in 
an atmosphere of nitrogen flowing at about 10 ml m i n " ' , until it is 
dry; it will retain its adsorbing characteristics provided it remains 
dry. As with the " C O activated charcoal trap, a fall in trapping 
efficiency is a good indication of damp trapping material. 

The design of a practical storage system for portable use is shown 
in Figure 7.17. 

7.6.3 " C O 2 Storage System 
The trap for ' 'CO2 shown in Figure 7.20 consists of a 3.6 m length 

of empty copper tube approximately 3 mm diameter and 1.7 mm 
bore, formed into a closely wound spiral approximately 4.5 cm 
diameter and 7.3 cm long. When used in conjunction with a system 
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using nitrogen or helium as the sweep gas it is possible to trap ' CO2 
of high specific activity. (If the production system uses nitrogen as 
the sweep gas and O2 contamination of the " C O 2 is undesirable, 
it is essential to ensure that the nitrogen is 'oxygen free' since 
oxygen is trapped at — 196°C.) In use it is similar to the " C O 
storage systems described. The system output gas is passed at about 
1.3 ml s^' through the trap which is placed in liquid nitrogen and 
the " C O 2 frozen in the tube. With a " C O 2 production rate of 
0.27 mCi s"\ a typical " C O 2 trapped activity is approximately 
200 mCi of which more than 95 per cent is recoverable on heating 
the trap to about 90°C. The released gas is ffushed with 20 ml of 

Cupric oxide 
-100mm X 4mm dia. 

CO input 
^ from 

storage system 

CO2 collection 
syringe 

Magnesium 
perchlorate 

Flow 
meter 800 °C Tonometer 

Mercury 

Figure 7.21 System for the batch-wise conversion of stored " C O to ' 'CO2 

nitrogen or helium into a low pressure storage unit as used with the 
" C O molecular sieve trap. When sterile samples are required they 
are dispensed through a Millipore filter. 

A notable feature is that although the yield may contain as much as 
16 per cent ^̂ N2 (see Table 7.3), the stored activity contains less 
than one per cent of this nuclide. It is essential to ensure that the 
trap is dry before use. 

A practical " C O 2 storage system using a copper spiral may be 
designed along the lines of the system shown in Figure 7.17. 

7.6.4 ' ̂ C02 Batch-wise Production Using Storage Systems 
Occasionally " C O and " C O 2 are required simultaneously. 

Under these circumstances ' ' CO2 may be supplied batch-wise using 
the conversion unit depicted in Figure 7.21, which is used to oxidize 
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the " C O to "CO2. To prepare a batch of " C O 2 a charge of 
" C O is first trapped in one of the " C O storage systems described 
previously. The output of the storage system is then connected to the 
input of the conversion unit and the " C O flushed with helium 
through the cupricoxide furnace for 3-4 min at about 10 ml m i n " ' , 
to be collected in the tonometer at the furnace output as "CO2. To 
collect the " C O 2 a 50 ml syringe is connected to the tonometer 
output and the gas collected by displacement with mercury. " C O 2 
radioactive concentrations of about 3 mCi m l " ' are readily obtained. 

Since the trapped ' 'CO contains a little hydrogen, traces of water 
which tend to dissolve the " C O 2 are formed in the CuO furnace 
during conversion. To remove this water and thereby reduce CO2 
losses, a drying agent, magnesium perchlorate, is added at the 
furnace tube output. 

7.7 RED CELL L A B E L L I N G W I T H " C O 

In the opening section of this chapter we referred to some of the many 
physiological uses o f ' 'CO and ' 'CO2. Since one of the more routine 
applications is red cell labelling using ' ' CO, we shall brieffy consider 
some of the techniques by which this labelling is carried out. 

' ' CO production systems in which the sweep gas has added carrier 
should not be used for red cell labelling. The presence of CO 
carrier lowers the specific activity of the target effluent gas, causes 
inefficient red cell labelling and restricts the volume of gas used when 
it is administered by inhalation. Moreover, the '^N2 contaminant 
level is often unacceptably high (Table 7.3). It will be noted that 
neither of the " C O production systems described in this chapter 
uses a sweep gas with added CO carrier. 

In vivo red cell labelling is easily achieved using a gas sample dis
pensed from one of the " C O production or " C O storage systems 
already described. Typically this may be a volume of 1-7 ml which is 
injected into a 3000 ml bag containing air or oxygen. The patient 
breathes this gas mixture for about 30 s through a well-fitting face 
mask. When dispensing from a system using hydrogen as the sweep 
gas, the dispensed volume is limited to a maximum of 7 ml (see 
section 7.3.2, page 236). 

In vitro red cell labelling is performed either by continuously 
bubbling the dispensed gas through the blood sample, or preferably 
by using a slowly rotating syringe containing the blood sample and 
the dispensed gas. The gas used for in vitro red cell labelling must be 
sterile and pyrogen free. Sterility is achieved by Millipore filtration, 
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whilst the risk of possible pyrogen contamination is considerably 
reduced by passing the gas through a small bore silica tube heated 
to 300°C in which any protein fragments would be denatured. From 
this tube the gas flows to waste through a small sterile vessel from 
which samples can be withdrawn when required by piercing its soft 
rubber septum with a hypodermic needle. 

The bubbling technique, shown in principle in Figure 5.15 is 
possible only at low flow rates ( ^ 0.8 ml s"') since the red cells are 
easily haemolysed if higher flow rates are used. Foaming can also be 
a problem so it may also be necessary to use an antifoam agent 
containing silicones*'^"" when labelling by this method. 

Gaco seal * N" Mis 015 

1 = ^ Motor 
10 r. p.m 

Gaco seal*N°Mis12 

CO 

Becton Dickinson 30 ml 
Disposable syringe type 
830 US 

-4 I 

^ / 
Blood 

Becton Dickinson 50 ml 
Disposable syringe type 
850 US 

"Manufactured by George Angus and Ca 
Wallsend, Northumberland, England 

Figure 7.22 Syringe rotating device for in vitro red cell labelling with " C O 

A much better method of red cell labelling is shown in Figure 7.22. 
A blood sample having a volume of 5-15 ml is drawn into a 30 or 
50 ml syringe containing a little anticoagulant. The syringe is then 
filled to its maximum capacity with gas dispensed from one of the 
" C O production systems and sealed with a sterile blind hub. After 
measurement in an ionization chamber the blood and gas are mixed 
by rotating the syringe on its axis at 10 r.p.m. for 10-18 min. At the 
end of this time the syringe is again measured in the ionization 
chamber, after which the gas is expelled to waste. A further ionization 
chamber measurement is made to determine the radioactive con
centration of the labelled sample. The labelling efficiency varies 
according to the blood sample and the mixing time; it can be as low 
as 25 per cent or as high as 65 per cent for a 10 min mixing period. 

* D C antifoam MS A Compound or MS Antifoam Emulsion RD. Supplied by 
Hopkin and Williams Ltd, Essex, England. 
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Usually about 50 per cent of the " C O in the syringe is absorbed 
into the red cells. Thus a typical sample labelled by this method has 
a radioactive concentration of 0.25 mCi m l " ' . 

The optimum mixing time for maximum uptake of activity is 
about 18 min. This is shown in Figure 7.23. A typical sample was 
mixed for 30 min, one drop of blood being taken from the syringe at 
2 min intervals. The activity per unit weight at the time of sampling 
was determined, thus giving a measure of the labelling efficiency at 

9000— 
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t 
S 7000 
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r 30ooh-' 
•D 
o 
o 

2000 

Blood volume 5 ml 
Gas volume 45ml 
Syringe rotation speed lOr.p.m. 

I ' ' ' ' ' I ' ' I I I J. ' I 
' 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

Minutes after start of mixing 
Figure 7.23 ' ' C O in vitro red cell labelling: red cell activity versus mixing time 

that time. The value of 18 min was confirmed by repeating the 
measurement using a different blood sample. In practice a 10 min 
mixing time is usually sufficient. 

The radioactive concentration of the labelled blood can be greatly 
increased by using an " C O storage system. The gas is dispensed 
from the storage system or low pressure storage unit into a 50 ml 
syringe and transferred to the syringe containing the blood through 
a Millipore filter. Labelling is carried out as described, typical 
blood radioactive concentrations being the order of 7 mCi m l " ' . 

Blood samples supplied for in vitro labelling and subsequent re-
injection are invariably mixed with an anticoagulant such as heparin 
or acid citrate dextrose (ACD). When heparin is used the ratio is 
0.1-0.2 mg per ml of blood. When ACD is used the ratio is 2 ml of 
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ACD* per 14 ml of blood. Blood samples for labeUing and 
subsequent re-injection are not allowed to remain in vitro for more 
than 3 h at room temperature. To avoid haemolysis when handling 
blood it is necessary to use large bore hypodermic needles (at least 
0.9 mm bore) and low flow rates when using these to transfer the 
samples. Al l dilutions should be carried out using isotonic solutions. 
In fact before any apparatus is used for red cell labelling it is a wise 
precaution to have it and the associated procedures approved by a 
clinician responsible for the re-administration. 

7.8 " C P R O D U C T I O N SYSTEM SELECTION 

7.8.1 " C O Production Systems 
The choice of " C O production system is determined principally 

by the charged particle beam available; the system using a gas target 
requires a proton beam whereas that using the B2O3 wedge target 
needs a deuteron or proton beam. Where both types of charged 
particle are available one has greater flexibility. For example, if the 
proton beam is already being used for " C O 2 production it is 
possible to use the same beam for " C O production (at a moderate 
production rate), thus avoiding a change of particle. Alternatively 
if a higher production rate is required the deuteron beam would be 
used (see Table 7.8). 

If the " C O has to be of high radiochemical purity, the gas target 
production system described in section 7.3.1 (page 227) is the system of 
choice. Since a gas target is used, no preparation of target material 
is necessary. However, this system does use a zinc powder furnace 
which has to be operated at 390 ° C + 10 °C. 

As has been indicated, if a higher production rate is required it is 
necessary to use the B2O3 wedge target production system described 
in section 7.3.2 (page 231). However, this will be at the expense of a 
higher contaminant level at the system output and the need for target 
material preparation. No furnace is needed but one does have a 
'thermal threshold' in the yield/beam characteristic {Figure 7.4). With 
this system hydrogen is used as the sweep gas; by varying the flow 
rate between prescribed limits the radioactive concentration of the 
" C O at the system output may be varied during bombardment. 

7.8.2 " C O 2 Production Systems 
Since both types of " C O 2 production system use a proton beam 

* A C D to National Institute of Health formula A: trisodium citrate, dihydrate, 
2.2 g; citric acid, 0.8 g; dextrose, 2.5 g; water to 100 ml. 
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and neither needs any furnace or absorbers, the choice is determined 
mainly by the system's performance. The system using a gas target 
(section 7.4.1, page 237) has a much higher production rate and a 
slightly higher purity of product than that using the B2O3 wedge 
target (section 7.4.2, page 241). This, together with the simplicity of 
target design and no need for target material preparation, makes 
this the " C O 2 production system of choice for nearly every appli
cation. The B2O3 wedge target production system is of value when 
a low pressure system is required or where only this type of target 
is available. 

The beam power density (beam distribution) is not critical for 
any of the ' 'C production systems provided the use of concentrated 
high current beams is avoided. The comparative performance of the 

C production systems is given in Table 7.8. 
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Radionuclides of the rare gases: 
Krypton-79, Krypton-85m, 

Krypton-Sim, Xenon-135 and 
Xenon-127 

8.1 I N T R O D U C T I O N 

Almost all clinical applications of radioactive rare gases have been 
in the study of organ blood flow or perfusion by the administration 
of solutions of the rare gases arterially into the organ of interest. For 
some organs, methods have been developed where the arterial 
administration has been replaced by a less traumatic rebreathing 
procedure followed by a period of desaturation or wash-
Qlj j (4 ,16 ,17 .21 ,30 .35 .48 ) 

Organs including the brain^^'^-^^'i^'^o-^'^o-^^-"'^**, lung^iO'"-^*^-

48.50)^ heart<5'"-"-32,4i)^ kidney'^-"', spleen*'^-'^-^^', liver<*=», 
placenta'^' ''*', and tissues including muscle*^^* and tumours'** have 
been studied using one or both of these methods. Most of these 
investigations have been carried out with the commercially available 
radionuclides '^•'Xeand ^^Kr. However, radiation emitted by these 
nuclides is often far from ideal for in vivo measurements. For example 
*^Kr emits largely /? particles, the 514 keV gamma ray being only 
0.41 per cent abundant. This effectively means that any in vivo 
measurements must be carried out either using ^ particle sensitive 
detectors on the surface of the exposed organ, or by implantation 
of /} sensitive probes. This of course means that any measurement 
involves a significant surgical undertaking. 

'^^Xe emits 81 keV gamma rays that may be detected outside the 
body using a suitable gamma sensitive detector, usually a Nal(Tl) 
scintillation counter. However, the 81 keV gamma ray photons are 
rather readily attenuated, the half thickness in tissue being ~ 7 cm; 
this results in measurements being difficult to carry out in deep-lying 
organs. A further disadvantage of the 81 keV gamma ray is the fact 
that it may undergo large angle compton scattering with little loss of 
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energy. This makes the location of discrete areas of organs for 
detailed studies difficult or even impossible'^-^' '**'. The exploitation 
of other radionuclides of the rare gases with both shorter and longer 
half-lives has largely been aimed at attempting to overcome these 
drawbacks, by the selection of nuclides with somewhat higher 
gamma ray emission energies. In particular some potential applica
tions of xenon-135 (T^ = 9.2 h)<"> and xenon-127 (T^ = 36.4 d p ' , 
krypton-79 (Tx = 35 hy^°\ krypton-85m (T^ = 4.4 h)<'«», and 
krypton-81 m (T. = 13 s)(*-io-'".23-24,25,50) ^^^^ ^^^^ investigated 

and it is the preparation of these radionuclides that this chapter is 
devoted to. 

8.2 KRYPTON-79 

8.2.1 Introduction 

Decay Properties 
This nuclide has the longest half-life (T i = 35 h) of the useful 

gamma emitting krypton radionuclides, and a rather complex decay 
scheme'^'^^'*°'. A typical gamma ray spectrum (plotted semi-
logarithmically) obtained using a Ge/Li spectrometer is shown in 
Figure 8.1 (see section 8.3.5, page 277). The most abundant gamma 
rays will be seen at 261, 397 and 511 keV. A list of transition 
probabilities for these gamma rays is also shown in Figure 8.1. 

Methods of Production 
Krypton-79 may be prepared by the deuteron or proton irradia

tion of targets containing bromine, by the ^*Br(d,2n)^®Kr and 
' 'Br (p ,n ) ' ' 'Kr reactions. Other reactions that have been used include 
the neutron or deuteron irradiation of krypton by the '^Kr(n ,} ' ) ' ' 'Kr 
and '^Kr(d,p)^^Kr reactions respectively (see section 8.3.2, page 273). 
The deuteron or proton irradiation of bromine should be considered 
whenever high specific activity and radionuclidic purity are required. 

8.2.2 Target System Using Sodium Bromide for Krypton-79 
Production 

Target Design 
Any anhydrous bromide that is water soluble may in principle be 

used for the production of ^^Kr. It may be irradiated either as a 
powder pressed into grooves in a cooled backing plate as shown in 
Figure 8.2 (see also section 2.2.1, page 25, Figure 2.5), or as a layer 
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melted onto a suitable backing plate. The latter type of target has 
several advantages when compared with the powder target. It is 
mechanically more robust and readily lends itself to remote handling 
methods. The melted target is also less prone to thermal damage 
during irradiation, an important factor as the rare gas product is 
readily released from the molten halide. 

Figure 8.2{a) Target holder for powdered or melted salt targets; ( l ) T a r g e t mounting 
plate; (2) target plate carrying target material with target foil shown cut away; 

(3) target cooling block with ' O ' ring 

127cm 
(1) Machine down 0 254 mm 
(2) Machine 15 grooves 0 508mm deep 0 793mm 

wide equally spaced 
Note to ta l depth 0-762 mm 

Figure 8.2 {b) G r o o v e d copper target plate for powdered and melted salts 

Target Preparation 
For irradiations with 16 MeV deuterons ~ 4 g of NaBr is melted 

into a grooved depression 2.5 cm wide, 12.5 cm long and 0.8 mm 
deep machined into a 5 cm wide, 18 cm long copper plate 3 mm 
thick. Melting of the dry NaBr is carried out under hydrogen to 
avoid oxidation of the copper, using an eddy current heater. 

The maximum safe operating deuteron beam current is critically 
dependent upon the beam power distribution (see section 2.4, page 
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40) and careful monitoring of this is essential if much production 
effort is not to be lost by a chance melting of the target material. 

Alternative Target Materials 
The deuteron irradiation of NaBr simultaneously produces large 

amounts of ^"^Na (T^ = 15 h), by the "Na(d,p)-'*Na reaction and 
•^^Br (T i = 35.3 h) by the ^'Br(d,p)*^Br reaction. This may lead to 
a serious handling problem. An approach avoiding this problem 
would be to use a proton beam. Alternatively LiBr could be used 
with protons or deuterons. A little ^Be (T i = 53 d) would then be 
made by the ^Li(p,n)^Be and ''Li(d,2n) •'Be reactions, but the radia
tion hazard during handling would be greatly reduced. Bromine-82 
would remain a problem in all deuteron irradiations. 

Yields 
'On target yields' may be estimated with little difficulty in the case 

of powder targets as follows. A small representative sample of the 
NaBr powder, which can be recovered almost quantitatively after 
irradiation, is sealed in an ampoule. After allowing some time 
( ~ 100 h) for most of the ^^Na to decay, the ' ^ K r content of the 
sample is assayed using a Ge/Li gamma ray spectrometer (see section 
8.3.5, page 277). 

Table 8.1 (a) shows the results obtained for two short irradiations 
carried out with low beam currents when thermal damage and ^ ' K r 
loss should be minimal, together with data for production irradia
tions carried out with a 30 beam current. I t can be seen that 
when the beam current is increased and longer irradiations are 
carried out the 'on target yield' falls considerably. 

Directly comparable values for melted NaBr targets cannot be 
obtained as i t is exceedingly difficult to obtain a representative 
sample of the irradiated target material. Table 8.1 (b) shows some 
data for 'recovered yields' obtained with melted targets under similar 
irradiation conditions to those used for the powder target com
parison. I t can be seen that generally the performance of the melted 
target is superior to that of the powder target. Together with the 
advantages in handling, this makes the melted target the one of 
choice for ' '^Kr production using presently developed techniques. 

Future Developments 
Neither of the target systems described above can be considered 

to be ideal. Further development of target systems that specifically 
make use of the apparent ease with which the ' ^ K r is lost from 
the NaBr during irradiation, would seem appropriate. Perhaps, if 
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among other problems, the severe problem of corrosion could be 
overcome, either strong aqueous solutions*^'' or even melts con
taining NaBr, could be used to advantage with the continuous 
purging of the target by a suitable sweep gas. 

T A B L E 8.1 (fl) 

'ON T A R G E T Y I E L D S ' OF ' ' ^ K r OBTAINED IN 16 M e V D E U T E R O N IRRADIATIONS OF 
POWDER N a B r T A R G E T S 

Irradiation 
no. 

fiA . 1 Irradiation time fiAh 
On target yield 

m C i fiAh'^ 

1 
2 
3 
4 

10 
10 
30 
30 

1 0.1 
1 0.1 

30 I.O 
30 1.0 

1.1 
1.4 
0.66 
0.40 

' R E C O V E R E D Y I E L D S ' OF " K r 

T A B L E 8.1 (b) 

FROM 16 M e V D E U T E R O N IRRADIATIONS OF M E L T E D 
N a B r T A R G E T S 

Irradiation 
no. 

HA A u Irradiation time ,<Ah ^ 
Recovered yield 

m C i / i A h ~ ' 

5 
6 
7 
8 

10 
10 
30 
30 

1 0.1 
1 0.1 

30 1.0 
30 1.0 

1.2 
0.7 
1.2 
1.0 

8.2.3 Recovery of Krypton-79 from Sodium Bromide Targets 

General Principles 
The ^^Kr is readily released from the NaBr target material by 

dissolution of the latter in water. The dissolution must be carried 
out in a closed system with facilities for purging the solution with a 
suitable purge gas. I f dilute air/krypton mixtures are required, air is 
suitable for this purpose. If, however, high radioactive concentra
tions are required, carbon dioxide is the purge gas of choice as it is 
readily removed from the product by absorption in N a O H solution. 
Figure 8.3 shows a schematic diagram of a system for recovering ' '^Kr 
from a melted NaBr target. 

Target Dissolver 
The target dissolver consists of a Perspex cell fitted with a soft 

sealing 'O' ring fabricated from silicone rubber tubing 7 mm O D 
and 3 mm bore. This cell is brought into contact with the target 
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face by means of a small air powered press shown schematically in 
Figure 8.4. By applying vacuum or pressure to the rubber dia
phragms the target loading platform may be lowered or raised. In 
the raised position a gas-tight seal is readily achieved. The target 
dissolver may be tilted about the pivot. 

Recovery System 
The recovery system for the product is of a similar design to that 

used for the recovery of ^̂ N2 from CO2 and is fully described in 
section 6.3.1, page 191. 

E 

6 ^Hlgh presjure fl) 
ionization 
chamber 

ijrsiem (set 
lAsection 6.3.1) Target dissolver R o w m t t e r — 

SM(ld«d"hot cilt 
regulator 
and flow 
control 
valve 

CO 2 sweep gas 

d.c. amplifier 
and polarizing 

source 

Figure 8.3 Krypton-79 and xenon-127 recovery system 

Operating Procedure 
The recovery system is prepared, as described in section 6.3.1 for 

the recovery of gas samples, and connected to the target dissolver. 
The part of the system within the dotted box in Figure 8.3 is installed 
inside a shielded and ventilated enclosure fitted with remote handling 
facilities. The irradiated target is installed in the dissolver and the air 
displaced by purging with carbon dioxide to waste, the waste gas 
being allowed to escape through tap E. After allowing sufficient time 
for the air to be displaced, typically 10 min at a CO2 flow rate of 
1 ml s"\ the tap E is closed and the integrity of all seals and 
connections checked by observing the flowmeter. The reading of the 
flowmeter should fall to zero if the system has no leaks. It should 
be noted at this point that the CO2 pressure set by the pressure 
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regulator should not be in excess of 0.35 kg cm""^ (5 lb in"^) , 
otherwise the large area sealed off in the target dissolver will give 
rise to an unnecessary stress in its components. After this test has 

+ {Pivot 

FRONT VIEW 

SIDE VIEW 

Figure 8.4 Target dissolver: (1) Perspex cell; (2) target loading platform; (3) rubber 
diaphragms (Saunders Valve C o . type A I j " H ) ; (4) target plate; (5) silicone ' O ' ring; 
(6) a ir /vacuum connection; (7) 'Cheminert' fitting to flanged -rs" O D P T F E tubing 

been satisfactorily carried out the pressure is released and the target 
dissolver tilted so that the COa/water inlet is in the lowest position. 
Water ( ~ 10 ml) is then introduced from the syringe E situated 
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outside the shielding and the dissolver gently rocked until the target 
material has dissolved. The dissolver is again tilted so that the 
C02/water inlet is in the lowest position and CO2 introduced slowly 
at ~ 0.5 ml s"^ to drive the gaseous product into the recovery 
system. The sodium bromide solution remains in the dissolver. The 
shaking machine is operated continuously to absorb the carbon 
dioxide. After a suitable time, typically 5 min, the carbon dioxide 
flow is stopped and the residual bubble containing the product in 
syringe B is manipulated in a similar way to that described for ̂ ^N2 
gas samples in section 6.3.1, page 199. The actual time taken to drive 
out the gaseous product is best determined experimentally by 
making observations of the response of the ionization chamber. 

8.2.4 Dispensing 

Sample Measurement by Ionization Chamber 
Samples of ' '^Kr are conveniendy dispensed into disposable 

syringes to be subsequently measured in a high pressure ionization 
chamber. 

The ionization chamber may conveniently be calibrated for each 
production run using data obtained during the quality control 
procedure (see below and section 8.3.4, page 276). 

Samples Suspected to be Impure at Tune of Dispensing 
I f during the quality control procedure involving gamma ray 

spectroscopic assay any permissible levels of impurities are detected, 
the measurement of dispensed samples should be carried out using 
the modified procedure described in section 8.3.4 (page 277). 

Dispensing by Volume 
I f the volumes of the dispensed samples are larger than the 

ionization chamber can accommodate within its sensitive region, 
dispensing by volume must be carried out as fully described in 
section 8.3.4 (page 276). 

Sample Losses due to Diffusion into Container Materials 
It is essential, in all dispensing procedures for rare gases, to 

establish the extent of diffusion losses into any non-metallic con
tainer materials being used. Although disposable plastic syringes are 
invaluable for dispensing these inert gases, they have been found to 
remove some of the rare gas from the gas phase. Losses will also 
be encountered if greased glass syringes are used. Thus remeasure-

269 



R A D I O N U C L I D E S O F T H E R A R E G A S E S 

ment of the syringe after gas discharge is recommended whenever a 
quantitative estimation of the dose used is required. 

8.2.5 Quality Control 

Radionuclidic Purity 
The radionuclidic purity of ^^Kr samples is best established using 

a Ge/Li gamma ray spectrometer. 
Although the gamma ray spectrum obtained for ^^Kr is quite 

complex (see Figure 8.1) it is usually possible to identify any foreign 
photopeaks by comparison with a reference spectrum obtained from 
a source that has been rigorously investigated to establish that all 
observed photopeaks decay with the same half-life. 

I t is desirable that as part of the development of any production 
system, all conceivable sources of radionuclidic impurities, from the 
irradiating particle to the dispensing procedure, should be rigorously 
investigated. The background information so obtained, even though 
much of it may be negative in nature, is a great asset when 
diagnosing the cause of the appearance of a radionuclidic impurity. 

Chemical Purity 
The foregoing comments also refer to the subject of chemical 

purity. In general, however, chemical problems are not likely to be 
severe in the case of rare gas preparations. As the final sample is in 
the gas phase, the number of possible impurities is rather limited. 

In the preparation of ' '^Kr gas samples by the method described 
in section 8.2.3, the composition of the final sample is usually found, 
gas chromatographically, to be traces of air together with a small 
excess of carbon dioxide. As with the case of ^̂ N2 solution prepara
tion, described in section 6.3.1, the rigorous exclusion of this air is 
necessary if solutions of ' '^Kr are to be prepared. Finally, it should 
be noted that provided the operating sequence of the recovery system 
is adhered to, any traces of aqueous material that find their way into 
the final gas sample should be free from sodium hydroxide. A simple 
test to establish that this is true is to apply a small quantity of the 
liquid to a wide range pH test paper and observe its response. 

8.3 KRYPTON-85m 
8.3.1 Introduction 

Decay Properties 
This radionuclide of krypton has a half-life of 4.4 h and emits 

P particles and gamma rays. A simplified decay scheme is shown in 
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Figure 8.5. It can be seen that 150 keV and 305 keV gamma rays 
are emitted in 74 and 13 per cent of the disintegrations respect-
ively'^^'. 

Both these energies are suitable for external detection in clinical 
work. 

Methods of Production 
With the methods of production presently available it is only 

possible to use ^^Kr"" in the gas phase. These production methods 
use either the ^*Kr(d,p)^^Kr"' or the ^'*Kr(n,}')*^Kr'" reactions. 

10-8y 

keV p y / . 

^ 1 149-5 

305 13 

^3 5 U 0-41 y, lT 237. 
ref 28 

0-417. 
99 67. 

Figure 8.5 Simplified krypton-85m decay scheme 

Both suffer from the same basic disadvantage that it is im
possible to achieve either high radionuclidic purity or high specific 
activity. This is due to the simultaneous production of large quan
tities of « 'Kr (T^ = 76 min) by the ««Kr(d,p)«^Kr or »^Kr(n,y)^'Kr 
reactions and not insignificant quantities of ^^Kr by the 
^^Kr(d,p)''^Kr and ' '^Kr(n,y)' '^Kr reactions. However, by careful 
choice of decay times after the end of production, the interference 
in measurements by these impurities can be minimized. Only the 
production of ^^Kr"" with an accelerator using the ^'^Kr(d,p)^'Kr"' 
reaction will be considered here. The target system using the {n,y) 
reaction would have to be designed with the available reactor space 
in mind and the possible neutron fluxes available. However, the 
handling methods and approach to quality control could be quite 
similar for either accelerator or reactor production. 
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8.3.2 Target System for Cyclotron Production of ^^Kr" 

Target Design, Construction and Operation 
The target used to produce ^ ^ K r " by the 16 MeV deuteron 

irradiation of krypton is shown schematically in Figure 8.6. It is a 
fabricated aluminium vessel 45 cm long with a cross section of 
12.5 cm X 2.5 cm, the same size as the deuteron beam exit port of 
the MRC cyclotron. In order to fully degrade the energy of the 
deuterons within the vessel, i t is filled to a pressure of 0.7 kg cm"^ 

Figure 8.6 K r y p t o n - 8 5 m target: (1) Target mounting plate; (2) foil window 
0.025 mm stainless steel E N 5 8 B ; (3) water cooled gas tight target box; (4) gas 

connection; (5) pressure gauge; (6) vacuum gauge 

(10 lb in'^^) gauge with approximately 2.5 hires (at 25 °C and 
760 mm Hg) of krypton (99.99 per cent). In order to safely retain 
this pressure the target vessel is stoutly constructed, the walls being 
6 mm thick and water cooled. The beam entry window is either 
0.025 mm titanium or 0.025 mm EN58B stainless steel foil . During 
irradiation the window is cooled by a jet of air directed onto its 
surface. The vessel is equipped with both a vacuum and a pressure 
gauge for use during the filling, irradiation and recovery phases of its 
operation. The target vessel is evacuated to better than 1 mm Hg 
prior to filling with krypton. Due to the heating efl"ect of the 
deuteron beam the filhng pressure rises to ~ 1.8 kg cm"^ (25 lb 
in"^) when irradiations are carried out at 30-35 /<A. 

Yields 
The yields of "^^Kr^and the other krypton radionuclides produced 
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by the deuteron irradiation of krypton are measured after recovery 
of the target filling, by taking a known small fraction for gamma 
spectrometric assay. The details of this procedure are described in 
section 8.3.5. Table 8.2 (a) shows the results of four irradiations 
carried out with a 16 MeV deuteron beam current of 30-35 /(A. 
Table 8.2 (b) shows results obtained for samples that have been 

T A B L E 8.2 {a) 

Y I E L D S . E X P R E S S E D A T E N D O F B O M B A R D M E N T ( E O B ) , O F ^'Kr™, ^ ' ' K r A N D ' ' K r 
O B T A I N E D I N 16 M e V D E U T E R O N I R R A D I A T I O N S O F K R Y P T O N C O N T A I N E D I N A 45 C M 

D E E P V E S S E L F I L L E D T O A P R E S S U R E O F 0.7 kg cm ' (10 lb in )̂ G A U G E 

. , A Au Irradiation 
No. / .A / : A h 

E O B 
Yield m C i / i A h ^ ' ^ ' K r 

100 X -
" K r 

100 X . , A Au Irradiation 
No. / .A / : A h 

K.r'" K.r"' 

1 30 67 2.45 
2 30 142 4.75 
3 33 60 1.83 
4 35 55 1.75 

1.76 1.2 5.9 x l O " ^ 
1.71 0.95 8.1 x 10"^ 
2.23 1.6 8.9 x 10"^ 
2.05 0.96 7.9 x 10"^ 

68 
56 
72 
47 

0.34 
0.47 
0.40 
0.39 

T A B L E 8.2 (ft) 

Y I E L D S E X P R E S S E D A T E O D - I - 14h O F ^ ^ K r " , ^ ' K r , A N D ' " K r O B T A I N E D IN I R R A D I A T I O N S 

AS D E S C R I B E D I N T A B L E 8.2 (a ) 

A At, Irradiation 
No. / ,A ,<Ah h 

1 30 67 2.45 
2 30 142 4.75 
3 33 60 1.83 
4 35 55 1.75 

E O B + 1 4 h 
Yield m C i / l A h 100 X -

« ' K r 

' K r " « ' K r ' K r 
=Kr" 

0.203 8.7 X 10" 
0.198 4.5 x 10" 
0.248 7.3 X 10" 
0.237 4.5 X 10" 

4.5 X 10" 
6.1 X 10" 
6.8 X 10" 
5.5 X 10" 

0.43 
0.23 
0.29 
0.19 

100 X -
" K r 

" ^ K r -

2.2 
3.1 
2.7 
2.3 

allowed to decay for 14 h after the end of bombardment (EOB) 
before measurement. It will be seen that the '^''Kr content has fallen 
to quite low levels whereas the ' '^Kr level has inevitably risen. 

8.3.3 Recovery of Krypton-85m 

General Principles 
After irradiation and overnight cooling (decay) the target is trans

ferred from the cyclotron to a shielded and ventilated enclosure 
where the recovery equipment is installed. The krypton may be 
recovered for final storage at either high or low pressure. The 

273 



R A D I O N U C L I D E S O F T H E R A R E G A S E S 

00 . 

274 



K R Y P T O N - 8 5 m 

systems, both relying on the cryogenic pumping capability of 
molecular sieve type 13 x*, are shown schematically in Figure 8.7 {a) 
and {b) respectively. 

High Pressure Recovery 
In this mode of recovery the product is finally contained in a 

small volume trap which is readily shielded for transportation. The 

3 4 5 

cm 

Figure 8.8 H igh pressure trap for krypton-85m: 
(1) Stainless steel outer pressure vessel; (2) stain
less steel inlet tube and valve (circle seal type g 
9 5 3 0 T - 4 C C ) ; (3) screwed and brazed copper plug; i _ 

(4) copper cooling pipe brazed top and bottom 

trap must however be carefully designed and constructed as it must 
withstand high pressures up to 140 kg cm"^ (2000 lb in"^) (see 
section 3.11.4, page 102). A typical design is shown in Figure 8.8. The 
essential features to note are the heavy walled outer tube, the 
screwed and brazed end cap and the stainless steel inlet/outlet tube. 

* U n i o n Carbide . 
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The latter inaterial is essential to avoid freezing the seals in the 
valve whilst the trap is cooled to — 196 °C with liquid nitrogen. On 
warming, the pressure of the contents is indicated by the pressure 
gauge 2 {Figure 8.7). For ease of shielding during transport the 
pressure gauge is removed and the trap isolated by closing valve V 
and plugging its outlet. 

Low Pressure Recovery 
The essential components for this method of recovery are a small 

cryogenic trap as described above, and a large syringe as shown in 
Figure 8.7(b). After irradiation the excess pressure in the target may 
be released directly into the syringe. The remaining krypton is 
trapped by the cooled molecular sieve to be subsequently released 
into the syringe on warming. The syringe volume is adjusted until 
the pressure gauge 6 indicates atmospheric pressure. Thus the 
recovered volume may be estimated. 

8.3.4 Dispensing 

Dispensing from the High Pressure Trap 
Dispensing may be carried out in a variety of ways depending on 

the final application in mind. The procedure for dispensing from the 
high pressure trap is facilitated by the use of a good quality pressure 
regulator and needle valve as shown schematically in Figure 8.7 (c). 
Samples can then be taken into syringes of any suitable size for 
assay and use. 

The Calibrated Ionization Chamber 
The measurement of dispensed high level radioactive samples is 

invariably carried out using an ionization chamber of the high 
pressure type (see section 3.7.3, page 81). This type of ionization 
chamber has a high sensitivity and may also be used to measure 
low level calibration sources that are prepared for assay using a 
Ge/Li gamma spectrometer as described below. Thus a calibration 
of the ionization chamber response may be achieved in ^fiA / i C i " ' 
for the assayed sample. Now, provided further sources of the assayed 
radionuclide that are to be measured may be contained within the 
volume of uniform sensitivity (see Figures 3.14 and 3.15), their radio
active content may easily be derived. For larger volume sources, 
dispensing by volume may be necessary with due attention to the 
pressure and temperature conditions under which the volumes are 
measured. Thus, for example, a 20 ml sample would be measured 
in the ionization chamber as described above and the radioactive 
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content of a 200 ml sample, at the same temperature and pressure as 
the 20 ml sample, inferred to be ten times higher. Generally these 
methods are only applicable if the material is radionuclidically pure. 

Dispensing of Samples Containing Radionuclidic Impurities 
Samples must sometimes be dispensed that contain radionuclidic 

impurities. This is often unavoidable. For example, freshly prepared 
8 5 j ^ j . m contains a large proportion of ^' 'Kr and a significant level 
of ' '^Kr (see Table 8.2 (a)). Clearly the ionization chamber response 
in / i C i " ' for '^'Kr'" in the assayed sample will change with 
time as the contribution to the ionization current due to ^' 'Kr and 
' ^ K r changes with time. An approach that circumvents this problem 
is to prepare an assay sample for each batch of material and use 
it as a reference source throughout the entire dispensing procedure, 
allowance being made for the decay of ^^Kr"". It is essential therefore 
to ensure that during the useful life of this assay source no leakage 
or diffusion from the container occurs. This is easily established in 
test runs when the sample may be repeatedly assayed using the Ge/Li 
spectrometer throughout and checking that the resulting values fit 
the pubfished half-life data. 

8.3.5 Quality Control 

The Calibrated Gamma Ray Spectrometer 
The estimation of the levels of gamma emitting radionuclidic 

impurities in ^ ^ K r " is best carried out using a Ge/Li gamma ray 
spectrometer calibrated for sensitivity and energy. A typical gamma 
spectrum for ^ ^ j ^ j - m obtained at EOB-f 14 h is shown in Figure 8.9. 

Gamma Ray Spectrometer Sensitivity Calibration and Gas Sample 
Preparation 

Sensitivity cahbration of a gamma ray spectrometer is con
veniently carried out using sources of small physical size ( ~ 1 ml of 
liquid) that have been standardized by an absolute counting 
technique. Calibration curves for photopeak sensitivity (counts s~' 
P-Ciy'^) may be obtained after due allowance for the compton 
contribution to each photopeak (see below). It is essential, therefore, 
to use gas samples of as nearly as possible the same geometry. A 
convenient method of preparing 1 ml gas samples is to fill a 2 ml 
disposable syringe to 1 ml with the gas (at atmospheric pressure) to 
be assayed. The syringe is then quickly sealed with a blind luer 
hub and mounted in a j ig so as to reproduce the position of the 
1 ml calibration sources. 
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The counting efficiency falls the further the source is removed from 
the detector. This makes it possible to measure samples with a wide 
range of radioactive content and still maintain near optimum 
counting rates. I f the counting rate is too high the data may be 
distorted and unreliable due to a variety of problems associated 

- .800 

H600 

-lAOO 

H200 

HX) 150 200 
Channel N° 

Figure 8.9 Krypton-85m gamma ray spectrum in linear display showing some 
photopeaks and g a m m a emission probabilities (P,%) due to the radionuclidic 
impurities krypton-87 and krypton-79 (measurement carried out at E O B + 14h). A n 

energy cal ibration curve (keV versus channel No.) is also shown 

with the detector, its electronic ampHfication systems and the multi
channel analyser*' I f the counting rate is too low the measurement 
becomes unnecessarily tedious and allowance for background con
tribution more troublesome. The optimum counting rate range is 
best determined during the sensitivity calibration. Figure 8.10 shows 
typical photopeak sensitivity (counts s"' /xCiy"') curves obtained 
for a 15 cc Ge/Li detector. The inserts {a) and (b) in Figure 8.10 show 
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a schematic representation of the geometry of the liquid calibration 
and gas sources respectively. 

Energy Calibration 
The energy calibration is readily carried out using a series of 

sources that emit well-characterized gamma rays*'^'"^' and noting 
the channel number of the multichannel analyser (MCA) that corres
ponds to the maximum accumulated count in the photopeak. A 

X cm 

X =6cm 

X = 15cm 

X :25cm 

1000 
G a m m a - r a y energy keV 

10,000 

Figure 8.10 T y p i c a l sensitivity curves, obtained for a gamma ray spectrometer using 
a 15cc G e / L i detector, for source to cryostat distances of 8, 15 and 25 cm (the 
gamma ray spectra shown in Figures S.l, 8.9, 8.11 and 8.13 were obtained with this 
detector), (a) Geometry used for calibration using standardized solution sources of 
1 ml volume, (b) Geometry used for assaying gas phase samples of 1 ml volume 

contained in a 2 ml disposable syringe 
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typical energy calibration curve is shown superimposed on Figure 
8.9. 

Data Acquisition and Processing 
Having chosen a geometry for counting the small gas source the 

clock time is noted and the count started for a preset time. I t is 
common for this preset time to be measured as a live time'^^'. 

At the end of the preset counting time the accumulated data 
stored in the memory of the M C A may be inspected on the oscillo
scope display. The channel numbers of all the photopeaks are located 
and the corresponding energy values noted with the aid of the energy 
calibration graph. The photopeaks identified in this way should then 
be allocated to a nuclide likely to be present in the source. In 
most cases this can easily be carried out with references to the 
invaluable compilations of nuclear data'^^-^''*. In difficult cases it 

Figure 8.11 {a) Semi-logarithmic presentation 

Figure 8.11 (h) L inear presentation 

Figure 8.11 (c) X 2 expansion of the section X - Y of Figure 8.11 (b) showing the 
channels / and r selected for the estimation of the 172 k e V photopeak accumulated 
count A. 

A - - N - C (i) 
i = r 

N=Y.a: (ii) 
i = i 

C = (fl, + a , ) x { ( r - / ) + l } / 2 (iii) 

hence . /) = X " i - ( « i + ar) x {(» - / ) + l } / 2 

where A = photopeak counts accumulated 
N = the sum of the channel contents between channels / and r, and can often 

be extracted from the multi-channel analyser directly, using an internal 
integrating processor. A measure of N is also afforded by the use of a 
single channel analyser with its lower and upper thresholds set at the 
same levels as the channels / and r respectively 

C = C o m p t o n contribution to total accumulated counts between channels / 
and (• 

fl; = number of counts accumulated in channel i 
/ = channel number at left-hand limit of photopeak 
r = channel number at right-hand limit of photopeak 

A parameter of use when estimating *' K r " ' generator elution efficiencies is the ratio 
of accumulated photopeak counts to the total accumulated counts between the 
channels / and r (see section 8.4.7, page 298). T h i s ratio is given by the following 
expression: 

'Photo peak' A , ^ 
= — (iv) 

'Totals' N 
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'Xe(T, ,= 36'Ad) 

keV P^'l. 
58 14 

''2 1A5 A-58 

Y3 172 26-6 

Y, 203 682 

Ys 375 18 7 

> 
0) — 

Reference (43) 

' 1 
Channel N° 

Channel N<» 

( Q ) 

Channel N" 

Figure 8.11 (fl) (b) (c) G a m m a ray spectrum obtained for xenon-127 
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may be necessary to follow the decay of the photopeak until the 
half-life of the radionuclide responsible for it may be determined 
(see section 3.2.3, page 54). In order to determine the radioactive 
content of the source in microcuries or disintegrations per second 
it is first necessary to establish the counting rate in selected photo-
peaks. 

A gamma ray spectrum obtained for a source of xenon-127 (see 
section 8.5) is shown in Figure 8.11. The data is presented semi-
logarithmically in Figure 8.11 (a) and linearly in Figure 8.11 (b) for 
comparison of two possible modes of display. A X2 expansion of 
the section X - Y of the gamma spectrum shown in Figure 8.11 (b) 
is shown in Figure 8.11 (c); this will be used to describe the method 
of estimating the photopeak counting rate of the 172 keV peak. I t 
will be seen from Figure 8.11 (c) that the 172 keV photopeak sits 
on the compton continuum due to the combined effects of compton 
scattering of the 172 keV and higher energy photons. This compton 
contribution must be estimated in order to arrive at a value for the 
photopeak counting rate. The estimation should be made using the 
same method as that used when carrying out the sensitivity calibra
tion. The simplest method is shown schematically in Figure 8.11 (c) 
and may be carried out as follows. Two channels are chosen, one / 
in the trough before the peak and one r soon after the peak. The 
contents of these two channels, a; and a^, are ascertained together 
with the sum N of the contents of the channels between channel / 
and channel r. The number of counts C below the line / to r may be 
calculated using the expression given in Figure 8.1 J. This value C 
is then subtracted from the total counts iV between channel / and 
channel r to leave an estimate for the photopeak count accumulated 
A, i.e. A = N — C. This approach is known as the 'total peak area 
method'** '̂. 

Having established the photopeak counting rate it is readily 
converted to microcuries of gamma quanta using a typical calibra
tion curve (FigfKre 8.10). To convert this value into microcuries of the 
radionuclide in question, the probability of gamma emission, at this 
energy, per disintegration must be ascertained from the various 
compilations of nuclear data'^^'^"". A hst of some of the gamma 
emission probabilities used in assaying some of the radionuclides 
discussed in this work is appended to the gamma ray spectra shown 
in Figure 8.1 for " K r , Figure 8.9 for ^^Kr"', **'Kr and "^Kr, Figure 
8.13 for '*'Rb/*''Kr"' and Figure 8.11 for ' ^ 'Xe (see Appendix 3). 

Chemical Aspects 
I f the production system described for ^^Kr"" is operated correctly 
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there should be no chemical problems. However, it is worth con
sidering what problems may arise in the event of malfunction during 
any of the stages of a production method. For example, consider the 
situation i f the vacuum pump used for evacuating the target before 
filling failed to adequately reduce the air content of the target. I f this 
remained undetected an irradiation of an air/krypton mixture may 
be carried out. The major chemical result of this would be to 
contaminate the krypton with ozone and oxides of nitrogen, both 
highly undesirable materials. However, during the course of high 
pressure recovery, they would be irreversibly adsorbed onto the 
molecular sieve under the conditions of operation. Release of target 
gas at low pressure on the other hand, could allow some of these 
materials to escape removal by the molecular sieve. The detection 
of such materials is best carried out using standard chemical 
procedures, for example the Saltzman test for NO2 (see also section 
3.2.3, page 56). 

8.4 KRYPT0N-81m 

8.4.1 Introduction 

Parent/Daughter Relationship 
Krypton-81 (T^ = 2.1 x lO^y) has a metastable state that decays 

with a 13 s half-life emitting 190 keV photons in 65 per cent of the 
transitions, the remaining 35 per cent being internally converted. 
This metastable state is known as krypton-81m (^'Kr™) and is 
populated during the decay of »^Rb (T^ = 4.58 h)*'-**'. " R b is 
commonly known as 'the parent' of ' the daughter' ^'Kr™. A simpli
fied decay scheme of this 'parent/daughter' relationship is shown in 
Figure 8.12. 

Rubidium-81 Parent Production 
Rubidium-81 may be produced by the alpha particle or helium-3 

irradiation of bromine by the " 'Br(a,2n)«'Rb, ^'Br(a,4n)»iRb, 
"Br (2He , n )« iRband ^'Br(^He,3n)«^Rb reactions. Other rubidium 
nuclides may be produced concurrently including ''^Rb(T^ = 24 
min), ^^Rb"- (T^ = 6.3 h), «*Rb (T^ = 33 d) and ^^Rb (T^ = 83 d). 

Radionuclide Generators 
Systems that are capable of separating the daughter from the 

parent are commonly known as radionuclide generators. Generators 
may be based on chemically separating the two radionuclides or, in 
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the case of ^'Rb/^'Kr™, the separation can be effected physically. 
An example of a chemical radionuclide generator is that for separ
ating technecium-99m (^^Tc"" T^ = 6 h) from its parent molyb-
denum-99 (^^Mo Tx = 67 h). ^^Tc"" has found wide applications in 
medical diagnosis. ^^Tc" generators are available commercially. 

keV Py7. 

190 64-5 

i 4 6 23-5 

511 67 

4-58h 

Reference (5,46) 

47. EC 

2-1x105y 

2-37./?+ 24-77'. EC) 

(30-47»^+ 36-67.EC) 

Figure 8.12 Simplified rubidium-81 decay scheme and Py list 

8.4.2 Krypton-81m Generators 

Generator Types 
Generators have been developed for the preparation of solution 

and gas phase samples of **'Kr'" for clinical use. 
The two types of solution generator described are both based on 

the principle of the retention of the parent ^'Rb on an ion exchange 
colurnn, the ^^Kr™ daughter being recovered in solution by the 
elution of the column with water. 

The first type uses a small column 30 mm long and 6 mm in 
diameter filled with the inorganic ion exchange material zirconium 
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phosphate which has a high affinity for rubidium under a wide 
range of conditions*^''*', in particular in the presence of concentrated 
sodium bromide solutions. Elutions are carried out in ~ 1.5 s using 
1-2 ml of water'^^'. Elution efficiencies of 65-70 per cent are achieved 
for low level test generators. A convenient definition of elution 
efficiency and a method for its estimation, is given in section 8.4.7 
(page 297). 

The second type of solution generator uses a 60 mm long, 11 mm 
diameter column filled with the strongly acidic organic ion exchange 
material AG50 x 4*'"". Test generator elution efficiencies, as defined 
in section 8.4.7 of 65-75 per cent have been estimated when elutions 
have been carried out with 2 ml of water. Both types of generator 
may also be batch eluted with air to yield gas phase samples of 
^'Kr*" with elution efficiencies approaching 70 and 100 per cent 
respectively. I t is possible to revert to the preparation of solutions 
after the gas phase elution procedure is complete, but with a reduced 
elution efficiency in the case of the organic ion exchanger, the 
efficiency typically falling from 70 to 45 per cent. 

Another method of generating gas phase samples is to pass air 
through a solution containing ^'Rb; however, great care must be 
taken to fully retain any radioactive spray or particulate matter 
that could possibly escape into the gas phase. A system of spray 
traps and filters is used to ensure safe operation. The elution 
efficiency depends on f\ow rate but may be as high as 75 per cent 
(see Table 8.3). 

Clinical Applications 
The clinical apphcation of ^'Kr"" requires a certain amount of 

ingenuity. The gamma emission at 190 keV is within the range 
considered to be ideal for imaging with a scintillation camera. 
However, in some cases the very short half-life imposes some 
restrictions. Applications have been sought in the fields of lung 
venti lat ion<'°-" ' ' ° ' and perfusion'i°'"-5°>, cerebral blood flow*''' 
and radiocardiography'^^'. A further apphcation that involves the 
in vivo separation of ^'Kr™ from ^'Rb is also a field for research 
study*^'''^''. This approach offers some unique possibilities for blood 
flow measurements where the dilTusible tracer is generated con
tinuously in the organ of interest. By studying the in vivo gamma 
spectrum with a high resolution Ge/Li spectrometer, the reduction 
in intensity of the ^ 'Kr"" 190 keV photopeak when compared with 
an equilibrium spectrum may be related to the blood flow through 
the region that is responsible for removing the ^'Kr"". 

•* B i o R a d Laboratories . 
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8.4.3 Target System for the Production of Rubidiuni-81 

Target Design 
In principle any anhydrous water-soluble bromine containing salt 

may be used as the target material. In practice sodium bromide is a 
quite satisfactory target material. Either powder or melted type 
targets may be used. The latter are generally more reliable for high 
intensity irradiations (40-50 ^A, 30 MeV alpha particles) and lend 
themselves to remote handling techniques. A schematic representa
tion of the target is shown in Figure 8.2 (a). 

Target Preparation 
The target is prepared by melting ~ 4 g of Optran grade* NaBr 

into a 0.8 mm deep, 12.5 cm long and 2.5 cm wide grooved recess 
machined into a 5 cm wide and 18 cm long copper plate 3 mm 
thick (see Figure 8.2 {b)). Melting of dry NaBr is carried out under 
H2 using an eddy current heater to avoid oxidation of the copper. 

Irradiation Conditions 
The maximum safe operating beam current is very dependent 

upon the beam power distribution. However, the situation is not as 
critical as it is when the product is volatile (see sections 8.2.2, page 
264 and 8.5.2, page 307) and provided that target material is not lost 
from the beam strike area a limited amount of melting is not too 
deleterious. 

Yields 
The yield of ^'Rb may be estimated by assaying a fraction of the 

dissolved target material by gamma ray spectrometry. A typical 
gamma ray spectrum of *'Rb is shown in Figure 8.13. For irradia
tions with 30 MeV alpha particles, yields of 2 mCi ^ A h " ' may be 
obtained with both powder and melted targets using the 
^^Br(a,2n)*'Rb reaction. A yield of 2.9 mCi fiAh~^ has been reported 
for irradiations of NaBr with 50 MeV alpha particles, the target 
being designed to reduce the alpha particle energy to only 30 MeV 
to minimize impurities (see below)'^"'. The **'Rb production rate 
when NaBr is irradiated with 22 MeV 'He particles is reported to 
be 0.012 mCi ^ h " 

Rubidium Radionuclidic Impurities 
In all the above production methods for ^'Rb other rubidium 

* Supplied by Brit ish D r u g Houses Chemica l s L t d , Poole, Dorset B H 1 2 4 N N , 
England . 
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radionuclides are produced. These are of importance for three 
reasons. Firstly, other rubidium radionuclides may be produced 
that also have radioactive krypton daughters, for example ^^Rb 
(Tx = 24 mm)/''>Kr (T^ = 35 h) and " R b ( T . = 83 dy^^Kv'" ( T . = 
1.9 h). These daughters could potentially cause impurities in ^^Kr™ 
samples. Fortunately these impurities are readily reduced to low 
levels during the preparation of the generator'''". Secondly, all 
solution generators have a finite parent leakage, that is, a small 
fraction of the Rb is eluted from the generator together with the 
^^Kr"". Other rubidium nuclides will also leak to the same extent as 
^^Rb and wil l contribute to the radiation dose for any procedure 
involving the use of ^^Kr"" solutions. 

Finally, all rubidium radionuclides other than ^^Rb will increase 
the problem of shielding the processing equipment and generator 
systems. It is desirable to ensure that the generator is safely trans
portable and may be used close to the site of clinical use without 
affecting the detecting systems. To achieve this extensive lead 
shielding is necessary. 

8.4.4 Recovery of Rubidium-81 

Target Dissolution and Generator Loading System 
After irradiation the target is transferred remotely from the 

cyclotron vault to a 10 cm thick lead shielded hot cell, where the 
equipment shown schematically in Figure 8.14 is set up. A target 
dissolver is used to dissolve the melted NaBr from its copper 
backing using ~ 10 ml of water, as described in detail in section 
8.2.3 (page 266). The resulting solution is then transferred in whole 
or in part to the gas or solution generator systems as required (see 
sections 8.4.5 and 8.4.8, page 299). 

8.4.5 Krypton-81 m Solution Generators 

Generator Design 
The important design features of the solution generator are the 

dimensions of the ion exchange column and its outlet connections. 
The volume of the ion exchange material supported in the column 

should be adequate to afford efficient recovery of ^'Rb from the 
sodium bromide target solution and acceptable *^Rb leakage values 
on elution. I f the volume is excessively large, elution efficiencies wil l 
suffer, as large volumes of eluant will have to be used with inevitably 
longer elution times. Columns of 30 mm or 22 mm long and 6 mm 
diameter as shown in Figure 8.15 (a) and (b) have been used satis-
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factorily when filled with zirconium phosphate. Columns of organic 
ion exchanger 60 mm long and 11 mm diameter perform well on 
elution but are subject to severe loading restrictions (see page 295). 

The dead volume at the outlet of the column together with the 
terminal sterilizing filter should also be minimized to maintain 
maximum radioactive concentrations. The MiUipore Millex dis
posable filter is of particular value in this respect. 

HjO H,0 

A i r — ^ 

Target dissolver 

.Pump 
l l lowraM 
'l-25nnlmin^/ 

MefilterMyiMr"""^""' 
Waste 

iPrefilter 

)Millipore 
filter . 

Waste 

Waste 

Solution 
generator 

Gas/liquid 
Gas generator 

Figure 8.14 Recovery system for rubidium-81 and krypton-81m generator loading 
systems 

The external form of the generator is largely determined by the 
type of shielding envisaged. Two possible configurations are shown 
in Figure 8.15 (a) and (b), the latter being particularly well shielded 
and suitable for transportation. The silicone rubber septa provide a 
seal for transport and may be pierced by hypodermic needle fittings 
for generator loading and subsequent ^'Kr™ elution, the generator 
remaining in its lead shield during both operations. 

Generator Construction 
The ion exchange column is best fabricated in transparent material 

to aid visual control of its filling with ion exchanger. Perspex is a 
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13 12 

2 cm 
Figure 8.15 (a) and (h) 

I I I I I p 

5cm^ (b) 
K-rypton-81m solution generators 

Figure 8.15 {ci) Simple solution generator mounted in its pr imary lead shield: 
(1) Generator column 30 mm long x 6 m m diameter filled with z irconium phosphate; 
(2) water for injection inlet from sterile reservoir; (3) eluant input syringe A 2 ml 
capacity; (4) eluate collection syringe B 2 ml capacity"; (5) two-way taps (Pharmaseal 
type K 7 5 . sec Table 3.6); (6) MiUipore 'Millex' sterilizing filter; (7) sintered poly

ethylene column packing retainers; (8) primary lead shield; (9) filling reservoir 

Figure 8.15{h) Transportable krypton-81 m solution generator shown with loading/ 
elution hypodermic needles in position: (10) generator co lumn 22 m m long x 6 m m 
diameter filled with z irconium phosphate; (11) hypodermic needles fitted with hilts 
and sharpened for septum penetration*; (12) silicone rubber septa; (13) septum 
retaining plug (i", 28 T P I , U N F 'Cheminert' compatible); (14) P T F E top cap secured 

with two nylon screws; (15) generator column body machined in perspex 

* The other input/output components of the transportable generator arc effectively as shown in rigiii f 8.15 ia). 
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suitable material as it is readily machined, resistant to the chemical 
reagents encountered during generator preparation and is mechanic
ally quite robust. The assembly should be made pressure resistant as 
high pressures of ~ 3 kg cm"^ ( ~ 40 lb in"^) are imposed during 
the rapid elution procedure. 

Sintered polyethylene (2.5 mm thick)* is a suitable material for 
retaining the column packing material at the top and bottom. The 
size of disc should be chosen to give a tight push fit which is 
essential to avoid loss of column packing during all phases of 
generator operation. 

Generator Refinements 
It may be desirable to include certain refinements in the generator 

design. For example, power elution may be required if continuous 
infusions are envisaged. In these circumstances it is essential to 
render the infusate isotonic, and this is best achieved by mixing the 
column effluent on flow with a calculated proportion of a hypertonic 
solution, for example 2 per cent NaCl solution. Syringe pumps 
have been used*̂ "̂ ' and are probably more reliable than an alter
native, the peristaltic pump. Whichever type of pumping system is 
used, if it incorporates electrical devices the utmost care should be 
exercised to ensure that the safety code for electro-medical apparatus 
is adhered to''^^'. 

Generator Preparation and Loading 
As there are major differences in the procedures for preparing and 

loading the two types of solution generator, namely the zirconium 
phosphate and the organic systems, they will be dealt with separately. 

Preparation of the Zirconium Phosphate Generator 
Before assembling the generator components they should be 

thoroughly cleansed using a medically approved cleaning agent, for 
example Pyroneg,t followed by an exhaustive wash in water for 
injection. In order to achieve the high rubidium extraction efficiency, 
typically 99 per cent for a solution containing ~ 2 g NaBr in 10 ml 
of water, it is essential to ensure that the generator ion exchange 
column and connecting tubes are free from air bubbles otherwise 
channelling will occur. As will be seen from the procedure to be 
described, a major part of the effort is aimed at achieving this. A 
description of the assembly and loading of the generator shown in 
Figure 8.15(a) will be given to convey the general principles involved. 

* Supplied by Fisons Scientific Apparatus, Loughborough, Leicestershire, 
England. 

t Diversy L t d , Cockfosters House, Cockfosters Road , Barnet, Herts, England. 
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The assembly procedure is as follows using water for injection 
throughout: 

(a) The bottom polyethylene sinter is pressed home and the air in 
it and the column is displaced by forcing water into the output 
connector. 

(b) The filling reservoir is fitted and filled with water. A slurry of 
zirconium phosphate (100-200 mesh)* is then transferred to the 
reservoir and liquid allowed to flow from the column outlet. During 
this phase the zirconium phosphate settles to fill the column. When 
the column bed is full the contents of the reservoir including the 
excess zirconium phosphate are removed using a pasteur pipette. 

(c) The reservoir is removed taking care not to disturb the top of 
the column packing, and the top polyethylene sinter is pressed home 
on top of the zirconium phosphate. The top connector is installed 
and water is again forced into the outlet, this time to displace the 
air in the top sinter and top connector. 

{d) The generator should now be free from entrained air and 
should be conditioned by washing first with 20 ml of 3 N HCl and 
then with water for injection until the pH of the effluent falls to 
pH 4. The generator is now ready for loading. 

(Note: When not in use all equipment through which fluids flow 
during generator preparation should be cleaned, dried and suitably 
stored to avoid bacterial containination (see also section 8.4.6, 
page 296).) 

Zirconium Phosphate Generator Loading 
The generator, prepared as described above, is mounted in its lead 

shield and installed in the hot cell to be connected to the recovery 
system as shown in Figure 8.14. A glass fibre pre-filter is included 
before the Millipore filter to retain any particulate matter originating 
in the target solution that could possibly overload the Millipore 
filter. A receiver is placed at the outlet of the generator to receive 
the waste NaBr solution. Water for injection is introduced into the 
reservoir R and the pump primed. The Millipore filter is temporarily 
disconnected from the two-way tap 2 and inverted until all the air 
is displaced and water issues. The pump is stopped and the Millipore 
filter carefully re-connected to the tap 2. This procedure is to ensure 
that no air bubbles enter the generator. The excess water in the 
reservoir R is now discharged to waste through the generator until 
the level falls to the mark M - M . This serves as a final system check 
before the target is brought into the hot cell. 

* B i o R a d Laboratories . However , material prepared in the laboratory '" ' invari
ably returns better values of elution efficiency (see Appendix 6). 
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The NaBr is dissolved in 10 ml of water for injection as described 
in section 8.2.3 (page 266). The NaBr - f ^'Rb is then transferred to 
the receiver R from the tilted target dissolver by applying air pressure 
using the syringe A. The pump is now operated at a flow rate of 
1.25 ml mm~\ to transfer the ^'Rb onto the generator until again 
the liquid level falls to the mark M - M . The target dissolver is rinsed 
with a further 10 ml of water for injection and the above procedure 
repeated. Finally water for injection is introduced into the receiver 
R from the syringe B and pumped, at 2.5 ml min" \ onto the column 
in batches of 10 ml until bromide cannot be detected in the generator 
effluent. In order to test for bromide, 5 ml of effluent is collected 
and mixed with AgNOs and H N O 3 solutions. I f bromide is present 
the resulting solution will go milky as AgBr is precipitated. This test 
may typically become negative after 40 ml of washing, in which case 
a further 40 ml wash should then be carried out. Typically 80 ml 
of washing will reduce a sodium bromide concentration of 250 mg 
m l " ' to a level of 5 jttg m r \ It is valuable to carry out a dummy 
preparation using unirradiated NaBr together with some tracer ^^Br, 
fractions being collected at the generator output. The ^^Br content 
in each fraction is readily converted to a NaBr content per fraction 
versus wash volume as shown in Figure 8.16. 

When the washing procedure is complete the generator is sealed 
by closing the taps 2 and 3 and removed from the hot cell for final 
testing. 

Preparation of the Organic Ion Exchanger Filled Generator 
Before assembling the generator components they should be 

thoroughly cleansed using a medically approved cleaning agent, for 
example Pyroneg,* followed by an exhaustive wash in water for 
injection. 

In order to achieve as high a rubidium extraction efficiency as 
possible (see generator loading below), it is essential to ensure that 
the generator ion exchange column and its connecting tubes are 
free from air bubbles. A recommended procedure to achieve this is 
described, for the generator shown in Figure 8.15 (a), but the 
principles and practices are relevant to any closed column system. 
The assembly procedure, using water for injection throughout, is as 
follows: 

(a) The bottom polyethylene sinter is pressed home and the air in 
it and the column displaced by forcing water into the output 
connector. 

•* Diversy L t d , Cockfosters House, Cockfosters Road , Barnet, Herts, England. 
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(b) The filling reservoir is fitted and filled with water. A slurry of 
the H'*' form of the ion exchange resin type AG50 x 4* is then trans
ferred to the reservoir and liquid allowed to flow from the column 
outlet. During this phase the ion exchanger settles to fill the column 
volume. When the column is full the outflow is stopped and any 
excess ion exchanger is removed together with the water from the 
reservoir using a pasteur pipette. 

1 

i to 
E 
in 

1-2 

10' 1-3 

2 10-

10-

Figure 8.16 K r y p t o n - 8 1 m solution generator-sodium bromide elution curve 
following the loading of 2.5 g of N a B r labelled with "^Br 

(c) The reservoir may now be removed, the top sinter pressed 
home carefully on top of the column packing and the top connector 
installed. Water is again forced into the outlet, this time to displace 
the air in the top sinter and top connector. The generator should 
now be thoroughly flushed with 50 ml of water to remove trace 
organic impurities that usually occur in resin and often cause the 
initial washings to be pink in colour. 

* B i o R a d Laboratories , 32nd and Gri f f in Ave, R ichmond , Ca l i forn ia 94804, U . S . A . 
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Organic Ion Exchanger Generator Loading 
The high affinity of AG50 x 4 for rubidium may only be realized 

if very dilute solutions of sodium bromide ( < 0.5 per cent)'^°* are 
applied to the column at flow rates as low as 0.6 ml m i n " ' . These 
factors impose severe restrictions on the loading procedure which 
must inevitably end in a compromise. 

For example, consider a target containing 2 g of sodium bromide. 
In order to achieve a 0.5 per cent solution, this must be dissolved 
in 400 ml of water. Two factors must now be balanced; firstly, the 
flow rate during NaBr solution loading (which will largely determine 
the delay between the end of bombardment and the time of potential 
use of the generator), and secondly the rubidium recovery efficiency. 
Unfortunately at high flow rates ( ~ 2.5 ml m i n " ' ) the recovery 
efficiency may be as low as ~ 40 per cent uncorrected for decay. 
Thus with a loading time of 160 min (400 ml at 2.5 ml m i n " ' ) a 
further decay factor of ~ 0.67 must be applied which leads to an 
overall loading efficiency of ~ 27 per cent without any allowance 
for the extra delay necessary to free the generator of NaBr. Thus a 
compromise may be necessary depending upon local conditions such 
as the ®^Rb yield available and the time available between irradia
tion and use. This problem can be largely circumvented if the 
alternative ion exchange material zirconium phosphate is used. Here, 
loading efficiencies of 99 per cent may be achieved in 40 min 
including final washing, leading to an overall loading efficiency of 
89 per cent after allowing for decay during loading. 

The equipment for loading the organic ion exchanger generator is 
similar to that described for the zirconium phosphate generator. 

The main diff"erence is that the reservoir R must be capable of 
holding a volume compatible with the need to prepare a 0.5 per cent 
NaBr solution from the target material. 

8.4.6 Krypton-Sim Solution Generator Testing 
Prior to release for clinical use, four types of test should be 

carried out on the generator and its associated systems. These are 
for the elated ^ ^ K r " activity, parent breakthrough or leakage, 
estimation of trace chemical impurities in the eluate, and biological 
tests on the whole system. 

Test for Eliited ^ ^ K r " Activity 
The generator is set up ready for clinical use as shown in Figure 

8.15 (a). Several test elutions are then carried out as follows: 
Syringe A is filled to the required volume (not less than 2 ml) 

from the water for injection reservoir. This water is then passed 
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through the generator in ~ 1.5 s and recovered in syringe B. A timer 
is started at the end of elution, the syringe B removed, sealed with 
a luer blind hub and quickly transferred to a j ig which is part of a 
calibrated counter system. The decay of the sample is recorded for 
60-100 s using a multiscaler or digital rate meter. The count rate 
at a known reference time after the end of the elution is noted and 
the eluted activity at the end of elution estimated. A calibrated 
ionization chamber may also be used for this test but it is essential 
that the time constant of the electronics system is short enough to 
properly monitor the rapid decay of ' Kr""" (see section 3.7.4, page 84). 

After several such elutions the standard of performance of the 
generator will be apparent. I f satisfactory, the next test may be 
carried out. A method of elution efficiency estimation is described 
in section 8.4.7. 

*'Rb Leakage and Other RadiomiclidicTesting 
The eluates from the above test are combined after the ^^^Kr" 

has decayed, in order to estimate the ^'Rb leakage. The *'Rb is 
assayed using a calibrated gamma spectrometer. The ^'Rb content 
is then expressed as a percentage of the total ^' Kr™ originally present 
in the samples at the end of elution. The value obtained should be 
the order of 4 x 10"* per cent. During the assay of leaked ^'Rb a 
large photopeak is often observed at 511 keV in excess of that 
expected due to rubidium nuclides. By decay analysis this peak has 
been assigned to '^F. I t is presumably produced by the '^0(a,pn)^^F 
reaction on trace water in the sodium bromide target. Leakage of 
'^F from the generator is the order of 1 x 1 0 " p e r cent. 

I f elutions are carried out with isotonic saline (0.9 per cent NaCl 
solution) both ^'Rb and '^F leakage values are increased by at least 
an order of magnitude; also ^'^Na and ^^Na become detectable in 
the eluate. Hence saline elutions should not be used clinically without 
careful consideration. A saline infusion system is described in section 
8.4.5 (page 291). 

Eluate Chemical Purity Tests 
The three elements that are most likely to be present in the eluates 

in the event of generator malfunction are copper, from the target 
plate, zirconium, from the column packing, and bromide, from the 
target material. A l l three elements may be determined spectro-
photometrically using standard analytical procedures. 

Biological Tests 
The sterility of the eluates is ensured by the use of a terminal 
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Millipore filter, sterile disposable syringes and good handling prac
tice. Freedom from pyrogenic material is best ensured by adopting 
a standard preparative procedure throughout, with pyrogen testing 
of random eluate samples from a typical test run. Subsequent 
generators should be tested occasionally. 

The whole procedure should be vetted by a responsible pharmacist 
to ensure that no problems either long or short term are likely to 
occur. 

8.4.7 Krypton-81ni Solution Generator Efficiency Estimation 

Efficiency Definition 
There may be occasions when the elution efficiency of the solution 

generator must be estimated. For example, new batches of zirconium 
phosphate should be tested on a pilot scale before embarking on a 
large-scale production run. Before describing a method for this 
estimation, a definition of elution efficiency is necessary: 

Daughter removed x 100 
% elution efficiency = — — : — 

Daughter available at radioactive equihbnum 
As the half-life of ^ 'Kr"" is so short it is important to state the time 
at which the daughter was removed. In the method of elution 
efficiency estimation to be described, the reference time for removed 
daughter will be the time of end of elution. 

Method of Estimation 
The estimation is carried out by gamma ray spectrometry. The 

equilibrium ^ 'Kr"" content of the generator is measured and com
pared with the ^ ' K r " content at the end of elution. 

Data Acquisition and Processing 
The gamma spectrum of the generator at radioactive equilibrium 

is recorded and the 190 keV photopeak located. The count rates due 
to the photopeak and compton contribution are then estimated as 
described in section 8.3.5 (page 280). Thus the equilibrium counting 
rate due to ^'Kr™ is established. A single channel analyser (some
times incorporated in the multichannel analyser) is adjusted to 
accept the same upper and lower energy limits as chosen for the 
190 keV peak estimation. The output of this single channel analyser 
is then fed into the multiscaler input of the multichannel analyser. 
The multiscaler is then started at a channel stepping rate of one 
channel per second and equilibrium data is acquired. The generator 
is then eluted with the desired eluant volume at a chosen rate. At 
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the end of elution the eluate containing ^'Kr™ is collected in a 
well-shielded syringe. The ^^Kr"" is then allowed to grow in again 
for 40-60 s, the elution procedure then being repeated. Several such 

41 

i 5 
o 

* 3 a ^ 

5 1 

-/^..oer^sie 

20 40 60 80 100 120 UO 160 180 200 220 240 
S e c o n d s 

Figure 8.17 {a} E lut ion efficiency estimation for a kryplon-81 m solution generator* 
eluted 4 times with 2 ml of water. Elut ion time 1.5 s. 

At equi l ibrium: 

Photopeak counting rate due to " K r " " 

T o t a l counting rate in energy band selected 
: 0.506 

T h i s value being obtained for the N a l ( T I ) gamma ray spectrometer used to acquire 
the data shown in Figure 8.17 (a) by the method shown in Figure 8.11 (c), equation (iv). 

r,, . „ . daughter ("'Kr"") removed 
Elut ion efficiency = ° x lOOV 

daughter (" 'Kr '" ) available at radioactive equil ibrium 

N „ X 0.506 

Where 
N|,em) is the change in counting rate as the elution is carried out (N(rem) 

= N , e q „ , - N , e „ e ) ) . 
N(eqm, is the mean equil ibrium counting rate in the energy band selected. 
N(5oe) is the mean counting rate at end of elution. 

Us ing experimental values obtained for N,£qm) and N(eoe) we have 

( 6 6 3 9 - 4 3 1 8 ) 
Elut ion efficiency = x 100% 

6639 X 0.506 

= 69% 

• Data shown for a 22 mm x 6 mm column ofi^irconium phosphate 

elutions may be carried out if sufficient data space is available in 
the multiscaler. The stored data may be finally inspected and printed 
out. A series of steps in the counting rate should be apparent 
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corresponding with the time of each elution. Each step should be 
followed by a rapid recovery in the counting rate, this reaching its 
former level within the inter-elution period of 40-60 s. A typical 
display of the resulting data obtained using a Na l (Tl) spectrometer 
is shown in Figure 8.17 {a) together with a typical calculation. Also 
shown (in Figure 8.17 (b)) is a typical elution curve obtained by 
allowing the generator effluent to flow through a small volume 
( ~ 0.05 ml) spiral mounted in a well-type scintillation counter, the 
resulting counting rate being recorded on the multiscaler at a channel 
stepping rate of 200 channels per second. The total elution volume 
was 2 ml. 

0-2 0-4 06 0 8 10 1 2 
Seconds (b) 

02 0-4 0-6 0 8 10 1-2 14 
Seconds (c) 

Figure 8.17 (b) E lut ion curve for a krypton-81 m solution generator.* 2 ml elution 
carried out in 1.5 s; typical elution efficiency 70 per cent 

Figure 8.17(c) E lu t ion curve for a krypton-81 m ion exchange gas generator.* 10 ml 
air elution carried out in 1.5 s; typical elution efficiency 70 per cent 

• Data shown for a 22 mm x 6 mm column of zirconium phosphate 

8.4.8 Krypton-81m Gas Generators 

General Principles 
The principles of two generators were briefly mentioned in section 

8.4.2 (page 284). The ion exchange column gas generator is the most 
versatile and has a high batch elution efficiency. It requires no traps 
or filters, as the parent ^^Rb is strongly bound to the ion exchange 
material. The gas/Hquid bubbling system on the other hand requires 
an elaborate system of traps and filters to ensure that no parent 
escapes into the dispensing system. Here a trap filled with zirconium 
phosphate ion exchanger effectively guards against the escape of 
rubidium radionuclides allowing only ^ ' K r ^ t o pass. Its preparation 
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is both simple and rapid. I t may be eluted continuously over an 
extended period with little or no reduction in elution efficiency. 

Ion Exchange Gas Generators 
These generators are of the same design as the solution generators 

described in section 8.4.5, are prepared in the same way, and may be 
used interchangeably for both applications with some success, 
particularly if batch gas phase elutions are performed. A typical 
elution curve for a zirconium phosphate generator is shown in Figure 
8.17 (c). The column dimensions are 22 mm x 6 mm as shown in 
Figure 8.15(b), the 10 ml elution being carried out in 1.5 s. It will be 
seen that small elution volumes may be used if care is taken to 
minimize the dead volume after the generator outlet. The ion ex
change gas generator may also be used for continuous elution for 
limited periods, the elution efficiency falling gradually, seemingly as 
the ion exchange material dries out. It may be possible to obviate this 
effect by using a sweep gas that is saturated with water vapour. The 
zirconium phosphate generator elution efl:ciency is 65-70 per cent 
for both batch-wise gas and solution preparations. The organic ion 
exchanger generator however usually suffers a reduction in elution 
efficiency for solutions after batch-wise gas elutions. This efficiency 
may fall from 70 to 45 per cent after the gas eluting procedure. The 
gas elution efficiency invariably returns to its usual value of 95-100 
per cent after solution preparation. 

The method used for estiinating the elution efficiencies and obtain
ing elution curves of these generators is the same as that described 
for solution generators in section 8.4.7. 

Gas Generator Using Gas/Liquid Mixing 
The design of a generator based on the principle of gas/liquid 

mixing is shown in Figure 8.18. It is loaded with sodium bromide 
target solution containing ^^Rb directly from the target dissolver as 
shown schematically in Figure 8.14. 

The sweep gas enters the NaBr solution containing ^'Rb through 
a 3 cm diameter sintered glass disc (porosity 3) when efficient gas/ 
liquid mixing takes place and a large proportion of the ®' Kr"" is swept 
out in the gas phase. The effluent gas is carefully freed from NaBr 
solution spray and radioactive particulates by means of a system of 
traps and a filter, all of minimuin volume to avoid excessive losses 
due to decay in transit. 

The generator must be constructed in such a way as to make it safe 
to operate at elevated pressures of up to 3 kg cm"^ (43 lb in"^) . These 
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pressures are often necessary to enable the transport of the ^'Kr"" 
along small tubes (1.5 mm bore) to be achieved rapidly with 
minimum losses due to decay. The top and bottom of the generator 

Figure 8.18 Krypton-81 m gas phase generator— 
gas/liquid type: (1) G a s / h q u i d mixing chamber; 
(2) spray trap system; (3) Perspex outer tube; 
(4) glass liner; (5) 3 cm diameter porosity 3 glass 
sinter; (6) sweep gas input; (7) generator system 
output; (8) 50-100 mesh zirconium phosphate 
rubidium spray trap; (9) polyethylene covered 

wire spiral antifoam trap 5 cm 

are made from stainless steel or brass. The lower section is split and 
retains the glass sinter. The three components are sealed together 
by the use of an 'O' ring. For maximum durability the outer tube 
of the gas/liquid mixing section is made of heavy wall acrylic 
(Perspex) tubing. A glass liner mounted within the Perspex provides 
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a surface that is easily wetted and hence allows the eflrcient return 
of NaBr solution that has been carried upwards as spray. The poly
ethylene covered wire spiral serves as an antifoam trap by breaking 
down any foam at the centre causing it to fall back to the walls 
instead of tending to escape from the generator. 

Spray Traps and Filter 
The two spray traps are shown in Figure 8.18, one on the input 

and one on the output of the generator; for convenience of shielding 
they are combined coaxially. The input trap should have a volume 
well in excess of the NaBr solution volume so that in the unlikely 
event of a sweep gas failure any back pressure in the output flow 
system could only displace the NaBr solution into this trap. The 
output trap should be of minimum volume consistent with its 
demonstrated ability to contain any rubidium radionuclides likely 
to reach this region under all operating conditions. The small column 
of coarse (50-100 mesh) zirconium phosphate amply assures this. 
Finally, the filter on the output should be a high performance type 
with the minimum dead volume to minimize decay of the ^ ^ K r " in 
transit A disc of Whatman GF/C glass filter paper supported on a 
polyethylene sinter 5 cm diameter has been found to be quite 
satisfactory in these respects. The design of this filter is shown in 
Figure 3.4. 

Generator Gas Flow Systems 
The generator gas flow system is similar in many respects to other 

systems described in this book; the basic difference is that the target 
and cyclotron are replaced by the generator. 

A rather specialized gas flow system is shown in Figure 8.19. This 
was designed for the administration of ^^Kr"" to infants during 
cerebral blood flow investigations**'. 

The mixture in the gas cylinder was chosen for each infant accord
ing to his requirements. From the regulator and flow control valve 
the gas was directed to a two-way change over valve. This was fitted 
with a needle valve as a dummy impedance that could be adjusted 
to match the impedance of the generator/filter system. Thus it was 
possible to carry out setting up procedures in the absence of ^ ' K r " . 

The generator, traps and filter were shielded and located 10 m from 
the infant in an adjacent room. The output of the generator was 
passed through a ~ 10 ml spiral placed in a calibrated re-entrant 
high pressure ionization chamber, affording a constant indication 
of the administered radioactive concentration. A flowmeter preceded 
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the small rubber breathing bag, the latter enabling the clinician to 
clearly observe the respiration pattern of the infant. 

Performance of Gas Generator Using Gas/Liquid Mixing 
The elution efficiency of this gas generator system may be 

estimated using a similar method to that described for solution 
generators in section 8.4.7 (page 297). However, in the case of this 
type of gas generator, steady state measurements may be carried out 
during periods of continuous elution at specified gas flow rates. The 
residual ^ 'Kr"" in the *'Rb solution is compared with the total 
available in the absence of gas flow. The gas space above the solution 

T A B L E 8.3 

^ ' K r " " G A S G E N E R A T O R U S I N G G A S / L I Q U I D M I X I N G : F R A C T I O N O F ^ ' K . r " ' 
R E M O V E D F R O M S O L U T I O N A T F L O W R A T E S O F A I R B E T W E E N 0.25 1 m i n " ' 

A N D 1.0 I m i n ~ ' 

Flowrate 
1 m i n " ' 0.25 0.40 0.60 0.80 1.0 

Removed 
'^'Kr'" fraction 0.43 0.59 0.75 0.73 0.73 

is shielded from view by the detector, using 5 cm of lead. Table 8.3 
shows the percentage of the available **'Kr'" removed at flow rates 
of 0.25 to 1.0 I min"^ of air. It will be seen that this first stage of 
the recovery of* 'Kr"" is quite efficient. The actual recovery efficiency 
observed at the end of a continuous dispensing system will , however, 
be somewhat lower than this due to decay in the generator dead 
volume above the solution and other necessary dead volumes in the 
system. 

For the system shown in Figure 8.19 values of the recovery 
efficiency determined at the measuring ionization chamber, range 
from 25 to 35 per cent at flow rates of 0.7 to 0.9 I m i n ~ ' . These 
values are obtained by comparing the production rate of ^'Kr™ in 
the generator, which may be calculated from its *'Rb content (the 
decay rate of *'Rb in disintegrations per second being equal to the 
production rate of ^^Kr™ in atoms per second), with the product 
recovery rate determined by the method described in section 3.7.1 
(page 74). These figures are only intended to be used as a guide and 
each system should be tested in its final configuration before being 
put into clinical use to ensure that adequate levels of ^ 'Kr"" will be 
available and that the trap configuration and flow characteristics of 
the system are safe. 
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8.5 XENON-135 A N D XENON-127 

8.5.1 Introduction 
'^^Xe has been commercially available for many years both in 

solution and in the gas phase. I t has been widely used in many fields 
of clinical investigation and physiological research (see section 8.1, 
page 261). Its use continues to increase as new applications are found 
and more sophisticated methods of analysing the resulting data are 
developed. However, several workers have pointed out that for some 
studies, particularly those requiring fine spacial selectivity, for 
example regional function studies, the gamma ray photons emitted 
by '^^Xe are of too low an energy'̂ -^*'-^^ ***. 

Decay Properties 
Two other radionuclides of xenon have been investigated as 

possible substitutes for '^^Xe for use in the most critical studies. 
These are ^ ̂  "Xe ( T . = 36.4 d) and ^' ^Xe (T^ = 9.2 h). The simplified 
decay schemes of these two radionuclides are shown in Figures 
8.20 (a) and 8.20 (b) respectively. A gamma ray spectrum for '^^Xe 
is shown in Figure 8.11. 

It can be seen that for ^^^Xe a large fraction of the gamma rays 
is emitted at 250 keV, whereas '^•'Xe has a more widely distributed 
range of emission energies making ^^'Xe less desirable. 

Methods of Production for Xenon-135 
Xenon-135 is prepared by reactor irradiation of ^•'^U targets by 

the fission reaction " ^ U ( n , f ) ' " X e . 
As the production of '^^Xe requires reactor irradiations it is 

beyond the scope of the authors. However, for completeness a brief 
description of some of the published methods of recovery of '^^Xe 
from reactor irradiated •^^'U targets is included here. For full details 
the reader is referred to the original works. 

There are basically two approaches to the recovery of '^ 'Xe. In 
the first, the irradiated target is removed from the reactor and the 
'^^Xe, together with other volatile fission products, is released by 
either dissolving or melting the target in a vessel where the '^^Xe 
may be recovered and purified on a vacuum line. The main dis
advantage of this method is that all the fission products have to be 
handled soon after the end of irradiation. The method is also, by its 
nature, wasteful of ^^^U unless extensive recovery procedures are 
adopted, again in the presence of gross fission product activity. 
However, advantages claimed for this approach are that no specific 
'in core' facility is required and that target preparation is simple*' ' 
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In the second approach the '^^Xe is recovered from an emanating 
target (a target where volatile products are readily released during 
irradiation). Specially prepared high surface area targets are irradi
ated in a reactor loop and the volatile products recovered 
continuously by trapping them out from the helium flow using liquid 
nitrogen'"'^^'. 

375 
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Figure 8.20 (a) 
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Simplified decay scheme for xenon-127 
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Figure 8.20 [b) Simplified decay scheme for xenon-135 

The major advantage of the emanating target method is its 
potential application to high level production (0.1-1 curie) without 
the problems of handling all the fission products. An established 
disadvantage of some of the targets described, however, is a drastic 
lowering of the '' '^Xe release efficiency, caused by thermal or 
radiation damage. 
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Methods of Production for Xenon-127 
Xenon-127 may be produced by the deuteron or proton irradiation 

of targets containing iodine by the '^''I(d,2n)'^''Xe and 
'^^I(p,n)'^^Xe reactions respectively. In principle any anhydrous 
water soluble iodide may be used as the target material. An alter
native route is by the ' ^^Xe{n,yy^'^Xe reaction using enriched '^^Xe 
(natural abundance 0.09 per cent). With a suitable recovery and 
repurification system the enriched '^''Xe could be recycled. 

8.5.2 Target System Using Sodium Iodide for '^'Xe Production 

Target Design, Preparation and Alternative Target Materials 
Either powder or melted sodium iodide targets can be used for 

the deuteron or proton irradiations. The melted target is to be 
preferred for the same reasons as those outlined in section 8.2.2 
(page 263) for NaBr targets. The use of L i l would similarly reduce 
the radiation hazard when handling the target. 

Target Storage 
As N a l and L i l are highly hygroscopic, storage both before and 

after irradiation should be in a dry atmosphere until required for 
processing i f large losses of product are to be avoided. The target 
material rapidly becomes a solution if unprotected. 

Yields 
The 'on target yields' are critically dependent upon the target 

preparation and the conditions under which the irradiation has been 
carried out, thermal damage and moisture giving rise to large losses 
of the volatile product. The 'on target yields' for powder N a l targets 
may be estimated with little difficulty as the powder can be recovered 
almost quantitatively. A small representative fraction is then sealed 
in an ampoule to be assayed using a calibrated Ge/Li gamma ray 
spectrometer (see section 8.3.5, page 277) after allowing some time 
( ~ 100 h) for the decay of most of the ^*Na. 

Table 8.4 (a) shows the results obtained for irradiation of powder 
targets with 16 MeV deuterons at beam currents of 30-40 /;A. A large 
degree of variability is apparent, this being largely due to variable 
losses of '^ 'Xe during irradiation, when the targets are damaged 
thermally. 

Directly comparable values for melted N a l targets cannot be 
obtained due to difficulties encountered in trying to obtain a 
representative sample of the irradiated Nal . However, recovered 
yields obtained after processing the Na l targets as described in 
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section 8.5.3 (page 309) are shown in Table 8.4 (b) for a low current 
short irradiation and two high current long irradiations. It can be 
seen, assuming the recovery efficiency was the same throughout, that 
the yields at the higher currents do not differ very much from that 
at the low current. Of the targetry presently available the melted 
target is generally to be preferred on the grounds of reliability and 
ease of remote handling. 

T A B L E 8.4 (a) 

' O N T A R G E T Y I E L D S ' O F ' ^ ' X e O B T A I N E D I N 16 M e V D E U T E R O N I R R A D I A T I O N S O F 

P O W D E R N a l T A R G E T S 

Irradiation 
no. 

^(Ah Irradiation time 
h ( a p p r o x ) 

On target yield 
/ i C i / i A h " ' 

1 30 15 0.5 67 
2 30 58.3 2 41 
3 30 57.7 2 31.6 
4 34 36.7 1 29 
5 35 40 1.2 52 
6 40 8 0.25 47 
7 40 20 0.5 44 

' R E C O V E R E D Y I E L D S ' O F 

T A B L E 8.4 {b) 

' X e F R O M 16 M e V D E U T E R O N I R R A D I A T I O N S O F M E L T E D 

N a l T A R G E T S 

Irradiation 
no. /J A h Irradiation time 

h { a p p r o x ) 
Recovered yield 

/ ( C i / i A h ~ ' 

8 10 1 0.1 54 
9 30 30 1 40 

10 30 30 1 34 

Future Developments 
Neither of the target systems described could be considered to be 

ideal. Further developments may include target systems that make 
use of the ease with which N a l releases the volatile '•^^Xe when 
heated or dissolved. Target systems using either concentrated 
aqueous solutions'-''' or melts containing NaT would seem attractive 
in this respect if the formidable corrosion problems, particularly 
involving the thin beam entry window, could be overcome. 
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8.5.3 Recovery of '^^Xe from Sodium Iodide Targets 

General Principles 
The '^^Xe is readily released from the Nal target material by 

dissolution of the latter. The dissolution must be carried out in a 
closed system with facilities for purging the solution with a suitable 
purge gas. Carbon dioxide is eminently suitable for this purpose as 
it can be readily removed at a later stage by absorption in NaOH 
solution. The apparatus used for the dissolution of the target material 
and subsequent recovery of the product is the same as that used for 
^ ' 'Kr and is shown schematically in Figures 8.3 and 8.4 and fully 
described in section 8.2.3 (page 266). 

8.5.4 Dispensing 
The methods used for dispensing '^^Xe are completely analogous 

to those used for '''^Kr and ^^KT"" described in sections 8.2.4 (page 
269) and 8.3.4 (page 276). 

8.5.5 Quality Control 
The quality control procedures employed for '^ 'Xe are the same 

as those described in sections 8.2.5 (page 270) and 8.3.5 (page 277) for 
^^Kr and ^ ^ K r " A gamma ray spectrum of '^""Xe is shown in 
Figure 8.11. 
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Safety Precautions 

9.1 I N T R O D U C T I O N 

In all procedures involving the use of radioactive materials, com
pressed gases and chemical reagents, an element of danger is 
invariably present. The production and processing of radioactive 
gases is certainly no exception. In this chapter we do not propose to 
cover in detail the more general aspects of laboratory safety which are 
well documented elsewhere**''° Rather, we shall briefly consider 
some of the more important aspects of safety in so far as they 
apply to the production and processing of short-lived radioactive 
gases for clinical use. 

9.2 R A D I A T I O N HAZARDS 

9.2.1 Maximum Permissible Doses and Radiation Measurement 
The maximum permissible doses of ionizing radiation from 

external sources for adults exposed in the course of their work are 
laid down by the International Commission on Radiological Pro-
tection'''' '^ These levels are shown in Table 9.L 

Since many of the radioactive gases with which we are concerned 
are P'^ emitters, the use of /? absorbing spectacles is essential to 
prevent high corneal doses. The use of a particle absorber consist
ing of a 6 mm Perspex sheet, over flowmeters, exposed thin walled 
tubing and anaesthetic bags containing radioactive gas is strongly 
recommended. 

A portable geiger or scintillation dose rate meter should be 
available for general monitoring purposes. In addition to the film 
badges normally worn, the use of personal quartz fibre ionization 
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T A B L E 9.1* 

MAXIMUM PERMISSIBLE ORGAN AND TISSUE DOSES 

Exposed part of 
the body 

Designated persons Non-designated persons 
Exposed part of 

the body Over 18 16-18 Over 18 16-18 Under 16 
years years years years years 

Whole body, blood 
forming organs, 
gonads 

5(N-18) 
rems (see 
note (2)) 
3 rems/ 
calendar 
quarter 

1.5 rems/ 
year (see 
note (4)) 

1.5 rems/ 
year 

1.5 rems/ 
year (see 
note (4)) 

0.5 rems/ 
year (see 
note (4)) 

Skin and bone (except 
the skin and bone of 
the hands, forearms, 
feel and ankles), 
thyroid 

8 rems/ 
calendar 
quarter 
30 rems/ 
year 

3 rems/ 
year 

3 rems/ 
year 

3 rems/ 
year 

3 rems/ 
year 

Other single organs 4 rems/ ' 
calendar 
quarter 
15 rems/ 
year 

1.5 rems/ 
year 

1.5 rems/ 
year 

1.5 rems/ 
year 

1.5 rems/ 
year 

Hands, forearms, feet 
and ankles 

20 rems/ 
calendar 
quarter 
75 rems/ 
year 

7.5 rems/ 
year 

7.5 rems/ 
year 

7.5 rems/ 
year 

7.5 rems/ 
year 

* Reproduced by courtesy of Her Majesty's Sliitionery Office*'^'. The values for the maximum permissible 
doses given in Tabic 9.1 are based on the recommendations of the International Commission on Radiological 
Protcclion adopted in September 1958 and 1959 and lake accounl of the views of the Medical Research Council's 
Committee on Protection against loni/ing Radiations. 

Nolc5 on Tabic 9.1 
The figures in Table 9.1 arc based on the expression of "dose equivalent' in rcms in which quality faciors'^'^' 

for known types of radiation are laken inlo accounl. For x-rays, gamma rays, electrons and beta rays of Em„ 
greater than 30 keV, the quality factor is uniiy, i.e. I rem = 1 rad. 

(1) Calculations should normally be made over calendar periods, bui where doses are liable to be accumulated 
at grossly irregular rates a period of 13 weeks should be used instead of the calendar quarter and the 
accumulated dose should be ascertained weekly. 

(2) 5 (N-18) is the maximum permissible cumulative dose up to the end of the current calendar year, where N 
is the present age in years (part of a year counting as a year). This formula allows an average exposure of 5 renis 
per year from the age of 18. Within this cumulative dose a designated person may receive up to 12 rems a 
year, of which not more than 3 may be received in any one quarter. 

(3) Where a person has previously been engtigcd in work of a type which would have required him lo be 
designated had it been covered by this Code, but no information is available as to the doses actually received, a 
dose, at the rate of 5 rcms a year to the whole body, blood forming organs and gonads should be assumed for 
the period during which he was engaged on such work. 

(4) Where a person has worked with ionizing radiations before reaching the age of 18. subsequent exposure 
must be so controlled that the total dose accumulated by the age of 30 must not exceed 60 rems in the case 
of a designated person or 18 rems in the case of a non-designated person, 

(5) Where a radiation dose received by accident or during an emergency results in the maximum permissible 
dose laid down in Table 9.1 being exceeded, the accidental or emergency dose may. exceptionally and with the 
express approval of the Controlling Authority, acting with the advice of the Medical Adviser and such other 
expert advice as they may require, be treated as if it were received over an extended period. This notional 
exposure period must be kept to the minimum and must not in any case exceed 5 years. 
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chambers and pocket y alarm monitors can give immediate indica
tions of an individual's received dose and dose rate. Finger films or 
thermoluminescent dosemeters (TLDs) should also be worn if high 
finger doses are likely to be received. 

9.2.2 The Handling and Storage of Cyclotron Targets and Other 
Sources of High Activity 

I f several radioactive gases are to be produced sequentially it may 
be necessary to change targets during a clinical session. Even at the 
end of a session it is frequently necessary to remove the target in 
order that the cyclotron may be used for other irradiations. In the 
event of a target window failure it may be necessary to replace 
the target quickly. Ideally this should be done by remote control, 
spare targets being available on a movable actuator in front of the 
beam exit port. However, in practice this is not always the case and 
targets may have to be handled manually. Manual manipulation of 
the target and its contents is also necessary for target efficiency 
measurements. For this reason, such measurements should always 
be made at the lowest practicable integrated beam current. 

The material from which a target is made largely determines the 
amount of residual activity following a bombardment. I f the target 
is made of aluminium, most likely nuclear reactions result in radio
nuclides with short half-lives, an exception being "̂̂ Na produced by 
the ^^Al(d,o(n)^*Na reaction. When brass targets are used they can 
become increasingly active due to the production of ®'Zn by the 
*''Cu(d,2n)*'*Zn reaction. Long-hved radionuclei can also be formed 
in stainless steel and magnesium target windows. Thus to avoid 
high finger doses care is necessary when handling targets. A small 
lead lined trolley is of value when transporting targets to and from 
the cyclotron chamber. 

Targets should be stored behind at least 5 cm of lead. I t may be 
convenient to have dummy mounting plates inside the lead 
enclosure, on which targets may be hung whilst they are being stored. 

Other potential sources of high finger dose are storage systems 
and samples of high activity gas and solution. Whenever possible 
these should be handled remotely behind lead shielding and in any 
case, plenty of use should be made of the inverse square law! 

9.2.3 Other Radiation Hazards 
There are a number of other radiation hazards associated with 

the production of radioactive gases. These can arise from unshielded 
gas transmission tubes, long-lived contaminant build up in closed 
circuit systems and *^0 production in the air blast used for target 
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window cooling. Furnace reagent tubes and absorbers can also 
constitute a radiation hazard and should be suitably shielded. 

The efficient operation of waste gas scavenge pumps is necessary 
to ensure that even under worst case conditions, active gas does not 
diffuse back through air inlet ports. Ventilation of the clinical 
investigation suite via the dispensing fume cupboard will ensure 
that no activity enters the room from the dispensing facihty. Leaks 
of radioactive (and inactive) gas can be a serious health hazard and 
a section on leak testing will be found at the end of this chapter. 

9.3 C H E M I C A L HAZARDS 

9.3.1 Fire and Explosion Risks 
Great care should be taken when inflammable gases or gases which 

support combustion are used. A good example is the use of hydrogen 
as a sweep gas. Provided the system is gas tight and air is not used 
as the scavenging gas, the risk is minimized. I f air is used as the 
scavenging gas, large volumes in the system should be avoided and 
the air/hydrogen ratio should be kept well below the explosive 
l i m i t * ' T h e range of inflammability of hydrogen in air is 4 to 75 
per cent*''. Al l gas transmission tubes used with hydrogen should be 
electrically bonded to earth. 

The contents of compressed gas cylinders should always be clearly 
marked. Although some cylinders are colour coded, this should not 
be relied upon since unfortunately no international colour code for 
gas cylinders exists at present. Gas cylinders should never be stored 
close to any fire risk. I f stored in a room, there should be good top 
and bottom ventilation in case of leakage; if stored in the open air, 
cylinders should be shaded from the sun in a well-ventilated fireproof 
shelter. Grease or oil should never be used on gas cylinder fittings. 

Another source of fire risk is Drikold* mixtures made with 
acetone. Whilst such mixtures have a lower temperature ( —85°C) 
than those made with alcohol (IMS)t ( - 7 2 ° C ) , the use of IMS for 
such mixtures is to be preferred because of its higher flash point. 

Care should be taken to ensure that nylon sweep gas tubes to 
targets are supported in such a manner that they cannot come into 
contact with the target under any circumstances during bombard
ment. This is particularly necessary if the target is mounted on a 
remotely controlled movable actuator. The external surfaces of some 
targets can reach a temperature in excess of 200°C, well above the 

* Drikold: solid CO2 supplied by Distillers Co. Ltd. 
t IMS = Industrial methylated spirit. 
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melting point of nylon. The consequences of hydrogen sweep gas 
tubes coming into contact with such targets hardly need emphasis! 

Fire risks can also arise from faulty furnace temperature controls. 
A common source of trouble is a sticking energy regulator which 
allows the furnace temperature to rise unchecked. Where such 
regulators are used it is a wise precaution to include a thermal fuse 
or cut out in the circuit, actuated by any undue rise in furnace 
temperature. Where an indicating controUer is used it should include 
a thermocouple break protection facility which automatically 
switches off" the furnace in the event of thermocouple failure. 

Carbon dioxide fire extinguishers should be used for all fires in 
radioactive gas production and processing equipment. 

9.3.2 The Inhalation of Toxic and Inflammable Gases 
Whilst it is the responsibility of the clinician in charge to ensure 

that no patient inhales any dangerous quantity of toxic or inflam
mable gas, it behoves all concerned with the use of such gases to be 
aware of the risks involved. The tnost serious danger arises from the 
accidental inhalation of CO. The maximum concentration of this gas 
that can be breathed for several hours without apparent i l l effects 
is 0.01 per cent and this should be deemed the upper limit of safety*^*. 
A concentration of 0.1 per cent can cause symptoms at rest and a 
1 per cent concentration can be fatal in about 20 min. At higher 
levels, e.g. 1.3 per cent, death can occur in 1-3 min*^'. It is therefore 
scarcely necessary to add that the utmost care should be taken 
when this gas is being used, albeit in low concentration mixtures.* 
It should be noted that a concentration of almost 100 per cent CO 
can be obtained at the target output of the '^N2 production system 
using the graphite matrix target (section 6.3.2, page 200 and Figure 
6.9) even though the sweep gas is C O 2 . 

Other toxic gases (usually encountered only in trace amounts in 
this work) are H C N , N O and N O 2 . The recommended threshold 
limit for H C N is 10 ppm (parts per million). Concentrations of 
100-140 ppm are dangerous within one hour; a concentration of 
3000 ppm is rapidly fatal'^*. 

N O is partially converted by atmospheric oxygen into N O 2 . Thus, 
exposure to nitric oxide is in aU probabihty an exposure to a mixture 
of nitric oxide and nitrogen dioxide. A tentative threshold limit of 
25 ppm for N O and a threshold value of 5 ppm for N O 2 is 
recommended*". 

* When gas mixtures containing C O are being used it is advisable to have a 
cylinder of oxygen complete with breathing mask available for emergency use. 
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Concentrations of the nitrogen oxides as low as 100-150 ppm can 
be dangerous if inhaled for 30-60 min; concentrations of 200-700 
ppm can be fatal after even very short exposures*''. 

Ozone, produced in the air gap between the charged particle beam 
exit port and the target beam entry window, is also a hazard, quite 
apart from its radioactivity. The threshold odour level of ozone is 
0.01-0.02 ppm. The safe level for continuous exposure is about 
0.1 ppm. Concentrations above 1 ppm are extremely pungent*". 

Great care should be taken to ensure that the maximum inhaled 
concentration of a i r /H2 mixture is well below the explosive limit. 
In no circumstances should the H 2 concentration exceed 0.7 per 
cent*'''' (see section 4.1.2, page 106). 

9.3.3 Liquefied Gases and Low Temperature Solutions 
The usual danger when handling liquefied gases and low tempera

ture solutions is that of burns and severe frostbite. Care should 
therefore be taken not to spill liquefied gases onto exposed clothing 
since bad burns can result from contact with clothing into which 
they have soaked. Where protective gloves are used they should be 
impermeable to the liquefied gas and thermally insulating. I f they 
are not, it is better to keep the hands bare when pouring such gases 
since evaporation from the skin is so rapid that little damage is 
caused*"'. 

Goggles or face shields should be worn when transferring liquefied 
gases. Liquid air should never be used instead of liquid nitrogen for 
low temperature baths. 

Solid carbon dioxide (dry ice) should always be handled with 
protective gloves. When using it for making low temperature solu
tions, alcohol should be used and the solid C O 2 added in small 
pieces. 

Vessels containing liquefied gases or low temperature solutions 
should never be sealed; if they are they may explode. 

9.4 ELECTRICAL HAZARDS 

9.4.1 Electric Shock 
There is a risk of electric shock when handling any live electrical 

wiring, connectors or equipment. The danger threshold is only some 
15 mA a.c. and 75 mA d.c.* '̂, and the current produced by only 60 v 
has proved fatal*'*". Ventricular fibrillation (which is generally fatal) 
can occur at a current of 70 mA a.c. or 300 mA d.c.'^'. I f connection 
is made directly to the heart, however, the danger of ventricular 
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fibrillation is considerably increased; experience has shown that this 
can occur with currents as low as 0.5 mA. Thus the utmost care 
should be taken when handling live apparatus and especially when 
procedures such as cardiac catheterization are undertaken*^'^*. 

The danger of severe electric shock from EHT power supplies is 
not to be underestimated. Such units may produce output voltages 
of 3000 V at a current of several milliamperes. When several 
scintillation counters are supplied simultaneously the output im
pedance of the EHT unit is necessarily low; particular care should 
thus be taken if this is the case. Whenever possible, it is safest to 
'vork with the highest output impedance consistent with satisfactory 
performance of the counting equipment. 

9.4.2 Furnaces 
Furnaces used in radioactive gas processing equipment may have 

ratings ranging from 100 W to 3 kW. I t is essential that such furnaces 
are fitted with fuses or circuit breakers of the correct rating and 
that all metal parts are properly bonded to earth. The fire risks 
which can arise from some furnace faults are covered in section 
9.3.1 (page 317). 

9.5 M E C H A N I C A L HAZARDS 

Unstable compressed gas cylinders constitute a mechanical hazard. 
Cylinders should always be secured in position with an adjustable 
chain or similar device. 

Another source of danger is a wall of lead shielding bricks which 
is too high for stability. When lead enclosures are being built, con
sideration should be given to their total weight and stability and if 
necessary they should be reinforced with steel angle or tensioned 
steel wire. 

Gas mixing plants and pressure vessels need to be operated well 
within their design limits if accidents are to be avoided. Pressure 
and vacuum gauges on such apparatus should be fitted with safety 
glass and be situated behind an open mesh metal safety screen. 

9.6 LEAKS A N D L E A K TESTING 

It is essential that a radioactive gas system should be as leak free as 
possible if it is-to operate safely and be free of contaminating gases. 
However, it is inevitable that leaks will occur occasionally, neces
sitating a method of rapid and precise leak detection. 
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Gas leaks generally become evident by a departure from nominal 
pressure and flow rate conditions, a rise in the background count 
rate or, less frequently, by a change in the contaminant level during 
a given bombardment. The target is one of the most likely sources 
of leakage. Others include taps and valves, flowmeter connections, 
pressure gauges, 'O' ring seals and poorly assembled compression 
fittings. 

It may at first sight appear to be a relatively simple matter to find 
a leak in a radioactive gas system since the escaping active gas itself 
constitutes a readily detectable tracer component. Whilst this is true 
in principle—an increase in the background count rate is often the 
first indication of a leak—there are several disadvantages in using 
such a technique for precise leak detection, the most serious of 
which is the possibility of having to work in an environment of 
escaping gas. Thus the radioactive method is only of practical value 
for general leak indication, any significant leaks being detected in 
the suite ventilation exhaust system (section 4.2.3, page 110). Alter
natively the presence of a /? particle emitting gas in the atmosphere 
is easily detected using a thin-walled geiger probe with a movable 
P absorbing window; the count rate increases when the window is 
opened. To prevent misleading readings the probe should be pointed 
away from unshielded p particle sources, e.g. radioactive gas 
transmission tubes, when making such a measurement. 

Having established that a leak is occurring it may be located by 
non-radioactive methods. With the charged particle beam switched 
off, but the sweep gas still flowing it is usually possible to ascertain 
the approximate location by observation of pressure gauges and 
flowmeters. Further indication may be obtained by isolating and 
temporarily by-passing parts of the system such as the target, a 
furnace or an absorber, and noting if pressure and flow conditions 
return to normal. 

Another method is to trace the source of the leak, starting at the 
system output and gradually working back towards the sweep gas 
supply cylinder. It will be noted that a flowmeter is invariably 
included in the initial stages of the gas flow systems described. I f 
the system output is closed with the sweep gas on, this flowmeter 
will indicate zero flow rate only in the absence of a leak. In the 
presence of a leak the system should be sequentially isolated 
(starting from the point most distant from the flowmeter) until the 
flow rate falls to zero; the offending section(s) of the system is then 
readily identified. This method is also useful for testing individual 
items of equipment such as targets and pressure vessels. Clearly its 
sensitivity is dependent upon that of the flowmeter and the pressure 
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used. If a suitable flowmeter is used leak rates of less than 1 ml min " ' 
are readily detected. 

A simple and highly sensitive method of leak detection is to brush a 
solution of water and hquid detergent on the suspected joint and 
look for bubble formation. The presence of an extremely small leak 
can be determined by pressurizing a suspect component and 
observing the pressure drop as a function of time. When complete 
systems are pressurized for leak testing care should be taken not to 
exceed the maximum safe working pressure of the weakest com
ponent. Inflammable gases should only be used for pressure testing 
where the use of other gases is impossible or undesirable. 

Extremely small leaks (1 x 10"^ ml s~') may be detected using 
tracer gases such as SFe in conjunction with an electron capture 
detector. Commercial instruments are available which use this 
principle. The action on reagents (hot or cold) of gases used for 
leak testing should always be considered. Whenever possible, 
furnaces should be switched off and left to cool, or by-passed. I f 
foreign gases have been introduced into a system, it should be 
thoroughly purged before use. 

9.7 CONCLUSION 

In this chapter we have briefly considered some of the hazards which 
may be encountered in the operation of a radioactive gas production 
and processing system and its associated equipment. Such systems 
are safe and reliable provided they are well engineered and operated 
within their design limits. 

Improvements can always be made to existing techniques. The 
information presented in this monograph is based upon systems of 
proven performance. It is hoped that it will be of value to those 
concerned with the preparation of short-lived radioactive gases for 
clinical use. 
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Appendix 1 

Target Efficiency Measurement—the 
Determination of 'Combined Target 

Efficiency'* 

The value of'combined efficiency', Ec may be determined from the 
following expression: 

The number of product nuclei recovered from the target per unit time 
Ec = 

The number of product nuclei produced in the target per unit time 

The number of product nuclei recovered from the target per unit time 
This parameter is derived from a dynamic bombardment at a 

normal beam current to establish the rate of recovery of product 
nuclei under given practical irradiation and flow rate conditions. 
The product nuclei are continuously removed from the target with a 
suitable sweep gas and passed through a measuring spiral in a 
cafibrated ionization chamber. 

Let the beam current be I f x A 
Let the sweep gas flow rate be F ml s"' 
Let the spiral volume be V ml 
Now if the bombardment is made with I and F constant, the 

activity in V will reach a steady state at dynamic equihbrium. 
Let this activity be A disintegrations s"' 

N o w A = , I N where: ^ is the decay constant o f the species ( s " ' ) 
N is the number o f active atoms in the spiral. 

A 

Concentra t ion o f active species i n spiral 
N 

V 

A 
= — atoms m l 

A. V 
* See section 2.3, page 35. 
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Now if the transit time of a bolus of gas through the spiral is small 
compared to the half-life of the nuclide, we can neglect decay in the 
spiral. 

Thus the number of active atoms per unit time passing through 
the spiral 

N F A F 

Hence the number of active atoms leaving the target per unit time 
A F 

-atoms s" ' 
AVe" 

where T is the transit time in seconds for a bolus of gas to pass from 
the target outlet to the spiral, i.e. the number of product nuclei 
recovered from the target per unit time at dynamic equilibrium at a 
beam current of I is: 

A F 

AVe"^ 
(1) 

The number of product nuclei produced in the target per unit time 
This parameter is derived from a static bombardment at a low 

beam current to determine the activity induced in the target material 

Saturation activity Asat =R 

^ E O B 

A = NA = R ( 1 - e - * ' ) 

Time —>-
Figure Al.l Induced activity A (disintegrations s"') versus time t at a constant 

production rate R (atoms s~ ') 
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under conditions where there is no loss of product nuclei from the 
target. The target is therefore sealed during this bombardment. The 
irradiation time can be shorter than that required to produce satura
tion activity provided the beam current and irradiation time are 
accurately known (see Figure ALI). As soon as possible after the 
end of bombardment (EOB) the target material and any volatile 
labelled products are removed from the target and measured in a 
calibrated ionization chamber. 

Let the beam current be I ' ^ A 
Let the bombardment time be t seconds 
Let the activity induced in the target material after time t be AEQB 

disintegrations s"' 
Then AEQB = -̂ ^NEQB where 2. is the decay constant of the species 

s~' and NEOB is the number of active atoms in the target material 
at end of bombardment. 

AEOB 

. . NEOB = 

From Figure ALI it will be seen that: 

N E 0 B = | ( l - e - ^ ' ) * 

where R is the production rate of active atoms. 

R = - ^ i ^ atoms S- ' 
(1-e- ' - ' ) 

This is the production rate of active atoms at a beam current of I ' . 
Therefore the number of product nuclei produced in the target 

material per unit time at a beam current of I is: 

(2) 
I AEOB 

r ( i - e - ^ ' ) 

Hence, the combined efficiency = | ^ x 100% 

* Nuclear and Radiochemistry, page 78. G. Friedlander, J. W. Kennedy and J. M. 
Miller. J. Wiley and Sons Inc., New York (1966). 
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Appendix 2 

The Analysis of Radiochromatograms 
of Radioactive Gases having a Short 

Half-Life* 

The time taken for the components of a mixture of radioactive gases 
to pass through a radio-gas chromatograph is often comparable to 
their half-lives. Thus when data is being analysed from a radio-
chromatogram, due allowance must be made for the decay of these 
components between the time of injection (or time of sampling) and 
the time of detection. 

A typical radiochromatogram is shown schematically in Figure 
A2.1. A simple case is the analysis of a mixture of '^N2 and ^^CO, 
this being possible using a molecular sieve (MS) column only. The 
'^Nz is eluted first (peak A) followed by the ' ' C O (peak B). The 
areas under the peaks (accumulated counts, less background) are 
representative of the amounts of activity present in the components 
at the times of detection, t i and t2. Thus to determine the activity 
of the components at the time of injection (or sampling) to, it is 
necessary to correct each peak area by a factor dependent upon the 
decay constant of the nuclide concerned, and the time between to 
and t i or t2 as the case may be. Hence the correction factors for 
peaks A and B are e'''"Nii and e'"ci2 respectively, i.e. the '^Nz con
tribution at to is Ae'"Ni, counts and the " C O contribution at 
to is Be'"c'2 counts where: 

A is the area of the '^Nz peak (counts) 
B is the area of the " C O peak (counts) 
hifiis the decay constant for ' ^ N (s~') 
Aiicis the decay constant for " C (s" ') 
t i is the time of detection of the '^Nz peak A (s) 
t2 is the time of detection of the " C O peak B (s) 

* See section 3.2.3, page 53. 
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Thus the proportion of " N 2 present in the sample at to is given by: 

Similarly, the proportion of '^CO present in the sample at to is 
given by: 

Ae -̂..Nt,+Be^"c'7 

A more complex situation arises when two (or more) components 
are eiuted as one peak, necessitating the use of two (or more) columns 
to extract the component of interest, a typical case being the analysis 
of a mixture of '^N2, ^ 'CO and " C O 2 . An example of this is shown 
in Figure A2.1. As we have seen it is possible to obtain information 
relating to the '^Na and " C O components using the MS column. 

" C O 

3 O 
o 

13 N2 
Molecular 
sieve column 
(MS) 

Poropok Q 
column 
( P Q ) 

Time —»-

Figure A2.1 Analysis of radio-gas chromatographic data 
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However, since C O 2 is not eiuted from a MS column under some 
circumstances, it is necessary to use a column containing Poropak Q 
(PQ) for the analysis of this component. (A column containing silica 
gel would also be suitable in this case.) 

The measurement is made as follows. A sample is analysed for the 
^^N2 and " C O content using the MS column as already described. 
A second gas sample is then injected into the PQ column. The '^N2 
and " C O components are first eiuted as one peak (C) followed by 
the elution of the " C O 2 peak (D), the times of detection being ts 
and U respectively, after the time of injection (or sampling) to. Now 
to determine the proportions o f ' ̂ Na, " C O and ^ ' C O 2 represented 
by peaks C and D it is clearly necessary to know the '^Na and 
" C O content of the composite peak C. Since we have already 
calculated the '^N2 and " C O content of the sample at to using the 
MS column, we can use this information to determine the ratio of 
these components in peak C, since we know the time ts between to 
and the detection of the composite peak. 

Thus the ratio of '^N2 to " C O in peak C is: 

B e ^ " c ( t 2 - t 3 ) 

We now have information relating to all the components in the 
PQ gas sample at the times of detection, ta and t^. of the respective 
peaks. To obtain the proportion of each component at to it is 
necessary to use this information together with a knowledge of the 
respective decay constants. The PQ peak accumulated counts for 
each component, corrected to to can thus be shown to be: 

counts at to = ê ""' 

' C O counts at to = e''-"ct3 

C -
Ae^l3N(ll-t3) 

1 + 
B e ' l " c { i 2 - t 3 ) _ l 

C 

Ae^»N(ti-t3) 
1-

Be^-"c(t2-t3 

" C O 2 counts at to = De''-"ct4 

where: A is the area of the '^N2 peak (MS) 
B is the area of the " C O peak (MS) 
C is the area of the ' ^N2 + " C O peak (PQ) 
D is the area of the ^ ' C O 2 peak (PQ) 
A I 3 N is the decay constant for ' ^ N (s"') 
Aiic is the decay constant for " C (s~') 
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t i , t2, t3 and t4 are the times of detection of peaks 
A, B, C and D respectively after to in seconds 

Thus the proportion of ' ^ N i present in the sample at to is given by: 

(1) 

( l ) + (2) + (3) 

Similarly the proportion of " C O present in the sample at to is 
given, by: 

(2) 

( l ) + (2) + (3) 

and the proportion of " C O 2 present in the sample at to is given by: 

(3) 

( l) + (2) + (3) 

These expressions may readily be modified to take into account a 
greater number of components than that shown. 
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Analysis of a Typical Gamma Ray 
Spectrum* 

In Figure 8.1 l{c) a general method was given for determining the 
total accumulated counts in a gamma ray spectrum photopeak. As 
an example of the use of this method, the digital data corresponding 
to the gamma ray spectrum shown in Figure 8.1 l{b) is reproduced in 
Figure A3.1. The data corresponds to the contents of the multi
channel analyser from channel 1000 to channel 1250. The peak 
accumulated count is indicated, in a box, for each of the four gamma 
rays. In the case of the 172 keV peak, suggested lower and upper 
levels for the summation procedure (channels 1082 and 1088 
respectively) are indicated in brackets. 

i=1088 
Thus N = X; Bi = 98723 

i= 1082 

C = (4560 + 2929) X { ( 1 0 8 8 - 1 0 8 2 ) + l } / 2 

= 26211.5 
A = N - C = 98723-26211 

= 72512 counts per 1000 s 
i.e. 72.512 counts s"' (cps) 

Now from Figure 8.10 the sensitivity at 172 keV of this detector 
with a 1 ml source placed at 15 cm from the cryostat face is 
26 cps / (Ciy" ' . 

Thus we have 72.5/26 fiGy (172 keV) = 2.79 /iCiy (172 keV). Using 
the value of = 26.6% for the 172 keV gamma ray of ' " X e , this 
may be converted to juCi of '^''Xe as follows: 

2.79 
— X 1 0 0 = 10.49 ^ C i 
26.6 

or 3.7 X 10"̂  X 10.49 disintegrations s"' = 3.88 x 10^ disintegra
tions s"'. 

* See section 8.3.5, page 280. 

330 



A P P E N D I X 3 

c ^ ^ < ^ ) l ^ l a > o c M - • - • > o < M c ^ a > ( S ' ~ S l ( ^ J > 0 ( ^ ) o ^ ^ f ^ c ^ < ^ * o c o 
S ( ^ ^ c ^ < ^ J f ^ c o a ^ ^ o s c y n ( M ( ^ J ^ l S l c ^ t ^ ( ^ J - « ^ s c o c o o o s o ^ 

— - . o - . K O ( j > t ~ — > o n < M - « — S I S — n s s < j > ( j > s o > 

Q 
a 
ca 
i / i m 
UJ 
• 

O 
w 
s 
SI 

in cc I 
in 
CO 

S ) S C S ) S S O S S O O ( S O S Q Q S S ( S < S ( 7 i S O ( S S O 

i a 5 D ' - ' i D - > r r t o a > s » o r o s - ' ( M r ~ c D ( j > n c y v o o - T 3 C ! 0 ' 7 o 
Q»2)cocvj t^cv3coo^f^i '^ — s - ^ c u — < Q D O — c v j c a s o ^ — 
i a < s c u s r ~ > r - < t ~ - i f ) c y ' O c i c y - ' - < - < s - < < M s s o < s * s 
3 i s v O v o i n a o > r n i o < r ) Q S s s s i s s i a s ( a s < j » s o > s 

S I S S I S l S I S S S 

r^iorocM—— — — — — — s s i s i s c s s 
o j s i s i s s s s s s s t s c a s t a i s s 
s i s s s i s s s s i s s i a c s s s i i s s 
i s s s t a s s c s i s s s i s s i s s s s 

3 0 > O i / ) 0 \ a o i / 1 c v j - O i n w - < i n i S - ! r o O ! S - " C O - C C V J M - ' — i ' 1 < T 3 0 > o i / i 0 ^ a O i n i A l ' U ' " i . M — 
( S I S c O ( M > 0 - < l / l t ~ C M ^ a 3 C O O \ > O C V ) 0 > O S - ' i J O S - « < a - < S 

s > s < c > o i n c o i n c o - > c v ) — s ( s c 9 i s s < s i s s i s i s < s s i s i s 
s s s c a i S ( s s < s < M < s ) < s i S ( s s ( S S < s a < s s s s i s i S ( S 

i a r j o » 0 ( j > i / i — — t « - . q ' o i n < M o > c M i a < r n o — * £ > c o n r ) o o 
S l S O O < C > O t ^ C U C O > O a D n ( M — — - • - • I S — C O S O v S S O 
s s i o i n m c ~ i n > r t ~ c i i o > s i s i a ( S s s s s ® s i o > i s i a ( 7 > 

i s o c o — c v i s i n — < M n t » < i w o — 
i > r o — s n o w c u - ( o o o \ — s s 
'fO>r<MCVJ — S — — — — (7>(7>'S<S<S 

IS — s s s 
Q S — IS IS 
IS S IS S) s 
S IS s o s 
IS S S IS IS 
S S S IS s 

IS — S I S — - i f i s n i s i D 

S S t ~ D 0 C 0 ' = J ' l ' 1 — 
s s u i i n i n r - ^ o t ^ - ^ c v j 
S S S S S S S S | S | S 

s s in o IT) -̂ ^ 
s s n — t> oo 30 
S S O S I7> O CV) 
Q s >o in >o t~ 
S S IS s s s s 
s s s s s s s 

00 in to in vO — •IT CO 0» 
CO n in s 0̂  — CO 
in s in in in n — — IS — s i> •q' (M X) s s s s s s s s s s s s la s s s s s s s 

• s s 
S s s 
O S S 
in — — 
— s s • s s 
Id X s s t~ s s 
OJ s s 
- s — 

s s o ^ o c ^ ^ c u • T c o S O ( M S C ^ ^ C l c - • - c ^ ( ^ ) ^ o — r - o o i n « 
S O > O S < M S f ~ N O - 7 S f O r » t ~ - * O S W C V l C O — o ^ c > o < o ^ s 
s i n s c v i o o c o s o ' O c ^ i n o i — — s — — — — s o o > o > a > s 
S O < 0 ' O ^ t ^ t ~ < * > C D 0 0 S S S S S S S S ' ^ S 0 > l > l > < J > S 
s s s s s s s s s c o s s s s s s s s s s a i o > o \ o s 
Q S S S S S S S S S S S S S S S S S S Q O O i O > t > S 
s s s s s s s s s s s s s s s s s s s s s s s s s 
- w o ^ i n v o i - a 3 c ^ s - w o o < r i n « t - ( » o N S - c v ) M C i n 
S S S S S S S S S — — — — — — — — —— CVJCMWWalCV) 

331 



Appendix 4 

Decay Curve Analysis' 

I f a mixture of two independently decaying species, e.g.' ^O and ' 'C 
is observed by a suitable radiation detector, for example a y-ray 
sensitive ionization chamber, y-ray scintillation counter or P 
detector, the resulting decay data obtained with respect to time will 
be the sum of the effects of the two separate activities. 

A = A " ° + A " ^ = £"°A"°N"°+£"^;."CN"^ 

where and e"*̂  are the detector efficiency factors for '^Oand " C 
respectively. 

(Note: In the case of the ionization chamber and y scintillation 
counter, the y-ray output of these two nuclides being the same, 
g' 5o ^ g' ic However in the case of a ^ counter £ " ° will not necessarily 
be the same as e""̂ , since the two radionuclides have different 
positron (/J"*̂ ) emission energies.) 

If a graph is plotted of log A versus t for the data obtained from 
the decay of these two independently decaying species, a composite 
curve will be obtained as shown in Figure A4.1. It should be noted 
at this point that all radiation detectors have a background value 
that will also be added to the total response and will cause all decay 
curves to have a 'tail'. The value of the detector background may, 
of course, be determined by temporarily removing the source being 
measured. I f this background is subtracted from the experimental 
data, the resulting graph of log A versus t should have a linear 
portion for large values of t (assuming data has been acquired for a 
sufficient length of time!). I f this linear portion is extrapolated back 
to zero time both the intercept, Ao and the decay constant 

0 _ ^ 

* See section 3.2.3, page 54. 
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may be determined. Now if this extrapolation is subtracted from the 
first portion of the background corrected curve and the resulting 
values replotted versus t, a further straight line will be found from 
which the intercept Ao'° and decay constant 

'50 0.693 

may be determined. 
If the half-lives of the two components differ by less than about a 

10-
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< 
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V* 
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Ti/j = 20-3min ^ ^ ^ - ^ • . 

Background 
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2 07min\ 

1 1 1 
I l l 
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Figure A4.1 Graphical resolution of two component decay curve 

factor of 2 this procedure will be found to be unsatisfactory. 
The resolution of a background corrected decay curve for two 

species 1 and 2 of known but similar half-lives may be achieved by 
the following alternative graphical procedure. 

The total activity at time t is 

A = Ahe'^"+Me''-'' 

where A j and Ao are the initial activity values at to for species 1 
and 2 respectively. 
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. M l , By multiplying both sides by e'^''we obtain 

A e ' " = A i + Age''-'-^^" 

(y = c + mx) 

Since and ^2 are known and A has been measured as a function 
of t, if a graph of Ae'^" is plotted versus e'^'^''^" a straight line 
should result with intercept Ao and slope AQ. 

Computer programs have been developed for decay curve analysis 
and it is assumed that if the reader has access to a computing 
facility, the assistance necessary in establishing and using such 
programs will be forthcoming. 
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Appendix 5 

Measurement of a Species for Periods 
Comparable to its Half-Life 

Sometimes it may be necessary to carry out measurements on a 
sample that is decaying rapidly and the measuring time becomes 
comparable to the half-life of the species in the sample. A useful 
expression that enables the counting rate AQ at the start of such a 
counting time, t, to be calculated from the accumulated counts N , 
is derived below: 

N = Ao 

= Ao 

= Ao 

e'''dt 
0 

-A 

Thus 
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Appendix 6 

The Preparation of Zirconium 
Phosphate* 

Zirconium phosphate inorganic ion exchange material is prepared 
by the method described by Gal and Gal.f 30 g of ZrOCh • 8 H 2 O 
(BDH) in 300 ml of 4N HCl is added slowly, with stirring, to 500 ml 
of 12 per cent phosphoric acid, also in 4N HCl. When all the solution 
has been added the precipitate of zirconium phosphate is filtered off 
using a large Buchner funnel and Whatman No. 5 paper. The 
precipitate is washed with water ( ~ 1000 ml) to remove the bulk of 
the acid. When the pH of the precipitate is ~ 2 it is transferred to 
a number of petri dishes and heated at 100°C for a few hours until 
almost dry. Overnight air drying at room temperature is then 
followed by sieving to the required mesh size. 

* See section 8.4.5, page 2S 
t Chapter 8, reference (15) 

292. 
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Appendix 7 

The Preparation of 5N NaOH 
Solution* 

The preparation of this reagent requires some care, it being best 
carried out in a fume hood. The operative should wear protective 
spectacles and gloves. A large amount of heat is evolved during the 
dissolution of 200 grams of NaOH pellets in 1 litre of water and the 
adding of pellets slowly with continuous stirring is recommended. 
This minimizes the risk of pellets fusing into a solid mass in the 
bottom of the borosiUcate glass beaker. It is recommended that the 
final solution when cool is transferred to a polyethylene bottle as 
glass is quite rapidly etched by this reagent, soon making it 
unsuitable for use. 

* See section 6.3.1, page 195 and section 4.1.4, page 107. 
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Glossary 

Absolute pressure—A pressure measured with vacuum representing 
zero pressure. 

Alpha particle—An alpha particle is the nucleus of a helium atom. 
Bombardment—The irradiation of a target with nuclear projectiles 

to produce a nuclear reaction. 
Bourden tube gauge—A pressure gauge which uses a curved flat tube 

which tends to straighten under pressure indicating, by means of 
a needle moving over a circular scale, the value of the gas or 
fluid pressure. 

Breakthrough—The emergence of unreacted products from a reagent 
tube due to depletion of the reagent or inadequate mixing. 

Carrier gas—(a) Gas added to target material (sometimes necessary 
for efficient recovery) that dilutes the radioactive product resulting 
in reduced specific activity. 

Carrier gas—(fc) A gas used to transport the sample to be analysed 
through a gas chromatograph column and detector. 

Collimator, for gamma rays—A defining aperture usually made from 
lead. 

Compression joint, coupling or fitting—A tube connecting device in 
which the seal is made by the compression of an annular part 
of the fitting onto the tube. 

Compton scattering—A gamma ray may give up part of its energy to 
an electron resulting in the gamma ray being not only degraded, 
but also deflected from its original path. Also known as the 
Compton effect. 

Dead volume (traps and absorbers)—A necessary volume in which no 
useful chemical or other reaction takes place and where activity 
can be lost by decay. 

Decay scheme—A schematic pictorial representation of known 
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nuclear facts relating to the energies of emission and abundance 
of particles and y-rays for a radionuchde. 

Deuteron—A deuteron is the nucleus of a deuterium atom. 
Diaphragm pump—A device with a reciprocating flexible diaphragm 

which in conjunction with two non-return valves achieves a 
pumping effect. 

Diaphragm valve—A valve in which the seal is maintained by a 
movable diaphragm. 

Gamma ray emission probability-P, per cent—The number of gamma 
ray photons that will be emitted at a specified energy per 100 
disintegrations of a specified radionuclide. 

Gauge pressure—A pressure measured with atmospheric pressure 
representing zero pressure. 

Half thickness—The thickness of an absorbing medium that reduces 
a gamma ray flux to a half of its initial value. 

Helium-3—A ^He particle is the nucleus of a ^He atom. 
Isomeric state—See metastable state. 
Katharometer—A differential thermal conductivity detector for the 

detection of volatile compounds in the effluent of a gas chroma
tograph. 

Inverse square law—The intensity of radiation at a given distance 
from a point source is inversely proportional to the square of the 
distance from the source. 

Ionization chamber—A device filled with air or other gas fitted with 
internal electrodes that are suitably polarized to collect ions 
formed in the filling gas by the action of high energy radiation. 

Isotonic solution—A solution having the same osmotic pressure as 
circulating body fluids. 

Metastable state—An excited state of a given nucleus with a 
measurable life time. Also known as isomeric state. 

Millimole (mM)—One .thousandth part of a mole, which is the 
molecular weight of a compound in grams. 

Millipore filter—A filter capable of sterilizing liquids and gases. 
Molecular sieve—A highly porous dehydrated crystalline zeolite with 

pores of molecular dimensions and adsorbing only those mole
cules that are small enough to enter the pore system. 

Needle valve—A valve for the fine control of gas or liquid flow rates 
by altering the position of a tapered needle in an orifice. 

Nuclear cross section—Effective area of the nucleus of an atom 
presented to a boinbarding particle. 

'On target' yield—The rate of radionuclide production (under 
specified conditions and before chemical separation) as expressed 
for the intact target. 
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Partial pressure—The partial pressure of a gas in a mixture contained 
in a given volume is the pressure that gas would exert i f i t 
occupied the entire volume by itself. 

Peristaltic pump—A pumping device that operates by sequentially 
squeezing and releasing a flexible tube. 

Photopeak—Peak observed in gamma ray spectrum as a result of 
total energy absorption in the detector. 

Physiological saline solution—0.9 per cent W/V solution of sodium 
chloride in water for injection. 

Polarizing voltage—The voltage applied to the electrodes of an 
ionization chamber to enable the ions to be collected electro
statically. 

Proton—The nucleus of a hydrogen atom. 
Pyrogen—A substance supposed to exist in bacteria and to cause 

fever when they invade the body. Bacterical endotoxin. 
Radiation chemical reaction—Chemical reaction caused by high 

energy radiation, e.g. x-rays, y-rays, deuterons. 
Radical (free radical)—A highly reactive species generated in 

chemical systems. 
Radical scavenger—A substrate that reacts rapidly and preferentially 

with certain free radicals. 
Radiolysis—Decomposition of a substance by the action of high 

energy radiation, e.g. x-rays, y-rays, deuterons. 
Radioisotope—Radioactive isotope or nuchde of an element. Now 

replaced by the term 'radionuclide'. 
Radiolytic oxidation—An oxidative process brought about by high 

energy radiation, e.g. x-rays, gamma rays, deuterons. 
Saturation (ionization chambers)—The effect produced in an ioniza

tion chamber when all the ions produced by a given amount of 
radiation are collected by the electrodes. 

Scavenge pump—A pump for the removal of waste radioactive gas 
from a system, the waste gas being greatly diluted by a scavenging 
gas. 

Scavenging gas—A gas used for the dilution of waste radioactive gas 
prior to its disposal. 

Scintillation counter—A device for the detection of radiation; a 
nuclear particle or gamma ray interacts with a phosphor pro
ducing light which is then detected by a photomultipher tube. 

Sorption pump—Pumping device making use of low temperature 
techniques. 

Specific gamma ray emission—The exposure dose rate produced by 
the gamma rays from a unit point source of a radionuclide. Units: 
Roentgens mCi"" 'h"^ at 1 cm. 
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Spirometer—A miniature caUbrated gasometer (gas holder) used by 
respiratory physiologists. 

Streaming (targets, furnaces, absorbers)—An undesirable effect 
causing inadequate mixing of two reagents in components such 
as targets, furnaces and absorber tubes. 

Sweep gas—A gas which is used to purge the products from a target 
during or after an irradiation. 

Sweep/target gas—A gas which serves the dual purpose of being a 
target material and target purging gas. 

Target—Device for containing the material (gas, Hquid or solid) to 
be bombarded. 

Target gas—A gas which is the target material. 
Tonometer—A glass vessel with a tap at each end used for containing 

gases. 
Transit time—The time taken for a bolus to travel between two 

specified points in a gas transmission system. 
Yield—An expression of the rate of production of a nuclide for 

defined irradiation conditions. 
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Useful Conversion Factors and Data 

I k g cm"2 = 14.2233 lb i n ' ^ 

or 0.96784 standard atmospheres 

1 litre = 0.035316 ft̂ * 

1 mm Hg = 0.535265 in H2O (W.G.) 

l i b i n " 2 = 0.070307 kg cm" 2 

or 0.06805 standard atmospheres 

1 ft^ = 28.316 litres 

1 in H2O (W.G.) = 1.86823 mm Hg 
1 standard atmosphere pressure = 760 mm Hg at 0°C 

or 1.0332275 kg c m ' ^ 
or 14.6959 lb i n ' ^ 

°C = f ( ° F - 3 2 ° ) 

•°F = (f°C) + 32° 

Avogadro's number = 6.02252 x 10^^ molecules per gram mole 

Standard conditions: Temperature Pressure 
0°C 7 6 0 m m H g 

32°F 29.92 in Hg 
273 "Absolute 1.000 atmospheres 

Combined gas law: 

P i V i ^ P2V2 
T i T2 

where P i , V i and T i are the original pressure, volume and absolute 
temperature of a gas, and P2, V2 and T2 are the new pressure, 
volume and absolute temperature of the gas respectively. 
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Index 

Absorbers, 69-70 
reagents, 69, 70 
streaming, 341 

Admin i s t r a t ion o f radionuclides, 120 
Alp l i a particles, 4, 19, 338 
A l u m i n i u m , targets made f r o m , 30. 

315 
Ampl i f ie rs , 83-85 

direct current, 83 
v ibra t ing reed electrometers, 84 

Apparatus, testing, 320 (see also 
under Product ion) 

A t o m i c mass, 3, 5 
A t o m i c mass unit , 11 
A t o m i c number, 2, 5 
Atoms, 2 

Background count rate, 110 
Bar ium-137m, 8 
Beam current, 39 
Beam d i s t r ibu t ion , 39 
Beam energy, selection of, 27 
Beam power density, 31 , 35, 4 1 , 44 
Beam power deposit ion, 33 
Beta particles, 5, 313, 320 

absorpt ion, 79 
decay by, 6, 7 
energy, 6 

Blood , 
care in handl ing, 107 
labelling w i t h " C O , 253-256 

labelhng wi th ' ^ O j , 122 
Blood flow studies, 122, 171, 261, 285 
Blood volume estimation, 215 
Boron as target material, 25, 38, 39 
B o r o n t r ioxide, 

target material, as, 25 
carbon dioxide ("CO2) pro

duced by, 241, 245, 246 
carbon-11 product ion, for, 216, 

231 
stepped wedges of, 100, 101. 221. 

222 
Bourden tube gauge, 61, 338 
Brass targets, 30,223,315 

Caesium-137, decay scheme, 9 
Carbon as target material . 25 
Carbon-11, 215-260 

characteristics, 16, 217 
clinical uses, 17,215,217 
decay curve, 332 
organic compounds labelled wi th . 

215 
product ion, 

selection of systems, 256, 257 
stepped wedges for, 100 
targets, 23, 216 

product ion using boron t r ioxide 
target, 221-227 

analysis, 225 
design, 221 
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i r rad ia t ion condit ions, 223 
performance, 224 
sweep gas, 223, 226 
target efficiency, 225 
yields, 223 

produc t ion using ni t rogen target, 
218 

chromatography, 220 
design, 218 
gas f l o w system, 220 
i r rad ia t ion condit ions, 219 
performance, 219 
sweep gas, 219 
yields, 219 

storage systems, 246-253 
Carbon dioxide, solid (dry ice), 316, 

318 

Carbon dioxide ("CO2), 215 
product ion , 

contaminants, 48 
selection of system, 256, 257 
w i t h " C O , 244, 245 

p roduc t ion by 'stopped f l o w ' 
system, 245, 246 

produc t ion using boron t r ioxide 
target, 241-244 

f low diagram, 241, 242 
flowmeters and filters, 243 
gas transmission tubes, 243 
i r r ad ia t ion condit ions, 242 
pur i ty of product , 244 
sweep gas, 242 
techniques and performance, 

242, 243 
p roduc t ion using gas target, 237 -

241 
flow diagram, 237, 239 
flowmeters and filters, 239 
gas transmission tubes, 240 
i r rad ia t ion condit ions, 238 
pur i ty of product , 240 
sweep gas, 238 

techniques and performance, 
238, 240 

p roduc t ion using storage systems, 
252 

storage, 249, 250, 251 

Carbon dioxide ( C ' ^ O j ) , 127 
produc t ion , 127, 140-145, 166 

activated charcoal furnace, 143 
chromatographic analysis, 134 
contaminants, 141, 145 
experimental, 133 
flowmeters and filters, 143 
gas flow system for , 130,140, 141 
gas transmission tubes, 143 
increase i n , 144 
pur i ty o f product , 145 
sweep gas, 141, 143 
target for , 126, 129, 135, 141, 

143 

techniques and performance, 
142, 144 

radia t ion chemical properties, 134 
Carbon monoxide , accidental inhala

t ion , 317 
Carbon monoxide ( " C O ) , 215, 227 -

237 
produc t ion , 

contaminants, 48 
selection of system, 256, 257 
w i t h " C O 2 , 244, 245 
w i t h closed ci rcui t , 244 

p roduc t ion using bo ron t r ioxide 
target, 231-237 

absorbers, 231,232, 234, 237 
contaminants, 237 
flow diagram, 232 
flowmeters and filters, 234 
gas transmission tubes, 235 
i r rad ia t ion condit ions, 234 
pur i ty o f product , 237 
scavenging gas, 233, 235 
sweep gas, 234 
techniques and performance, 

233, 235 
p roduc t ion using ni t rogen as 

target, 227-231 
absorbers, 227, 229, 231 
flow diagram, 227, 228 
flowmeters and filters, 230 
gas transmission tubes, 230 
i r r ad ia t ion condit ions, 228 
sweep gas, 228 
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techniques and performance 

230 
zinc powder furnace, 229 

red cell labelhng wi th , 253-256 
anticoagulants, 255 
contaminants, 253 
efficiency, 254 

storage, 
activated charcoal, w i th , 247 
molecular sieve, w i t h , 248 
portable, 249 

Carbon monoxide ( C ' ^ O ) , 
absorber, 148 
activated charcoal furnace, 148 
flow diagram, 145, 146 
product ion , 145-150 

combined w i t h ' ^ O j , 163 
contaminants, 150 
flowmeters and filters, 148 
gas transmission tubes, 149 
increase in , 149 
pur i ty of product , 149 
sweep gas, 146 
target, 146 
techniques and performance, 

147, 149 
Cardiac output , 17 
Carrier gases, 338 

flow rates, 53 
Cerebral b lood flow, 285, 302, 303 
Characteristics o f radioactive gases, 

16 
Charcoal as reagent, 49, 67 
Cl in ica l diagnosis, short-l ived radio

active gases i n , 17 
Cl in ica l facilities, 108-120 

adminis t ra t ion of gas; 120 
background count rate, 110 
count ing equipment, 112 
data acquisi t ion and recording, UO 
electronic equipment, 113 
fume cupboards, 104, 110 
layout, 110 
measurements, 120 
personnel, 108 
rooms, 108 
scanners, 112 
services, 111 
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standards and cal ibrat ion, 118 
Cobalt-57, decay, 8 
Cobalt-60, decay, 8, 9 
Co ld traps, 70-71 

design of, 102 
Col l imator . 113, 114, 118, 338 
Combined target efficiency. 36, 224, 

323 
C o m p t o n scattering, 338 
Connecting tubes, 102 
Contaminants, 30, 46-56 

atmospheric, 104 
detection and measurement, 50 

chromatography, 50 
decay curve analysis, 54 
gamma ray spectrometry, 54 
mass spectrometry, 55 
soluble, 55 

inactive, 47 
prevention, 47, 49 
radioactive, 47 
removal, 47, 49, 56 

Conversion factors, 342 
Copper in processing, 49, 67 
Copper oxide i n processing, 49, 67, 68 
C o u l o m b barrier, 13 
Counters and counting, 

coincidence, 120 

double-sided w i n d o w f l o w pro
por t ional . 53 

Geiger, 14, 113, 313 
internal propor t ional , 50 
lung scanning, in , 116, 117 
recording, 117 
safety precautions in use, 319 
scinti l lat ion, 14.50,52. 53,113.118. 

220,313, 340 
parallel count ing wi th , 115 

Curies, 11 
Cyclotrons, 1, 12, 15, 19 

beam current, 39 
beam dis t r ibut ion, 40, 41 , 42, 43 
peak beam power density, 4 1 , 44 

Data acquisition facilities, 110 
Dead volume, 338 
Decay curve analysis, 54, 332 
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Decay scheme, 338 
Dee box, 20 
Detectors, 14 

contaminants, o f 50 
counters, 50 {see also under 

Counters) 
decay curve analysis, 54 
gamma ray spectrometry, 54 
katharometers, 50 
mass spectrometry, 55 
recorders, 53 
scint i l la t ion, 52, 53 
solut ion wash-out measurements, 

55 
Deuteron, 19, 339 

energy, 24, 26 
mass defect, 14 

Diagnosis, short- l ived radioactive 
gases i n , 17 

Diaphragm pump, 88, 164, 339 
Diaphragm valves, 64, 339 
D i l u t i o n of gases, 106 
Dispensing, 104-108 

d i l u t i on , 106 
gases in solut ion, 107 
non-sterile use, 105 
sterile use, 106 
storage systems, f r o m , 108, 248, 

251,252 
Dose, personal, 105 
Dosemeters, 315 
Dose rates, 60 
Double-sided w i n d o w flow pro

por t iona l counters, 53 
D r i k o l d , 3 1 6 , 318 

Electrometers, v ib ra t ing reed, 84 
Electron capture, 7 
Electronic equipment, 113 

hazards, 318 
Energy, 

beam, selection o f 27 
beta particles, o f 6 
b inding, 12 
deuteron, 24, 26 
gamma emission, f r o m , 8 
practical threshold, 27 

pro ton , 24, 26 
release, 12 

Equipment , remote con t ro l o f 85 
Erythrocytes, 

damage to, 107 
labeUing, 107 
" C O labelhng, 253-256 

anticoagulants in , 255 
contaminants, 253 
efficiency, 254 

'^©2 labell ing, 157-163 
absorbers, 160 
closed circui t , 164 
contaminat ion , 163 
flow diagram, 157, 158 
flowmeters and filters, 160 
gas transmission tubes, 160 
i r r ad ia t ion condit ions, 157 
performance, 159 
radiochemical pur i ty , 163 
sterile assembly, 161 
sweep gas, 157 
target, 157 
techniques and performance, 

161 
Explos ion risks, 316 

Facihties, {see Cl in ica l facilities) 
F i l t r a t i o n o f gases, 61 
Fire risks, 316 
Flowmeters, 

bubble (soap film), 63 
electronic, 63 
variable area, 62 

F l o w rates, measurement and con
t ro l , 61 

Fume cupboards, 104, 110 
Furnaces. 64-69 

activated charcoal, 143, 148 
copper oxide, 204 

water displacement indicator , 
205 

radia t ion hazards, 316 
reagent tubes and reagents, 66 
safety precautions, 316, 319 
streaming, 204, 341 
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temperature measurement and 

cont ro l , 65 
zinc powder, 229 

G a m m a radiat ion, 8 
emission probabi l i ty , 339 
specific emission, 340 
spectrometry, 54, 277, 297 

G a m m a ray spectrum, 
analysis, 330 
photopeaks, 340 

Gases, 
l iqu id , dangers of, 318 
solut ion, in , 107 
target materials, as, 23 

Gas mixtures, 88-93 
continuous preparation, 92, 93 
preparat ion in cylinders, 89 

Gas sample preparation, 277 
Gas transmission tubes, 57-60, 97, 99 

radiat ion hazards f r o m , 60, 315 
Geiger counters, 14, 113,313 
Generators, radionuclide, 283 

krypton-81m, for, 284 
k ryp ton-81m gas, 299-304 

flow systems, 302 
gas/hquid mix ing , 300, 304 
ion exchange, 300 
spray traps and filters, 302 
k r y p t o n - S i m solut ion, 288-299 
construction, 289 
design, 288 

efficiency estimation, 297 
loading, 292 
organic ion exchanger filled, 293 
refinements, 291 
testing, 295 

z i rconium phosphate, 291, 300 
Graphi te , 67 

target material , as, 31 , 172, 179 

Half - l i fe , 10 
measuring t ime comparable to, 335 

H a l f thickness, 339 
Heart studies, 17, 122, 285 
H e l i u m as sweep gas, 190, 226, 241 
Hel ium-3, 19, 339 
His to ry of radioisotope product ion , 1 

Hopcal i te in processing, 67 
H o t a tom effects, 133 
Hydrogen, safety precautions in use. 

316 
Hydrogen cyanide, 317 

Internal conversion, 8 
Investigation rooms, {see Chnical 

facilities) 
Iodine targets, 307 
Ioniza t ion chambers. 54, 78-83. 105. 

339 
atmospheric pressure re-entrant. 

78 
cal ibrat ion of, 120, 276 
current measurement, 83 
high-pressure re-entrant, 81 
saturation, 79,81,340 

Isomeric (metastable) state, 339 
Isomers, 8 
Isotope assay calibrators, 85 
Isotopes, 2 

Katharometers, 50, 220, 339 

Krypton-79, 263-270 
characteristics, 16 
chemical puri ty, 270 
decay properties, 263 
dispensing, 269 
gamma ray spectrum, 262 
product ion, 263 
dur ing krypton-85m produc

t ion , 271 
target design, 263 
target preparation, 264 

using sodium bromide. 263 
yields, 265, 266 

qual i ty control , 270 
radionuclidic puri ty , 270 
recovery f r o m sodium bromide 

targets, 266 
Kryp ton -81m, 

characteristics, 16 
Kryp ton -81m, 283-304 

clinical applications, 285 
eluted activity tests, 295 
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K r y p t o n - 8 1 m {contd) 
gas generators, 299-304 

design, 289 
flow systems, 302 
gas/ l iquid mix ing , 300, 304 
i o n exchange, 300 
spray traps and filters, 302 

half- l i fe, 283, 285, 297 
parent/daughter relationship, 283 
solu t ion generators, 288-299 

construct ion, 289 
design, 288 
efficiency estimation, 297 
loading, 292 
organic ion exchanger filled, 293 
preparat ion, 291 
refinements, 291 
testing, 295 

K r y p t o n - 8 3 m , 288 
K r y p t o n - 8 5 m , 261, 270-283 
characteristics, 16 
data acquisi t ion and 

280 

decay properties, 270, 271 
dispensing, 274, 276 

impuri t ies , w i t h , 277 
energy cal ibra t ion, 279 
gamma ray spectrum, 278 
gas sample preparation, 277 
product ion , 29, 271 

chemical aspects, 282 
contaminants, 48 
recovery, 273 
targets for , 22, 23, 272 
yields, 272 

qual i ty con t ro l , 277 

Kryp ton -87 , contaminat ing k r y p t o n -
85m, 277 

Leaks, 319 
L i t h i u m bromide as target material , 

265 
L u n g func t ion studies, 17, 122, 171, 

215, 285 
count ing systems, 116, 117 

I N D E X 
Mass defect, 12, 14 
Mass spectrometry, 55 
M a x i m u m external beam current, 39 
M a x i m u m permissible doses, 313, 

314 
M a x i m u m w o r k i n g pressure, factors, 

59 
Measur ing cylinders, 75 
Measur ing spirals, 73, 74, 81, 83 
M i f l i p o r e filters, 105, 106, 339 
Molecu la r sieve, 339 
Mul t i channe l analysers, 54 
M y o c a r d i a l b lood flow, 17, 122 

Manometers , 61 

Needle valves, 64, 339 
Nessler test, 56 
Neutrons , 3 
Nitrogen-13, 171-214 

characteristics, 16, 172 
cl inical uses, 17, 171, 172 
decay, 171 
half-l ife, 171, 172 
product ion , 

choice o f method, 211 
chromatography, 177 
contaminant , 177 
CO2 gas target, 176, 178, 179, 

186, 191-200 
performance, 174 
rate, 179 
sweep gas, 177 

targets, 23, 173, 174, 179, 187 
target performance, 174, 177, 182, 

190 
yield, 212 

p roduc t ion using activated char
coal target, 187-191,208-211 
absorbers, 210 
design, 187 

flow diagram, 208, 209 
flowmeters and filters, 210 
gas transmission tubes, 210 
i r rad ia t ion condit ions, 210 
operat ional characteristics, 190 
pressure, 188 
pur i ty , 211 
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radiochemical pur i ty , 190, 211 
sweep gas, 189, 190, 208,210 
techniques and performance. 

190, 209,211 
produc t ion using gas target, 1 9 1 -

200 
chromatographic analysis, 200 
contaminat ion , 191, 199 
copper spiral traps, 194 
flow diagram, 191, 192 
flowmeters and filters, 194 
gas transmission tubes, 194 
increase o f rate, 198 
i r rad ia t ion condit ions, 194 
performance, 193 
pressure, 197, 198 
qual i ty cont ro l , 199 
rate of absorpt ion, 198 
solut ion, 198 
sterile assembly, 195 
sweep gas, 191, 194 
techniques and performance, 

196 

produc t ion using graphite tareet. 
179-187, 200-208 

beam entry window, 183 
chromatographic analysis, 183, 

207 
contaminat ion , 184 
copper oxide furnaces, 204 
copper spiral traps, 203 
design, 179, 181 
flow diagram, 201, 203 
flowmeters and filters, 203 
gas transmission tubes, 204 
i r r ad ia t ion condit ions, 203 
operational characteristics, 186 
qual i ty cont ro l , 207 
rate of, 184 

sterile assembly, 205, 206 
sweep gas, 181, 182, 200, 203 
techniques and performance, 

182, 202, 206 
yield, 182, 206 

saline solutions, 107 
solut ion, i n , 173, 199,211 
specific act ivi ty, 179 
tracer, as, 171 

Ni t rogen oxides, dangers of, 317, 318 
Nuclear physics, 2-11 
Nuclear reactions, 14, 19 

table of, 20 
Nuclear reactors, 1, 13 
Nucleus, disintegration of, 4 
Nuclides and isotopes, 2, 4 

Organic compounds. " C labelled, 
215 

Oxygen-15, 122-170 
characteristics, 16, 124 
clinical uses, 17, 122, 124 
decay scheme, 7, 123 
gas transmission. 125 
half-life, 122 

' ^ O j product ion, 127, 136-140 
absorbers, 137 
closed circuit , 164, 165 

combined wi th carbon mon
oxide ( C O ) , 163 

combined w i t h labelling, 163 
comparative performance of 

systems, 167 
continuous, 136 
experimental, 127 
flowmeters and filters, 137 
gas flow system, 130. 131, 136, 

137 
gas transmission tubes, 139 
increased rate, 139 
'on line', 122 
performance, 138 
pur i ty of, 140 
selection of system, 166 
sweep gas, 128, 132, 137 
sweep/target gases, 127 
targets, 23, 123-127, 128, 132. 

133, 137 
techniques and system per

formance, 139 
yields, 127 

red cell labelhng system, 157-163 
absorbers, 160 
closed circuit , 164 
contaminat ion, 163 
flow diagram, 157, 158 
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'̂ 02 p roduc t ion {contd) 

red cell label l ing system {coind) 
flowmeters and filters, 160 
gas transmission tubes, 160 
i r rad ia t ion condit ions, 157 
performance, 159 
radiochemical pur i ty , 163 
sterile assembly, 161 
sweep gas, 157 
target, 157 

techniques and performance, 
161 

specific act ivi ty, 72, 161, 162 
Ozone, inhala t ion , 318 

Peristaltic pump, 92, 164, 291, 340 
Personnel, 108 

safety, 105 
Photopeaks of gamma ray spectrum, 

340 
Polytetraf luoroethylene, transmis

sion tubes made f r o m , 59 
Pos i t ron emitters, yield measure

ment, 74 
Pressure, measurement and con t ro l , 

61 
P roduc t ion o f radionuclides, 11-14, 

19, 20 {see also under specific 
nuclides) 

absorbers, 69 
amplif iers , 83-85 
boron t r ioxide stepped wedges, 100 
cold traps, 70-71 
contaminants, 46 

detection and measurement, 50 
continuous flow systems, 106 
communica t ion w i t h investigation 

room. 111 
design of systems, 93-102 
dose rates, 60 
filtration, 61 
furnaces, 64 

gas pressure and flow rate, 61 
gas tube connections, 97, 99, 102 
ioniza t ion chambers, 78, (see also 

Ion iza t ion chambers) 
isotope assay calibrators, 85 

j o i n i n g metal tubes, 96, 97, 99 
pressure and flow measurement 

and cont ro l , 61 
pumps, 98 
reagents, 49 
remote cont ro l of equipment, 85 
systems, 57, 58 
taps and valves, 64, 94, 95, 102 
targets for , 20-39, (see also under 

Targets) 
transit t ime, 59 
transmission, 56 
tubes and connections, 57, 59, 94, 

99, 125 
vacuum connectors, 96 
waste gas disposal, 86 
yields, {see Yields) 

Protons, 19 
energy, 24, 26 

Pumps, 98 
Pyroneg, 291, 293 

Radia t ion, 
m a x i m u m permissible dose, 313 
measurement, 313 

Radia t ion hazards, 313-316 
Radioactive concentrat ion, 71 
Radioactive decay, 4, 10 

scheme, 6, 7 
Radioactive specific act ivi ty, 71 
Radioactive tracers, 14 
Radioact ivi ty , 4 
Radiocardiography, 18, 285 
Radio-gas chromatography, 50 

apparatus, 51 
of radioactive gases having short 

half- l i fe, 326 
Radioisotopes, 4 
Radiolysis, 23, 132, 200, 340 
Radiolyt ic ox ida t ion , 133, 219, 340 
Radionuclides, 4 
Rare gases, cl inical applications, 261 
Rare gases, radionuclides o f 261-312, 

(see also under specific gases) 
Reagents, 49, 66 

absorpt ion, i n , 69 
contaminant removal by, 56 
tubes, 66 
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used, 67 

Recorders, 53, 117 
ultra-violet , 117 

Red b lood cells, (see Erythrocytes) 
Respiratory physiology, equipment 

for , 118 
Rotameters, 62 
Rubidium-79, 288 
Rubid ium-81 , 

gamma ray spectrum, 287 
leakage, 296 
parent for krypton-81m, as, 283, 

299 
product ion , 283 

recovery, 288 
target system, 286 

Rubidium-83, 288 

Safety precautions, 313-322 
chemical hazards, 316-318 
electrical hazards, 318 
eyes, 105 
fire and explosions, 316 
furnaces, 319 
gas generators, 300 
inha la t ion 'o f toxic gases, 317 
krypton-79 product ion , i n , 265 
leak testing, 319 
l i q u i d gases and low temperature 

solutions, 318 
mechanical hazards, 319 
personal, 105 
radia t ion hazards, 313-316 
remote con t ro l and, 86 
target handling, 315 

Saltzman test, 56 
Scavenge pumps, 57, 86, 87, 340 

radiat ion hazards, 316 
Scavenging gas, 233, 340 

tanks, 57, 87 
Scint i l la t ion counters, 113, 118, 313, 

340 
parallel count ing wi th , 115 

Selection of gases, 15 
Silica gel as absorbant, 70 
Sodium bromide as target, 263, 286 
Sodium hydroxide solut ion, prepara

t ion of, 337 

Sodium iodide crystals in scintil
la t ion counters, 53, 113 

Sodium iodide targets, xenon-127 
product ion w i th , 307 

Solenoid valves, 85 
Solut ion, gases i n , 107 
Solut ion wash-out measurements, 55 
Sorpt ion pump, 29, 340 
Specific activity, 71 
Spectrometers, calibrated gamma 

ray, 277 
Spirometers, 118, 341 
Storage systems, dispensing f r o m , 108 
Streaming, 28, 65, 204, 341 
Sweep gases, 21, 88-93, 341 

continuous preparation, 92, 93 
preparation of mixtures, 89 
safety precautions, 316 

Syringes, 104 

Taps and valves, 94, 95 
cold traps, of, 102 
testing, 320 

Targets for gas product ion, 13,20-39, 
341 

activated charcoal fo r nitrogen-13 
product ion, 187-191, 208, 210 

a lumin ium, 30, 315 
beam power deposition, 31, 33 
boron, 25, 38, 39 
boron tr ioxide, 

carbon dioxide ("CO2) produc
t ion by, 241, 245, 246 

carbon monoxide ( " C O ) pro
duct ion w i t h , 231 

carbon-11 product ion, for, 216, 
221-227 

efficiency, 224, 225 
brass, 30, 315 
carbon, 25 
carbon dioxide (C'^02) produc

t ion , for , 129, 143 
carbon monoxide ( C ' ^ O ) produc

t ion , for , 146 
combined efficiency, 36, 224, 323 
construction of, 21 
continuous flow, 27 
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Targets for gas p roduc t ion {contd) 
cool ing. 31 
design factors, 21 , 22 
dissolvers, 266, 267, 268 
efficiency, 35, 323 

gas materials, 36 
solid materials, 37 

enriched gases as, 23 
f o i l windows, 34, 35 
gas removal f r o m , 27, 29 
gas tightness, 31 
gases, 23, 36 
graphite, 31 

' ^ N j product ion , for , 175, 179-
187, 200, 203 

H2'^0 p roduct ion , for , 152, 153 
iodine, 307 
krypton-79, for, 263 
kryp ton-85m, for, 272 
leak testing, 320 
l i t h i u m bromide, 265 
materials, 22, 32 
nitrogen, 

carbon dioxide ( " C O j ) produc
t ion , for, 237 

carbon monoxide ( " C O ) pro
duct ion , for , 227 

carbon-11 product ion , for , 216, 
218,219 

nitrogen-13 produc t ion , for . 191, 
194, 198 

oxygen-15, for , 123-127, 132, 133, 
134, 135, 137 

pur i ty o f 25 
purpose o f 21 
recovery of gas f r o m , 27 
red cell '=02 labelling, for , 157 
rubidium-81 product ion , for , 286 
safety precautions, 315 
sodium bromide, 

krypton-79 product ion , for , 263 
recovery o f krypton-79 f r o m , 266 
rub id ium-8 ] p roduc t ion , for, 

286 
solids, 25, 37 
storage, 315 
streaming, 341 
temperature, 28 

uranium-235, 305 
wedge, 221,222 

windows, 30 
yields, 28 

Thermoluminescent dosemeters, 315 
Tonometer , 253, 341 
T o t a l act ivi ty, 105 
Tox ic gases, inhala t ion o f 317 
Transi t times, 59 
Transmission of gases, 56-61 

filters, 61 
protective instal la t ion, 59 
tubes for, 57, 59 

T r i t i u m , decay, 6 
Tubes and connections in apparatus, 

94-99 

Uni ts , 11 
Uranium-235 targets, 305 
Use o f gases, (see also C l in ica l 

facilities) 
factors, 14 

Valves, 64, 94 
Van de Graaff 'accelerators, 2, 12, 19 
Vent i l a t ion in investigation rooms, 

110 
V i b r a t i n g reed electrometers, 84 

Waste gas disposal, 86-88 
Water ( H j ' ^ O ) , p roduct ion , 150-157 

absorbers, 154 

catalyst and bubbl ing chamber, 
155 

contaminants, 150, 156 
flow diagram, 150, 151 
flowmeters and filters, 154 
gas transmission tubes, 154 
hydrogen supply, 153 
scavenging gas, 153 
sweep gas, 153 
target, 153 
techniques and performance, 152, 

155 
qual i ty cont ro l , 156 
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Xenon-127, 
characteristics, 16 
decay properties, 305, 306 
dispensing, 309 
gamma ray spectrum, 281, 282 
produc t ion of, 29, 307 

recovery f r o m target, 309 
sodium iodide target, 307 
yields, 307, 308 

qual i ty cont ro l . 309 
Xenon-133, 15, 261,305 

characteristics, 16 
col l imators , 114 
dispensing, 107, 108 
measurement, 79 
scanners for , 113 
solutions, 107 

Xenon-135, 305 
characteristics, 16 
decay properties, 305, 306 
product ion, 305 

I N D E X 
Yield , 339, 341, (see also 

specific radionuclides) 
measurements, 

batch-wise, 78 
cal ibrat ion, 78 
continuous, 73 
gas spli t t ing i n , 76, 77 
'on flow', 74 
spirals, 81, 83 
using cylinders, 75 
using spirals, 73 

under 

Z inc in processing, 67, 68 
Z i r c o n i u m phosphate generators, 

291,300 
Z i r c o n i u m phosphate, preparation, 

336 
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