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ABSTRACT
\ _
‘Alterations and additions were made’ to. the 7 MV Van de Graaff
. \ L i
'”’//accelerator installatlon at the Univer51ty of Alberta to facilitate tha ‘
' AN
production of short—lived positron-emittlng nuclides R ».

. ’ T
To p oduce sufficient quantlties of activity, a new facility
. was constructed to reduce the prompt neutron radiatlon generally
associated with the prdduction of posltron—emitting nucll%es This
'facility permitted the use of beam currents of as high as 20/uA.
Two short llved posltron—emitting nuclides were produced Y
11 i l ‘ 11
C, with a half llfe of 20.3 ninutes was produced by the B(p n)

'

reaction,'and 18F w1th a half-life of 109 8 mlnutes, was produced by 0 p

’

. .the ~20 Ne(d a) F reaction
Carbon—ll labelled COZ\was produced for’ use in, regional lung

. function studies Varlous methods were evaluated for the collection and
N .

- purificatron of CO2 The best method comblned a copper oxide furnace

AWlth a. liquid 1sopentane cold trap

¢

v,
o

Fluorlne—18 was used to. label several precursors of
‘SLfluoro— _-deaxyuridine., F1Ve;fluoro—2'-deoxyuridine will be used Ain
diagnostic-oncology Various precursors were tested for uptake of BM
.h Max1ma1 uptake was achieved w1th a. solution of potassium fluoride and

distllled water Wthh incorporated approximately 70 per cent of the 18p‘

fproduced hﬁ o ,'d’ . f;“ E v;‘ t».' ».p',if .v.l- ﬂ

iv o
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CHAPTER 1 s
R » o o
- INTRODUCTION

\fj

L Fgp

1.T ‘Background

Nucle&p-medicine may be defined as that branch ofAmedicine-‘
! : , . ,
th;% utilize3°nuclearvradiation in the diagnosis and treatment of

M
disease. Although its origins are difficult to pinpoint, early land— -

-

marks would 1nclude the discovery of - X-Tays by W.K. Roentgen in 1895

and che discovery of radium by M. Curie in 1898: Each of these

¥

advances in the’ physlcal sc1ences was followed closely by biological

and medical applicatlons Only months after x-rays were - dislovered

) &

’ attempts were made to use them to treat various diseases, including A

v

ikcancer.l By 1900, skin lesions were being treated with radium pnd in
1913 an American phy31c1an, R.’ Abbey, reported the first cure of vf'l
cancer of  the cerv1x, iﬁich had been treated with radium seven years
. s . < -

edrliér. However, it was not until the mid 1940 s, follow1ng ‘the
4development of the atomic ‘reactor and the cyclotron, that large numbers ;
,0f radionuclides became vailable to the medical comgunity and nuclear f;-.
medicine began to, fluorish | .v | ’}f;‘ ;».L:_y» _e}JNi
:vé i: By 1945' more than 375 radionuclides had been produced 4
many proved exceptionally useful in diagnostic nuslear medicine,,:“‘
'llparticularly as tracers in the study of the metabolism of various‘ffuiépfdl
= elements fhese radionuclides were initially u3ed in. vztro ("in glass ) ;?f

“1n studies“desighed to determine various properties of samples taken ?Wf-:»
b'vfrom pati nts One’of the first tests involved the measurement of red; .p,f
'lcell volume5 with an isotope of iron, §9Fe§ The success of rn vttro .
studies led to the in vzvo ("in a living body") use of radionuclides to L
ﬂfstudy biological functions and to detect abnormalities of organs.i One : o

B

N, e



) ~
of the initial studiés involved the use of ‘311\2b'delineate-the _ .

=

thyroid, thereby establishing thyroid fjﬁ:ﬁion.é
Early techniques used to 5isualize the distribution of radio—
nuclides within the body involved the use of a- hand held Geiger counter,

~
. \\;
! Qfed to map out the spatial boundaries/ﬁE?the activity. This approach

led to the development of a system in wMich a detector moved me hani—

A

: /
}cally over the tegion of’interest. Known as a,rectilinear scanner thig
, - : o a

: devicé.was developEd by B'.;'Cassen.7 The' rectilinear scanﬁer8 consists

_of a radiation detector doupled with a focusing collimator, and elec—

tronics tb process the information received from the detector -When
imaging, the debector scans the distribution of radioactivity in two
‘dimen51ons The scanning time for a’ large organ such as the liver is on

Tthe order. of forty minutes when operating at relatively”fast»scanningﬂ‘°

1
i

!peeds,Ai .
» ’ .

Iny/ the early 1960 s an important step forward in organ

~imaging was made by H 0. Anger with the development of a scintillation_d///

or gammafcamera ?—11 The scintillation camera produces pictures

31m11ar to those of the rectilinear scanner, but in less time due td

v
A

its higher sensitivity A typical commercial scintillation camera con--
' 51sts of a 28 cm diameter x1.3 cm thick NaI(Tl) crystal viewed by a
: _ i

hexagonal array of’ nineteen photomultipller tubes, plus the associated

.y electronics for data probessing The position of an incident photon- o
/

/- can be determined in two dimensions by the relative amounts of light

. /

“seen. bY each photomultiplier tube when'a scintillation occurs in the'“f'.

-

,"crystal Utilizing a multihole collimator, the radionuclide ,;.

distribution may then be determined.- )' "y _(_2;~-



The,images'produced by the rectilinear scanner and the
: ' o o o .

. scintillation camera involve the detection of single photOns. To - . .
. ¢ - l L

produce an acceptable image,‘there must be enough activity in the

region of interest for the detector to actfrately r roduce the dis—

4

tribution. However,;when using radionuclides in diagn stic nuclear

r . N -

- medicine, it is important to maintain a low radiation dose to the’

_patient§ This may beiaccomplished either b?'administering low

quantities of activity or by using radionuélides with short physical
and/or biological half~lives. Ln'general,,the administration of low

quantities of aCtiV1ty precludes dynamic imaging since long static
: : _ ,
'A'lmaglng_times are required o SR .

o

In Single photon imaging, the sensitivity, i. é‘, the ratio of

the photons detected to those emitted, ig low due to the need for a
collimator,iwhich'typioally'allows only lO A'to lO s of the emitted

photons to reach'the deEeCton)¥2 Using positron-emitting nuclides’ it

»

15(#0531ble to produce an image with a camera. that does not need a
collimator This is possible because the emitted positron readily

'combines W1th an electron when stopped by matter whereupon it is
CAL Ty

‘annihilated w1th the conversion of | mass energy two 511-keV gamma
" -~

rays which travel 180° apart.g A pair of detectors,asitusted oni* _ {?,”~
" opp§31tsides of the positron will thus yield the straight\ﬂle on

which the annihilation occurred Coincidence circuitry is employed ﬁ:‘17f
, DA JRC
to reject spurious data haused by two unrelated gamma xays.f.z

Compared to single photon imaging, the coincidence imaging of

;-

3 ‘ . ) ’
' positron-emitting nuclides offers high spatial resolution and- uniform )

:‘“depth reSponSe without t e ué;:of collimators.~ Eo.viSUaliae,%?ese,rf



- ’ X N . . . 4
Y : k * b ’.‘
) effects, an isoresponse curve has been plotted ‘An Figure la fo? the

o

c01nC1dence detection of a positron—emitting source. -As a comparison

Vo : ‘ : 5
a second 1soresponse cutve, Figure lb was plotted under the same
o~ . .

conditions, except that the detector 0utputs were summed instead of

. <
- - -

-operated in: c01nc1dence a From Figure la it can be seen’ that the region

sensitive to positron decay is” symmetric and relatiG%ly independent of
[
St
the longltudinal position}of“the source. If there was,ap absorber
)

jbetween the detectors, such as_ tissue, the overall sensitivity wbuld be ‘
decreased but* the spatial ?esolution would rémain approximately the

same. The longitudinal symmetry of coincidence detection leads ‘to a
' relatively uniform depth response which is particularly useful when

'dealing “with such problems as. the 1ocalization of deep lying ‘tumorss

-'l

Most positron— it?ﬁng nuclides‘possess short half- lives

b'(<5 hrs. ). Although the use of positrons offer many ben fits, idcluding
. %

e

'._lOWer raaiation doges to the patient, and through coincidence detection,
) q v i :
‘the ability to produce images with uniform depth respohse and high

sensitivity, their short half-liVes present three disadvantageS"
1. they ‘cannot be used as tracers ‘in processes of iong |

duration with respect to "the half 1ife.of the radiouuclide\used A\

2. the short—lived radionuclides cannot be incorporatéd

into compounds if the chemical lagelling process i long compared

A the short pai; “Iives limit sheir use to within short I3

to the half-life of the radiopuclide, and

o

e g
diStances from their production site.;

eo

The use of short-lived radionuclides in méﬂicine is therefore limited to '
o the study of rapidly occurring general dynamic phenomena, or to ,if

-—
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K
visualize organsKwhich rapidly accumulgte. the labelled compounds, by. .

means of compounds which can be rapidly synthesizedl

A -F? - The potential USefulnesé of_short-lived positron emitting
nuclides in diagnosticdnﬁc par medicine~was recognized as early.as 1944
when C.A. Tobias and J.H, /Lawrence used carbon monoxide, lahe;l:d with
cyclotron produced Ae//to study the elimination of carbon monoxide

o ,

from the body. 13 Another short lived positron emitter, 6§Ga, was used
iln the early 1950's by F.W. Wren, et al L4 and by G.Ca Brownellhand"
W.H. Sweetlsifor the localization of brain'tumors.

Early imaginglof posltron—emitfing nuclides’was‘performed.
elther by treating the radionuclide as-a single photon emitter or by
employing two Opposed detectors operating in- c01ncidence In an effortn‘
to combine the advantages of coincidence technlques with. those of ‘the’
gamma came_ra’,l-6 H.O. Anger deve}oggdya positron camera" which consists
of°a-normal”gamma cameﬁg;combined through,coincidence logic to ;*éécoﬁd”’
_ gamma camera head. The camera s capable of producing tomographic
1mages with a spatial resolution of 8—10 mm, high sensitivity and a al
' uniform depth of field response. A detailed disdussion of the positron
_camera is presentéd in-references 17 and_18. | -

Severalbother poSitron-detection systﬂms.have evolved“in the~.i

last ten years for use. in diagnostic medicine, among them a multi—
detector system, the Massachusetts General Hospital (MGH) positron ,

camera 19 20 This camera’ con51sts of two fixed identical planar arrays,7i'
eaeh containing 127 small NaICTl).crystals viewed by an array of 72
_photomultlplier tubes.v This dedign achieves a count—rate capability of,

€.

5.x‘.lO4 coinc1dence events per second, a field of view of approximately-:fV

i3

27 cm x 30 cm and a spatial resolution of less an one centimeter at

t



} - : . .
\midplane(“\3i§zell.as being a medical research tool, the MGH camera 1s‘ |
routinely used tor'brain‘tumor localization and thetmeasurement of |
regional Lung'ventilation and perfusion. | 'd
| ‘%ecently, considerable atteng\on has been givem/to the |
‘possibility of three—dimensional image reconstruction; In the EMI-
scanner,?'l.’22 a large number of x-ray absorption measurements are made
along different pathS»through the brainJ' Using a small digital com-~
puter, it is possible to obtain approximate solutions to a system of
31multaneous equations ‘and thus obtain the absorption coefficient at
any point within the brain. These téchniques; applied initxal ¥to /
radiology, have now been extehded into nuclear mediCine.l,Various‘
groups23?%4 have:produced algorithms-and modified singlemphoton'systems-‘
' . » : ST T . o, o
‘for'the reconstruction of threeadimensional imagesL Once again‘however;
the use of . positrons may offer benefits over single photon imaging due
to 1mprovements ‘in sensitivity and uniformity of response Work is,.?

already underway on this topic 25#27

The pr duglion of radlonuclides is possible through nuclear

reactions induced by nuclear reactors or accelerators, or through the

t

fdecay of longtlived radionuclides.§ If the desired radionuclide is

1generated from the decay of a longer—lived radiOnuclide, then the'

: «shorter*lived daughterumay'be chemically separated from the.longer— o

11ved parent 28 29, The production of short—liVed radionuclides by

. . / .
radionuclide generators is particularly useful in medical applications T

because it requires only a modest outlay of apparatus and provides an _ff,f'.

o ' P
economical source of radionuclides for the clinical laboratory Severalu

| short lived radionuclides useful for diagnostic purposes may be prepared ; L



in this manner,'including‘the short—lived:positron emitter'68Ga.

However,_at‘present,-this-method provides only:a small nuﬂger of medi-
cally useful short-lived radionuclides: most are produced through.'
nuclear reactions.’

' 'The majority of medically useful pOSitron-emitting nuclides
that are.prepared by nuclear reactions are most easily produced by
means’ of a particle accelerator At present, the cyclotron appears ta -

,be best suited for this purpose. The cyclotron,'as were other types of
-particle aCCelerators, was initially developed for the investigation of '
inucleandstructure, and since this machine and its associated facilities
are rather large and complex, its use has ‘been limited largely to the |
fundamental nuclear sciences.‘ However, since conception of the f‘_.z B ‘;;
cyclotron, the radionuclides produced by them have been of interest to
biomedical research Several recent international conferences have bEUn
devoted to the subject of the use of cyclotrons for research in other

disciplines, including mediCine 39‘

The recent development of small compact cyclotrons3llhas;
venabled installation of such devices in medical inStitutions dedicated
'i:solely to biomedical applications. These compact cyclotrons are’ capable
t:of producing a number of short—lived radianuclides of particular :145
.interest to biological and medical applications.. The applications of

cyclotrons to medicine and medical cyclotron facilities that are -
'/presently or soon will be in operation haVe been reviewed by H I Glass
A and D J. Silvester.33 | | d i - | ¥ -
The Van de Graaff accelerator has also been used tbigenerate

a number of short—lived radionuclides Although this type of machine is ‘

_generally limited to operating at accelerating potentials less than lO MV o

N



N

and- with erternal’beam‘currents of‘lessvthan 30 uA,,34 a.number of

short*liVed radionuclides have.been proéuced in sufficient quantities.

for use in diagnostic nuclear medicine. 5'36 lhe restriction in the

' 1nc1dent‘beam énergy preclhdes-theause of a-Van de Graaff to produce .
useable quantities.ot*the heavier radionuclides'due to Coulomb barrier;

-effects However, several short 1ived positron—emitting nuclides ‘of

biologiéal and medical interest 11C,.13N, 150 and lBF are readily pro-

: .duced in sufficient quantities by Van de Graaff machines operating in the
range of 6\10 MV. The topic of this thesis is’ concekned with the us of a
'7 MV Van de Graaff accelerator in the production of short—lived positron-

emitting nuclides

1.2 ' Present Studies L

o The 7 MV Van de Graaff accelerator at: the University of .
.?.'R

Alberta, although primarily used for the investigation of nuclear

Structure was, used to produce positronﬂemitting nuclidestfor medical,'

i use. This work was partially initiated in response to other groups at

> ‘
the Un1vers1ty of Alberta which ‘were' interested in pnertaking medical

St“dies using Positron emitters and possessed the necessary 1nstrumen-;hV
tatlon to utilize such.radionuclides. : | .
The Van de'-Gr:aff and its asso.cia:ted-';accelferator Afsei‘iities .f o
4‘were developed primarily for use in the studyvof nuelear science,.and

<hence, several quifications were necessary in order that usable
o Quantities of positron-emitting nuclides could be safely produced. fhe" 5

necessary modifications to the accelerator consisted of
- . . ri.‘ (‘ » ;
AN vs'

a 'V5‘l 1ncreasing the available beam cunrent to raise the yield

“1,of the radionuclides, and



L

10
2. providing adequate shielding to reduce the high neutron ‘
radiation generally aSSOCiated with the production of positron—emitting
nuclides |
These modifications were incorporated into a new facility built for‘the
purpose of producing positron—emitting nuclides for use in diagnostic
nuclear_medicine This aspect of the thesis will be discussed in
' iChapter 3 - |
Although the primary interest was in any positron—emitting
nuclide producible with the Van de Graaff two were chosen for specific .
studTEs »llC w1th a: half life of 20 3 min., produced by the’ 1B(p,n) C 3
»-reaction and 18F with a half—life of 109 7 min., produced by the 29 Ne -
ZONe(d-,a_) F. | | .
( - The impetus for producing llC was, through the affiliation 3
hetween the Department of Physics and the Division of Biomedical
Engineering The~Division of Biomedical Engineering is involved in,'~ 5
regional lung function studies, using the nonhphysiological radioactive
. gas 133Xe with a sixteen—probe detection system‘ As the Van de‘Graaff?is ?
'thysically situated relatively close to the Division of Biomedical
N Engineering, there was interest in producing a short-lived positron
‘nuclide SUih as, ¥¥Ciﬁ}%ﬁ’ “-150 to label physiological gases for use in :;J;f
”jpulmonary studies Carbon—ll labelled 002 was chosen for production and.
'Ayapplication to measurements of regional lung ventilation snd perfusion
This work w111 be described in Chapter 4. . S B
| Fluorine—18 was" chosen for production in response‘to the R
Department of Pharmacy which in conjunction with the W W. Cross Cancer .d?ff

Institute was interested in a method of imaging tumors employing a

short—lived positron emitter To accomplish this,,lgfswas incOrporated} B



v 11
; into the body 1n the form of 18F lhbelled 2'—deoxyurid1ne These
results will be discussed in Chapter 5. | |

The majority of medically osefdl positron—enitting‘ndeiei dtev.
most easily,produced by nudlear reaetions.‘ Once-oroduced,'the oositton-
1.emitting nuciide'is proton.unétable and has a p;obabiiity of deeaying'

‘via the conversion of a proton 1ntb a neutron, followed by the emission

of a positron A discussion of the theory of positron—emit'ing nuclide'

n

production and decay is presented in the following chapter.

. “b ' .
E
{ Wy .
DU t&/"
o
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| CHAPTER 2 -

° - "THEORY
2.1 Prcduction of Radionuclides |

| The majority of- positr0n~emitting nuclides are produced through
.nuclear reactions in which a change in the composition of a targ&&.;,_;__;;;
bnucleus is brought about through bombardment with a nuclear particle. »
When the target and bombarding nuclei approach each other within a dis—
- tance of lO 13'cm, they experience a strong nuclear attraction,.
:1nvolving a redistribution of energy and momentum, which may give rise
to different nuclei The interaction mechanism involving the change
from the 1n1tial to the’ final nuclear state is generally diviied into
“ﬁ;two classes:' ‘one that proceeds directly to the anal state and. is
tknown as‘a direct reaction, while the econd proceeds through an inter—-

2‘mediate state in which a compound nacle s 1s formed

TQg probability of a artﬂfv,ar nuclear reaction occurring

“may be eXpressed as a function of/ he.nuclear cross section for that
~reaction which is generally highly dependent upon the energy of the ,;,
,ibombarding particle The cross section plays the role of a target areamhl
,fsurrounding each target particle and is generally expressed in units offﬂh.t"
Tbarns (b), where l b = 10 24 mZ. ‘ _ulqi "fdfb;_.if" ;: 7f;’ﬁf" ‘ o

| ‘ Present theoriesvofvthe cross section for‘reactionslin which ‘a -
compound nucleus is formed may be divided into two categories. At low &
‘bombarding energies (<10 MeV), the excited levels of the compound nucleus
‘?lare discretd and widely separated.- In this eﬁErgy region the reaction .
Zcrossvsections are. described by a resonance theory At higher bom—’!yf

e i s

_,barding energies the excited 1evels of the compound nucleus are morex? :

ﬁfclosely spaced broader and partially overlapping This regibn 18‘47



<

; described by-a;contiduum theory The production of positron-emitting '
\

_nuclldes 3t the University of Alberta is presently Iimited to the use of

bombarding particle energies of less than 7 MeV, and therefore we will

only gonsider nuclear reactions described by the resonance theory.-

Briefly, ‘the resonance theory may ‘be descrlbed as. follows. (A
~
. F o »
‘ more complete description is presented in reference 37) The cross

section for the formation of a compOund nucleus by the capture of an

'“1ncident particle may be expressed as the maximum cross section

_ multiplied by. the probability for the transmission through the nuclear

barrier of a particle having an- orbital angular momentum 1. If the
localized effect of resonances is ignored the overall transmission

'coefficient may be approximated by

13

T_‘?k-T; .B.. o - ""f | L i‘l . l . (2}1) .fl

, . . AR Y
where P 1a a Gamow type penetration factor38 for the Coulomb .and
N :

'centrifugal barriers, and 4k/K is the probability that the incident

&!

_particle can ‘pass from outside the nucleus where its wave number is k to -

tthe region inside the nucleus where 1ts wave number is K (K<<k) The.j
,‘W}fect of the resonance levels is now superimposed upon the smoothly

‘ Varying barrier tranSparency as shown in Figure 2 ”v.?

lf the bombarding energy, E): is in the neighborhood of a 41 o

e -E, )z+(r)2 "

f_(é)

ffwhere F is the full width of the reSOnance measured at half maximum

: {The normalization constant C is evaluated such that the average value of.‘f'

/-

'f'f(E) is unity when averaged over several resonances whose Fnergy spacing aff

g resonance of energy E o the resonance ma e represented by the function»

N . Vot .

k-2

(2 2)h':

T
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. Bzi_fm f(E)dE = 1 , | _ - o ‘A (2.3)
which leads to_C = —
: 2T ",

~ The average spacing of levels of orbital angular momentun Z,

DZ’ is given in. terms of T and the partial level width P a’ for the
- » . W . :
capture of the’ patticle a by o

',The Cross section for the formation of a compound nucleus is then
: : R
o F I

CREO N

7
9N

- 12ix2 @)

b

‘where X is the rationalized de Broglie wavelength of the relative motion‘

-

of the incident partlcle with respect to the target nucleus

lOnce formed.the compound nucleus_may transform through any‘

permittedfchannel 1, each representedfby afpartial:nidth_Fi; where/. 4’

j,and the summation is’ over all permitted channels. The fraction of
. T IR N ’
transitions that follow any particular channel say F is simply F /F

_Thus, the cross section for the'reaction (a b) through a aingle

.resonance becomes ‘;l"k.:..l 'i‘if.'ff-aifij’u i .Qdf’ﬁ&ff.
SRS ' Z Lt I N R N

.Jp. = ﬂ(zz+1)x2 __;___E_E_; B A }?f' Rhgt ~fe(2'8)ﬂ'ﬁ"b
Lk (E'E ) +( ) ""'5»fp'“'§l TR S
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If aorb are,charged'particles the partial widths Pa and FbAWill h

contain Coulomb penetration factors

-

The presence of resonances 3cts to increase'to the cross section.'
Therefore, it is desirable to have the bombarding energy centered on a
resonance*of the reaction in order to increase the quantity of the

radionuclide\’foduced. The resonances of the B(p,n) C and

20Ne(d QL) 8F reactions appear in Figures 9:andJ15 respectively.
.f_11 - : ’ . e

Several quantities are conserved in strong nuclear'reactions,
among them being charge, parity, and the total energy and total momentum

of the system. The conservation of - energy may be expressed through the i

o

f_‘Q+aduation, Consider that the nuclear reaction is initiated by an ‘

i.

1ncident particle of mass M and kinetic energy T reacting with a.

I

"target nucleus of mass MT and kinetic energy T After the‘reaction,‘

T .

'either through a compound nucleus or, intermediate system, an. emitted

,particle of mass. ME and kinetic engrgy T leaves a residual nucleus of

,;mass MR and kinetic energy T . The general dynamics of this two—body
Tfnuclear reaction are shown in‘Figure\3,~ The Q-equation can be taken as
‘sian analyticvreTationship between thelnuclear disintegration energy, Q,vx :
dbﬁand the kl“etic energy Of the initial and final particles ‘as measured inﬁf';‘

1aboratory coordinates Since the Q value is proportional to the change;f
; i . ,

vin rest mass, it has the same value in the laboratory coordinates as in
the.center of,mass“coordinates.39 Taking the target nucleua to be at fjfﬂ“
'rest, conservation of mass—energy for an 1solated system gives ~*-,,'il5'*"

+ =
T Q TE + T

FED O

e (2 9);.-‘.. i

'LFrbm,¢bps¢fvaeibh'pf’11ﬁearfﬁ¢méntum 1n.;he,difeét;oh,qf;;heﬁlnéidgntz;:;
'partiCIe We'have Lo £
o ,A‘w;gbt' = ‘j.:y?gv R lﬁqﬂ"
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. ] S . ) N “ .
’ «/ - «/ZM T = ,/ZM T cosfa +-Q/2MRT cos ¢. N (2.10).'
I I E'E R =T ,
A ' \ . :
As the initial linear momentum in the direction normal to the plane coh-

’ - '\ -
: taining the 1ncident and emltted particles is zero, 8 and ¢ are coplanar

Conservation. of momentum in the 6-¢ fane then_giVes . )
. ) - N : .' . - o
QZZMEIE sin © -,/2HRTR sin o = d. L : (?.ll)

)

A simultaneous solution of‘equations 2.9,'2.10,l§nd 2.ll’can‘eliminate
i ) L . L '

any two parameters. Usnally; the kinetiC'energy and ‘the directign ¢ 6¥ .

the residuai—nucleus are eliminated'to give the conventional form of the

Q-equation, which is independent of the: reaction mechanism‘

u | 154 .,/ZMTIMT B .
T (l + __9 - T, (1 - ——Q - ———— cos 0. (2.12)
E U Y .

The kinetlc energy of tﬁz incideht and emitted particles and ‘the angle G

are measured in the laboratory coordinates

¥

’

For values of Q>0,,the nuclear reactigh.;esults in the '

‘liberation of rest energy due tp a reduction in the rest mass of the .

v

products and is called an exoergic reaction Such a'reaction can’
~ . f . .

proceed ‘when the incident anticle has sufficient energy to overcome the
Coulomb barrier of the target nucleus. The case of Q-O corresponds to

-_the elastic scattening of tHe incident particle in which the rest mass

and kinetic energy are conserved For Q<0, the reaction results in a

-decrease of kinetic energy due to the increase in the rest mass of the

-
a

ldproducts and is called an endoergic reaction For an endoergic reaction

."to take place, the kinetic energy of the incident particle —

:ﬁgreater than some predefined value The threshold ener~
‘?value of the bombarding energy £or which the reacti- can take Place't;Aé“ﬂkf
a function of the angle 6 the threshold enérgy 13 given by %ljﬁitlﬁ

]
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. +
TP e = E: MMR
o 4 2

MM - - é:E sﬂin. 6

(2.13)

Q2
The threshoid energy will have its minimum value at 6=0° where Eq. 2.13

becomes

ME+MR L - |

? =0
Utilizing the relétionship between Q and the rest'nasses

MI+MT ME+MR+ 2,, _ | ' _(2.15)

L

and since MT >> 9~3 Eq. 2. 14 becomes

- ‘ M. + M

; - .nl L T ' £

(TI)Thr - Q 4—‘_""_—MT = (2.16)

E 9=0

L

Con31der as an example the endoergic reaction B(p,n) C which has a

Q value of -2. 763 MeV The threshold energy follows from Eq. 2 16

~(T1)Thf‘=.2‘763°(£:1t1—lp‘ eV = 3.02 MeV, .’ o (2.17)

If the incident particle has a charge it must also have enough

energy to overcome the Coulomb barrier of the nucleus IhegCoulomb, .

r

barrier results from the positive charge'of_both the 1ncidentgand7tdrget

&

nuclei. If the Coulomb barrier is represented-by - - SRS

V() = 0 r<r P SRS T S

N ' : : o S S S
U(r)'= ;ié oo T2R o T (2019)
. where.z = ‘charge of the target nucleus,. "H‘.-z"o' “-4, JUENE e

z = charge of the- incident particle,: )

' effective radius of qt:he target nucleus = l 3x 10 13 1/3 ,. '

]

"A‘slnumber of npeleons'in the target~ngc1eus,‘_l:._<-“

e
\
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/

"o
"

distance from the centre of the target nUClehBT\,'

¥

1.6 x 10_19 Coulombs,

and e

the Coulomb‘barrier‘B‘ie v

B = Zze2 . . . . (2.20)
- R . R _ B
For the llB(p n) C reaction the Coulomb barrier is 2. 16 MeV.

The incident particle can have a nonzero probability of
}penetrating the>Coulomb barrisr even if its energy is less than that A't :D R
needed to overcome the barrier. .This effect, called "barrier .
tranamlssion s is most probable for §hose particles which underéo :
vcentral colllsions In this case no energy goes into rotational motion
and all of the initial energy of the particle 1is available to attack the
’ Coulomb,barrier. The collisions which involve no change in angular

momentum are called Z=0 or s-wave collisions" For these, the trans-

mission probability T of an incﬂdent nucleon through the potential

; barrier is

T = oY | o o _;}; l f,‘:_h "'1 ; ;ro_' ’(Z;éi);- ;
'bnhere_ ~_'. . : | | _
Y = 8n§;e : [c st % - _~.‘(2'..,_22l)'v"' |
“and | ?:‘
_Tj%,kinetic energy of the 1ncident particle in the center of
il‘mass coordinates, o .. |
.'-V ='velocity of“the.lncldent'particleflnllaborator§j;}:v-h -
, ,A C?oédinatés;' ..;- f /{  . el .
564 J: ,hr=,Planck'svconstant;': 8

S § _\ -

As dh example, consider the'llﬁ(p,n)l;C'reaction._ The energy which the

incident proton must have in order that SO per cent of the protons are

;-



'transmitted through thehCOulomb-barrier~is approximately 1 hth‘
) The effective Q value‘for a.nuclear‘reaction:is compOSed of

two parts the threshold Q value relating the energy difference between
.the initlal and final state, and the Coulomb Q value, Q , indicating the

energy necessaf& to overcome the Coulomb barrier.

Opes = QTh-r ! ‘?c . (2.23)

‘ Ih the above example the'effectiye Q.value, aseuming SQ ner cent barrier
transmiSSion,is 4 MeV, |

‘kThe following table lists some bositron—emitting nueliues with
.half-lives between two minutes and twenty four hours, which could bp N
‘-prOduced with the 7 MV Van de Graaff at the University of Alberta in

quantitiee greater than 50 uCi

. B B K '/’l' —



TABLE 1

A list of some positron-emitting nucliﬁes producible with

-7 MV Van de Graaff.

‘Nuclide

-llC
13N

15

18,

.30§ A

3By

“se
4y
Per

62

, 64(;13.‘

,'SaGa*
10

0 .

tu

Half-life

20.5

9.96 min,

2.2

. 110

2.5

7.7

3.9

32

.42

45
.‘9’3A
e
o8

52

"min.

miﬁ.

" min.

min.

min.

min.

102
107
108
C131

136

Nuclide
76
97

Rh

] Aé

In

121

:PF

B; |
' Rh 35   m%n.
98,

- 11535.‘: | |
. ‘;zpf  min{<_ 

e :"58."@i“:
.:132"'?

Half-life

8.7 min.
‘16" min.

33 win.

22

!

o

a

40 min. .

60 min.
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2.2 " Yield of Radionuclides
" The yield of radioactive nuclei.produced through,a nuclear :

reaction is the net rate at which new nuclei are produced under
' spec1fied bombardment and’ target conditions Consider'the‘production of

a nuclide B from A via the reaction'A(x,y)B. Let the number of target
4. o
' atoms of A which. are accessible to the- beam of bombarding particles be -

..,NA' and the probability of transforming an atom of A into an atom of B

‘be PA. Then the rate of production of B is P N The probability of

the transformation PA is equal to dN s where 0 is the cross section for

- the nuclear reaction and N the number of bombarding particles per unit

area per unit time interacting with the atoms A . The rate of production_r."

J‘ .
of B is then ON NA 4 i
. _ PR

If B is radioactive, there is a probability,{ B; Of'B'decaying_‘
to an atom c. . Let the number of atoms’ of B at time t during the produc-t.]'
»tion'be'NBl
. }dN'h" o S e e e e
.';-a; ;.NAPA-Y NBPB" R f,tm,.f/K.i- | "y;r' A (2 24)

Ay

Then, ‘f' ” _-7' .?

&

If the only source of the atoms of A is from the initial supply, Vf~f

. N’ = N e

PAC':_
S TR

f__whéré:NA,ajNA.atbth;_quuationJZ;ZkfthenwbeCOmesnfs
"a. E. SPAL gvp. P
e AK a0 TN

h1n§rp?2;26);:,:$l
‘“ifihehge“éféi:5°l“t15nftpﬁ,i‘-‘1 .

penaeteety
T where a‘and b arelconstants \Io emaluate a and b‘we substitute“thqij" |

- expression for N' into Eq. 2 26 whicﬂ yields
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. B v '
N é’PAf}—aP' -P, +aP) =0, - S (2.28)

For Eq. 2.28 to remain'validvfor all,times't,.'it is neceaeary.that N\.
. -aPA,-PA +.aPB ='q‘_ | | : ‘r. :i | - :(2.2?)

. from which it follows that

r-k2;30)‘5,h'

o For the spec1a1 case where N! —0 at t= 0 we have frOm Eq 2 27

I : : xS
. .

' 'ath = 0 or a = -b. - '.‘ LT R ' S (2.31)°
Therefure, the number of atoms of B at time t becomes

‘ P BN = e o
(- A1W, ‘"PAt _ ';PBtM o I T o any
- Np NA»P = (e ¢ e )u» EE : (2,3;)

for the.conditioh Né=. at t#O The activity of B 1s

.; iPﬁ L P e '5é7a -
- ' iF»' -Ppt, o
QBPB NyPA 77 (e ~

)
g B._A _

| .',(2;-735)-5 -

Y

The yield Y is*the rate at: which new activity is formed In-c

the special case of a £irst daughter product, the yield is c0nstant qnd e

) R
' equal to the initial lepe of the growth curve for the activity formed-

‘-,d(N o

"Subssituting Eq.,2 32 into Eq 2. 34 we obtain ri!h]’jv
R - B P, L <Ppt. VIR S
=5 AA., SBEy ot 3
o= NA A PB Py ( P‘Ae ) + PBe . ’;)t'.'-O'v RRTR _i(‘2‘1_; 5

Lo e T
'-d..‘»"' .

:_f - ¥, PAP : ];'jiﬁ;;ij'ffffffltx_e{;!ﬁ;&f ,-i.«>_ (2 36?;<fjf

| stually,_only a neglibible fraction of the target atoms A,is transformedtff:;

'f\:90 that the number of residual target atoms NA =NAe PAt; may be

';uapproximated as NA The rate fdr the production of*B now.. becomes
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. A- Y _ ~“ ;

- wherehTB is "the méanvlife of B.
In the case of the production of short-lived positron-emitting
nuclides, the daughter nucleuS'B,is:much shorter lived thanm the parent

nucleus A. The réSulting activity of B takes on'a particularly simple
'E B - A N . . . B

. - . SR _ T
form when_PA<<PB, From Eq. 2.32 . . o R . ..\
N = NE-eTBEY
BB A& I ~ S R
or . o
'NéPB =_YT J-eTBH "*.;,’(’-2.39)‘ o

.which is the net activity of B which can- be accumulated in. a time t.
.From Eq 2 39, the maximum activity that can be produced is YTB ;The

'exponential growth of the activity of B (Eq. 2 39) is plotted in Figure 4_7>

-as a function of the half period T, and YT The rates of production

B
-:vand decay become approximately equal after a bombarding time of about f

six half—periods

'2t3f-?ositron Décay

Positron decay40_42 is the spontaneous transformation of an

“-_'unstable nucleus accompanied by the emission of a positron. The decay

‘:7of an unstable nucleus by positron emission is one of the.three forms of""ff

;.',beta decay, the other two being decay through the emission of an.
o Lo \37‘" !

v electron or through the capture of an orbital electron by the unstable

L ‘ _‘ﬂUClEUS. The nuclear transformation resulting from p081tron decay 13 S

7'.:from-an unstable nucleus of charge z and mass M(Z) to a nucleus of -

charge Z-l and mass M(Z-l) A proton in the unstable nucleus is trans-z_'»

,iformed into a neutron accompanied by the release of a positron and a’
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neutrinor
A N - . o o s
As the -mass of a proton is.less.than that of a neutron,-positron.decay‘
of a free proton Cannot occur7 However, for a proton within the nucleus
: ! .
- the transformation is possible since the necessary energy is supplied by
the nucleus. The relationship between nuclear masses for positron decay
' e

- is given by ‘ : . . o . : R

CM(2Z) = M(Z-—l)+mo+E/c e (2. 41)
where m 1s the mass of the positron and E is the kinetic energy of the
;positron; neutrino and_recoiling;nucleus For atomic masses Eq. 2 41
becomes o ; o o :»;'-l

. ‘M (2) ?aM (Z—l)‘+,2m_ + E.c —I/c R . (2.42) -
where T is the difference in electron binding energy between the two.
"atoms.' Since ‘I 15 small compared to’ the other terms in Eq. 2-42-1: is

i

“:usually omitted from calculations., The energy released in positron ‘
,‘decay . then o o [ o
e - @) - Zn e RO R -7‘”.7"("2.;43); e
_ Vote that in contrast to other types of nuclear'decay, the positron.
'{Q.decay energy 1s not directly equal to the change in the neutral atomic ”1Trf‘
‘"fimasses but must be decreased by 2m c2 | |

After the nucleus decays, the emitted positron may combine _:

"Lwith an: electron and form an’ atom of positronium._ In quantum mechanical

"f.terms, the atom o£ positronium may be thought ofasanalogous to tH

L

't3hydrogen atom with the positron replacing the proton. All the various'; W,J“

ey .
‘.ggrquantum numbers which describe the hydrogen atom can be ascﬁibed to

?ifpositronium.; It is thought that electrons in states of high orbital S

&‘. .
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‘ angular momentum undergo’successive radiative transitions until they
reach the S(groundl-statevof zero angular'momentum._‘The S-state of the
positronium'atomlcan exist in the singlet state with theISpins of the
p051tron and electron antiparallel or in the triplet state with their
splns parallel. Decaying by two’ quantum annihilation the ‘mean lifetime
of p091tronium in the singlet state 1s approximately 10 10 secondsl

TR

Annihilation from the triplet state repuires th ﬁ; quantum annihilation

;which is a forbidden transition with 2 mean. 1ifetime of apptoximately
ll9—7 seconds. B | |

Most positron annihilation radiation results from.theAsinglet. jtr.
state of-positronium When‘the positron and eleétron‘combine‘and.
annlhllate,stwo gamma rays are emitted with an energyvtotalllng Lhe e'
bcombined‘mass of the positron and electron, 2m c2_‘ If\the momentum of
the center ‘of mass of the.positronium atom is zero’ in theklaboratory
system, the two gamma rays emitted will each have an energy of moc2 é“;‘
511 keV and. travel at 180 degrees from each other However;~it-has been‘c
found experimentally43 that due ‘to thermal agitation the average.. -
momentum of the center ‘of mass is,approximately 0 009m cz.‘ This leads
'“yto an angular distributionvof +0 5 degrees about 180 degrees for the two‘
'.?emitted gamma rays Another mode of decay that has a finite probability
hof occurring is the annihilation of "swift" positrons which occur in

g:'about two per cent of the interactions.; In this case the initial

__momentum of the center of mass is qpite large and approximately one—half

o

v‘ of the res“1tiﬂ8 photons Will have'an energy significantly greater than :lff

/

"'l511 kev,
o Some insight into positron decay may be obtained from the con--y.‘

“i.'cept of allowed and forbidden nuclear transitions in beta decay.
". . ‘ . e e . - - .



Nuclear'tranéformationsiare most probable if the change in angular
momentum between the 1nitia1 and final states is the minimum possible
value and if there is no change in parity. In 1933, Sargent44'cor-
related the maxlmum energy of the beta spectrum with the half—life of
1various nuclides He nlticed that the nuclides fell into two groups, |
one. group having half lives approximately 100 times ‘the " others gIn‘ |
1934, Gamow[*-5 proposed that: the nuclear angular momentum was responsible
- for ‘the two grouns ~ He suggested that the shorter lived group followed
"allowed' transitions with a selection rule of no change in angular

momen tum and no change in parity The longer lived group followed

Y

"forbidden" transitions with a change in nuclear angular momen?:m fgilf‘:

Vand a change in parit between the initial and final state. Ho eVer,

o 31nce this initial work newly discovered beta emitters were found which

odid not fit into this scheme The forbidden transitions were sub-
sequently divided into first forbidden, second forbidden, third

forbidden, and so on, with each of" these classes further Subdivided into :

-

»

"gfavored and unfavored transitions
| To c0mpare the half life values of beta emitters in the
different transition classes, a comparative half—period or ft '
classification was introduced by KonopinskiQG.; His theory allowed com—vrf

’ pariSOn of the observed half-periods t after allowance had been made ;fg'"
through a function "f" accounting for differences in nuclear charge and I

'the energy of the beta transitiou,, From the theory of allowed

'*transitions it was’ f0und that
.'_f:"gth; Universal canstant '
. [Pl

4,

. “where[IP1g.isbthe nuclear'matrixielementjfor"the,transition;f‘Aispecialgv"
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olass of allowed and faVofed or_"superallowed” transitions47 were fododf.
to exi§% for mirrot'duclei with ft values oetoeeo 1 x 103 and‘S X l03 ,
seconds. .Ihe-allowed andbuhfavored transitions have ftlvalues oetﬁeen
,_5.x 103 and 5.x 105 seeonds. It is usual to.speak'of'log ftvvaloes |
rather than.ftioaloes'due to the large size of the numbets: -The log ft,

valuas for superallowed, allowed, and-first forbfdden transitions are -

reépectively 3, 3 to5, and 6 to 8. The positron transitions of 11C+11l’~-

18 18O fall in the class of superallowed and allowed transitions

E respectively. >

D e



31
CHAPTER 3 ’
FACILITY FOR ISOTOPE PRODUCTION
3!1 Introduction | .

o [

The- production of short—lived positron—emitting.nuclides fl,a
‘requires/a source of nuclear particles of sufficiently high energy with
which to bombard a target nucleus so that it will readily undergo a
nuclear reaction transforming it into a positron emitter.. Two _sources
of such, particles are the particle accelerator and the nuclear reactor-
- with the majority of the shortflived positron emitters being produced
with particle accelerators The twa main types of particle accelerators
used for r;dionuclide production are the electrostatic generator and the
cyclotron. ’ | | |

The Van de Graaff accelerator at the University of Alberta is
an electrostatic generator ‘It is capable of accelerating hydrogen,
deuterium, helium—3 or helium~4 ions through a potential difference of
approximately 7 MV Figure 5 shows the principle of operation4§-of'a”
- Van de Graaff A moving insulated belt charged positively by corona '
'discharge at- the base of the machine: transports this charge to the top
A.of ‘the machine at which point another corona discharge removes the tv

fpositive charge from the belt,rtransferring it to the terminal sphere.

- In'this manner, the terminal end of the Van de Graaff can be charged up

' toa maximum of 7 MV The highly charged terminal sphere is connected

..L‘to the accelerator tube into which positiVely charged ions are injected

':‘at the top These ions are then accelerated down the tube by the f?:tf‘
electrostatic field The Van de Graaf accelerator is enclosed
"0

.Z in a. pressurized vessel containing an insulating mixture of N2 and SF6

| _'gas which suppresses electrical discharge and prevents destructive firea.f}7f
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' For the efficient production of positron-emitting nuclides,
the accelerated_beam should p%sseSS'sufficient.energy-to allow the>
‘nuclear reactiqnuto\proceed and a high beam Surrent well focused on the
target. It.is important to monitor various parameters of the #-periment'
is to ensure the production of.the radionuclide of interest.' Important
aspects during the'production are: 'the.status of the Van de Graaff,
the vacuum in the accelerator and.heam tranSport tubes, characteriStics

of the accelerated beam, and.the amount.of beam striking the target.'

During the production it is also necessary to protect the Van. de Graaff
should a failure occur. either in the irradiation cell or within the

accelerator and assoqiated beam line components. Another important

ks
Al

. ;- '
aspect to consider is that" adequatenshielding be provided to maintain
the radiation within acceptable-limits,

3.2 Construction'of the Facility'for Isotope Production
Initial experiments for the_production of pOSitron-emitting'v

: nuclides were’ carried out in the main target room.. The reactions used

PR

to produce the radionuclides were found to yield a high nTutron flux:_f

whlch proved difficult to shield with the existing target room facility
. ¥ s R
In order to keep the radiation within safe levels, it was necessary to
A :

.'keep the beam current relatively low ( 309nA) Thisﬁ@eam restriction
adversely affected the quantity of radioactiﬁity which&could be pro-.lp~_‘g:

duced and therefore -a new facility was constructed which provided
. . )
adequate shielding while allowing an increase in beam current to :

Y

approximately 20 uA

v
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The new facility was'c0nstructed-directly‘beneath theAVan de
Graaff in the.basement of the Nuclear Research Center;‘.The placementhof
this facility-offered.two immediate advantages. gThe:first.vasian‘oveff"
‘all incgease in'beam current since:theynew beam lineihad no:momehtu;
analysis. The second was ease in providing the . neceSSary shiélding for l‘
the egperiment. The floor and three of the walls in the new targef room |
were surrounded by earth, and the forward motion of the beam was di*'ctedg
Aat the floor of the room. Therefore, it only remained to- shield the
- remaining wall and prevent the neuttons from- being scattered upwards

To provide adequate shielding fromcthe radiation resulting
from the production of positron-emitting nuclides it Was first necessaryiih

s

to determine‘the type-Of radiation. The nuclear reactions used in the

production of"llC and l8F both produce neutrons as a direct consequence

w0y

of the beam interacting with the target. This type of radiation,

rdirectly associated wfth the operation of the Van de Graaff is referred'

' _to as a prompt radiatiOn field An understanding oi the prompt ‘ﬂ,f'i ""‘

radiation field requires knowledge of the primary interactipn in the l:: .

target and the subsequent interactions of the reaction products with the-}-

: accelerator structuri!and surrounding experimental haterials and shield-_f““
“ia g- A second radiatiOn field may be described as a residual field
since it remains after the accelerator is turned off In this case, the nf

‘ main source of the radiation field is the gamma radiation involved in f |

the decay of the positron-emitting nuclides.. Residual field shielding

v

.will be discussed in Chapter 4

The 6 30 MeV proton beam used in the production of 110 through Co

ther B(p n) C reaction produce849 a neutron flux of approximately



1 xlO6 neutrons/ (MA-sec* Ster), which {is “the main source of the prompt

radiation field The beam of protons incident -on the B, O, target pro-

2°3
vides a beam of neutrons predominantly forward scattered with energies
of approximately’3-4-MEV?ov The 6.5'MeV deuterOn beam used‘in the proF'

s, © 20 .. 18 SN .
- duction of F through the Ne(d a) F reaction produces a prompt

radiation field of neutrons: via the deuteron stripping process. In this

process, a target nucleus has a certain probability of capturing the

.proton of the bombarding deuteron, permitting the neutron to continue in
Vs’f&

: the forward direction with approximately one-half of ‘the original

deuteron energy ' Another 'source: of. prompt radiation in the 18

.,reaction is due to the ionizing action of the alpha particle _HQQQVef’iS...

‘this does not contribute significantly to the prompt field The-prompt
- radiation field in both the': B(p,n) 1o and Ne(d a) F reactions 1s

dominated by fast neutrons where a. fast neutron is generally defined as

- »’

hav1ng an energy greater than l MeV Neutron radiation is attenuated by o

Y

‘,the inverse square of the distance between the source and the observer

- and by absorbing and scattering the deutrons in a- solid barrier of the
‘happropriate material S
To provide adequate neutron shielding, it is important to S

understand how neutrons interact with mat:ter.sl1 54 Since the neutron

gcarries no elecrrical charge it will not produce ionizing radiation ;:»
' directly, but instead will interact with the nucleus in 1nteractions D

: which are strongly dependent upon the neutron energy. AInelastic fiduh>"'

scattering of neutrons by nuclei occurs when the neutron energy is in _f =

v.the region o£ l to 10 MeV. In this case, the nucleus absotbs the

v°neutron and recoils,_ A slower neutron is then emitted along with e
o : f’ﬁ:p’?
gamma_radiation. The probability for the inelastic scattering of S
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neutrons increases as the atomic number of the target nucleuS'
P
increases. > For neutrons in the energy region of 1 MeV to 0 .01 MeV
the main mode of interaction is by elastic scattering, particularly with
very light nuclei In elastic scattering the neutron can lose some or

all of its energy to a recoiling nucleus. At neutron energies less than

0. 01 MeV, . the neutron may undergo radiative capture, in which it is

'absorbed by the nucleus with the nucleus recoiling and emitting a pro— '

: 1nteraction cross section of hydrogen for neutrons has a high absolute

\

“ton or alpha particle accompanied by gamma radiation

The important steps in the shielding of fast neutrons are

first to slow the neutrons down through inelastic scattering wlth heavy.f

nuclei and then to remove them from the radiation field through elastic g
scattering and radiative capture.g The presence of hydrogen in the

shielding ?ii}um has a marked effect upon neutron attenuation, since the'

} value which increases with decreasing neutron energy 56 As a result of ;;7' :

'an 1nteraction with hydrogen, a neutron experiences an average loss of

one—half of its initial energy, as it has/essentially the same mass as

the hydrogen atom, this 1oss of energy increases with increasing angle

: of 3catter of the neutron.. The differential neutron scattering cross

sections of hydrogen are isotropic in the center of mass syatem in con-g’.

"ill trast to heavy nuclei where there is a higher probability of scattering{Tﬂ'

f nuclei causes either a decrease in the initial neutron energy or

in the forward direction. Therefore, it ig advantageous to use hydrogen.'% in

\.4 . L

- in the shielding medium because any interaction of neutrons with theae e

\ K ‘\"

scattering at large angles from the initial direction, thus gteatly

__'reducing the probability of neutrons passing through the ahielding._; '

|
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In the design of the shielding enclosure for the radionuclide
production facility, concrete was chosen .as the major component as it
contains enough hydrogen to be an effective neutron shield ~To, limit
the radiation to a small area near the actual radionuclide production B
site a ‘small encloSure was built around the end of the beam tube (see -

Figure 6) The walls of the enclosure were built from concrete blocks

{
to a total thickness of 0. 59 m and an inaide height of 1 97 m (Figure 7)

~To prevent skyshine caused by the backward scattering of neutrons, a [_

roof was- constructed on the enclosur% consisting of 2 ;5 cm of steel

‘ . plate to moderate the neutrons and 0. 41 m of concrete blocks to reduce

the neutron flux. Calculations57 have shown that the design of such an

enclosure should attenuate the neutron flux by a factor of approximately_ll'“
‘>560. To test the’effectiveness of the shielding under normal operatﬂng

'conditions, a "tissue equivalent" dose—rate for neutrons was measured -_.1;1"'

1ns1de the enclosure for comparison with that meaSured outside.' The

:_ neutron;dose inside the enclosure was 3 5 O 2 rem/hr while the dose
y measured immediately 0utside the wall was 10 ‘ 2 mrem/hr Thus, the B

L effectiveness of the shielding in the horizontal direction is such to

o reduce the tissue equivalent dose by a factor of approximately 350 |

(i
}

33 Monitoring of Beam Conditions ',

In order to control the amount of beam striking the target it.fgofflf

is necessary to monitor the various effects the accelerator has on the

beam characteristics Some of the beam characterastics that should be .,QT',

monitored are" the beam current, reflecting.the amount of bombarding

ions present,\the position of the beam relative to the target and the RN

spatial/distribution of the beam normal to its flight path
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In the new facility there are two positions for monitoring the_ »

.

beam current alOng'theream line. One is Just below the analyzing mag—‘

net while the other is on the target of the radionuclide production cell

' (see Figure 8) The current monitor below the analyzing magnet consists

l
of a Faraday cup to collect the beam chrrent during the initial beam

‘lfocusing This monitor is water cooled thus allowing it to be left in
.place until a stable beam is obtained after which the monitor is removed'if

' from the beam path and the beam allowed to travel down toward ‘the radio~

- nuclide producing facility The second monitor provides a direct

reading of the amount of beam striking the target this‘vaer is used'asv'

Can- aid in focusing the beam on the target The current on target is

ralso used in calculations predicting the quantity of positron-em%tting fd*

: nuclides being produced

2
-

~ Two monitors are used to locate the beam with respect to the

'target One is a four—way current monitor located 10 cm above.the tar—g;d}:

"_‘get and the other a beam profile monitor located 30 cm above the target

(see Figure 8) The four-way current monitor consist‘s of four pie—-

“J.shaped pieces of 0 5 ,m thick tantalumJ‘ Each section\is electrically

b

finsulated;and the monitor c0nstructed with the four sections equally

‘,spaced around a 0 5 cm diameter hole to,allow the beam through to the ;:t_'it:
'aitarget If the beam is off axis, it will strike a section of the moni—vvff-ﬁ“

Z”Q,t Through refocusing, the beam can. be "steered" off that section,

through the center of the monitor and onto the target The second

';”monitor, a beam profile monitor, developed and marketed by National

l‘Electrostatics Corporation, is used to masure the intensity diB- '. »'.:-' Do

'*tribution and position of a beam of charged particles., A single wire
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formed into a 45- -degree helix is rotated -about its longitudinal‘axis in
"the vacuum of the beam tube Lt sweeps across the beam in ‘two .
forthogonal directions approximately nineteen times a second The secon- )
dary electron current released from the wire as 1t intercepts the beam"

. 'is a'measure of the beam intensity The horizontal axis- of the monitor_
.can be adJusted to. display an accurate profile of the beam thus
‘facilitating accurate centering of the beam with respect to the target‘

\-‘and providing a cross sectional visualization of the beam. f? .

A separate control unit was constructed to aid in monitoring

the experiment This module displays the open or closed status of each g

i valve in the production facility * It also coordinates the current

‘ measurement of the two current monitors and the four—way current monitor ?

| and permits the measurement of the temperature within the target celig :

LI | A separateivacuum.system was installed for the new facility.to'ﬁ"

‘maintain'the high vacuum necessary for efficient Van de éraaff operation.Li,

The s stem Was constructed to independentiy maintain a vacuum of approx—_'
timate§> 1 X 10 -6 Torr in thﬁ section below-the fast-acting valve..;Twof'f
Adifferent pumping stations were incorporated one a mechanical pump .

4ilocated near the bottom of the beam tube and the other a six—inch

-V'mercury diffusion,pump and cold trap located on the roof of the

'fshielding enclosure The mechanical pumpvwas.used ‘to 1 .er the pressureﬁviv

\

'“to approximately 5 x 10 3 Torq\ at which point the diffusion pump and

P

i cold trap further lowered the pressure and maintained the vacuum at i"

f”approximately 1 X 10 6 Torr. A thermocouple gauge was uaed to monitor

4-the vacuum at the‘pressures at which the mechanical pump operated A'; L

:Philips ion gauge was used for remote high vacuum monitoring While thiﬁdc.:.;

“a e o . Co - .‘ e,

,experiment was in progress. . p QT', ‘f"”V't' e 'Q'Yf7"
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‘3.4 Protection of the Van de Graaff ' '
To understand the need for a system tolprotect the Van de -
‘Graaff against a failure_in the experiment, a.brief explanation-offthe

radionuclide production cell is necessary. The beam of incident par-~

ticles from the Van de Graaff enters the production cell through a -Q

5 x 10 -3 mm thick molybenum foil This thin foil separates the vacuum o

in the beam tube from atmospheric pressure within the radionuclide pro— S

fitheir energy is lost and appears in the form: of heat Should this hea

v oo

' ductiOn cell As the incident psrticles pass through the foil some o[.f

.be allowed to build up, the beam could eventually burn a’ hole in. the SRS

['f011 causing'it t0~rupture. To reduce ‘the- chance of this happening, thef

Alf'“

'foil is water c001ed However;*if a failure should occur in the‘

: experiment causing the foil to rupture, the gas at atmospheric pressure 'fi]

'1n the-production cell would rush into the vacuum of the beam tube

A forming a destructive shock wave that c0uld travel with a velocity as .

ﬂ high as#§65 m/sec. To prevent this shock wave from damaging the Van de L

/-

Graaff, a fast-—acting valve was ’installed in the beam line that will» .

~

‘.1close should an increase in the pressure of the vacuum section occur;.fA” ]

25 msec fast acting valve and associated electronics were chosen to ﬁ"

fprotect the Van de Graaff The valve was located as far as possible_;j

’-from the entrance foil of the gas cell and yet within the beam line,ffh‘

'ilused for radionuclide production., This valve was installed just below

f

"f;ﬂthe analyzing magnet approximately ten meters from the entrance foil

“-

'f'and vacuum sensors. The vacuum sensors consist of two vacuum gauges, ",g;*1

'vnvlaeach one capableajf releasing the valve._ The gauge supplied by

: che manufacturer will close the valve if the Pressure rises T

2

."ab°"e 1x 10 Torr- . -~T0_ 1n¢,re£.182.':_th.e'-‘plfpt;ection', an’
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additional gauge was installed to close the valve in the event that the \
pressure rises above 1 x 10 ~4 Torr. Should a- rupture in the foil occur,»
_the increase in pressure would be detected and the fast-acting valve -

25 msec, preventing damage to. the Van de Graaff,

would‘ef
’?ns indicate that the shock waveshouldreach the
[n approximately 10 msec, which is faster than the.

ffthe system. However variOus sections of the beamr4~””"

;ns which have a baffling effect are a 1. 5 cm diamete
the four—way current monitor located immediately above the .

léntrg ;g-ndow and a- 2 5 cm diameter oollimator located above the beam -

» .-profis zfnitor. There are also sections of the beam tube containing
"t ?tions which house various instruments and provide a dead space ;54
.into E.the shock wave can expand thus producing a diffusing effect.

i 0 order to test the effectiveness of the fast—acting valve,

,41

~ttaking~inf iccount the above parameters, the following procedure was

f"carriedijz A Small known volume of helium was admitted into the

. jvacuum f ‘{;m at "’ the p031tion of the thin foil entrance window and the

~¢:amount o'_helium that escaped past the fast—acting valVe measured with

A helium sensmtive detector A measurement of the amount of helium 1v-,*'

. ilbactive The results indicated that less than 0 1 per cent of the 10 cm3}

v,_reaching the detector with the fsst-acting valve inhibited whs com-'7?""'

':'4pared with the amount of helium reaching the detector with the valve

’id'volume of helium escaped past the valve., Failures during actual

-

:'iujexperiments have shown the valve to be fast enough so that no increase

‘in pressure is registered in the vacuumlsection of the Van de Graaff



CHAPTER 4 .
,. ~ PRODUCTION AND UTILIZATION OF 'co,
‘ 4.1 :Introduction
v " The nuclear;reaction B(p n) c, used for ‘the production of

1 N
C, was chosen for several reasons. The target material B 03, is - °

. %x(\.
" readily available and the reaction has a relatively high cross section.

The'only significant competing reaction, 18 O(p,n) 8F accounts for 1ess
'than one per cent of the total activity.58 Due to the high chemical

reactiv1ty of 18 F, it will combine with molecules in the target cell

.02'. S ERER

and not be collected with the
' The target material chosen was boron trioxide made from ”

‘ “atufally Occurring boron with a lB content of 80 22 per cent. _vrue R

-target was pregared by heating 1 O gm of B2 3 ‘to 500° C to melt it into

.an aluminum dish ; After cooling, the B2 3 formed a glassy disc 2 7 cm ;:,‘

" dn, diameter and 0 3 cm. thick The energy loss of a beam of 6 0 MeV

‘-protons in boron is approximately 130 MeV/cm, thus the yield for the -
11B(p,n) C reaction can be conaidered a thick target yield

The nuclear reaction 1J’B(p,n) C has an effective Q value of

\

approximately 4 MeV and a high total cross section with a large

‘;resonance at 6. 0 MeV (Figure 9) The amount,of llC produced from
\ ' ST . R . S
this,reaction ¢an be calcul&ted using\&a 2 38

' . 1'3 P = NANXO.(]__ t) . { SRCEE g (4.1)

number of tar8et molecules ;ﬁ';'V'“ﬁjjf'f. R
«~._ L S T PR RN

o
[}

2, 2 x 10

"f%;N é’number of bomﬁg%ding protons f'jv,‘

6 24 X 10 /uA°cm2-SeC:-“3.'ffxjhf‘aiﬁA*d;H”"igzolkri"i{_;:ﬁff
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' “~ - ) . - N [ /
0 = reaction cross section .-
N "= 4,00 x 10723 cn?, /
’ o - 11 ;
and . P = probability of "7C decay -

»,<
-\

5,78 % 107 /sec1 S

Thusy -
- 4

=5. 78 ¥ 10

"NBPB = 5.4.x 108 (1 Shsee 0 4

-

Thé‘solution of Eq. 4, at t-oogives the maximum activity of 110 that

can be produced 14 6 mCi/uA.- After a bombarding time of one. hohr, or .

‘three half lives of llC ’12’9 mCi/uA of 11C will have been produced

: which is 87 per cent of" the maximum yield value. o :

".4 2 Productiou System s
The system for the synthesis of llc labelled carbon dioxide

o consists of_a'llc production cell a gas flow control system, various

chemical traps and a collection and storage system (Figure 10) The;

'llC production cell is a. stainless steel chamber containing the 3203

itarget The target 1s 1ocated directly beneath the thin entrance foil ;fgi

_ which separates the atmospheric pressure in the production cell from

..the vacuum in the Van de Graaff ﬁhe B 0 target ia poeitioned so that

'protons emerging from the accelerator tube will interact with the tar-b.

K]

ﬂ‘get,bproducing ll

hwill tend to combine with the bxygen in the: target in an attempt ‘to

complete its outer shell of electrons.w As the target is in a molten

"state during production, the resulting mixture of 11 11

. 4
e

1re1eased from the target, lvhig'fd':”{”tl ;y,i
The rem.oval of the 11C-labelled carbon mondxide snd carbon

' dioxide from the site of production is accomplished by flowing helium

c, and locally meit the B2 3. target. The.;lc produced fild-

co and co2 will be -



48

- (2, 008} 30VN¥NJ _ ¥3ddOD | IZ 38 R

S 3ugos -
-7 Jovdois~aval -

_.,@wm,of.wmqu,w,lw...‘ L e e
Lo dver asnvexa

-
_
AA,.nu:m¢m.pwu_quomwzouy__

" B

!

J

R e -

—

I mow

AV R

o #"‘\\:SSF\
- "
ANV Y
o

ANV Y

139uvi fog—

l

. B

N N



49
gag.through_the system at a'controlled rate. Helium was,chosen'as a
carrier gas because'itrhas<a‘relatively.low cross section for proton -

induced reactionsr, Also, it is not affected by the low temperaturé

aregions—ofrthe"coliection*system*and*tsrchEmically.1nert. The amount -

i'ofsllco~and 11Co2 carried from the 3203 targetlto the,trapping-system

is- dependent upon the rate of helium flow A gas control system was

developed to. provide a method of circulating the helium carrier gas.

.'throughsthe system at a: controlled rate. ' The control system (Figure 10)
_consisted of a double needle valve with a vernier control coupled to. a __':
flow meter. Valves at eitherlend of the system provide shut~off controlrly.
The rate at which helium enters the system is controlled by a gas ajyf'
regulator providing an injection pressure of 0 63 kg/cmz.. ‘A millipore
,filter was installed in the gas line at a point just prior to the pra-ifi -
!duction cell to- remove any foreign material having a diameter greater than

Athan 0 45 microns.; The complete gas flow system was then sealed to S

-

s .prevent the llCO or 11002 from escaping into the atmosphere, and the Q.{l‘”;

system calibrated to- provide a controlled helium flow rete variahle from :ih
0.1 % O 05 ml/min to 200 t 10 ml/min.‘ The helium flow rate used in the

collection of 11002 was 100 ml/min.g';,,”'

11}'T The gas mixture leaving the production cell was found to haVe wt‘l‘

: 1 11

CO / CO ratio of 3 1.: To obtain pure CO2 frOm the gaa stream,

réh 11CO must either be removed from thi system or conVerted into-11602 '

sThe removal of CO can be accomplished throhgh the use of variousa '
11

: .‘;chemical traps specific to CO or through the selective freezing out of“*

- f be accomplished by passing the llco over CuO'heated to 800°C. A

11

h}the desired product from the gas mixture. Ita conveﬁsion to 002 csn 4’7~”
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\
The efficiencies of the various collection techniques were

measured using a series of traps, and then counting the activity in

each The simplest method iLvolved the preferential freezing out of

.IllCO from the. He,llCO and 11CO mixture The'large difference in the

2 2
freezing points of carbon dioxide and carbon monoxide,.—78 C and -191 c
respectively, aids in their separation The selective removal of ll co

from the gas mixture was accomplished by flowing the gas through ‘a .
qcopper coil 8 m long with a l 7 mm bore cooledin a bath of isopentane

chilled to —159 C _ This method has an efficiency of about 90 per cent

| for the collection of 11 2, ‘but does not utilize the l;q.in‘the,carbon :

- monoxide labelled molecules RN

11

Another method for the collection of CO involved the use ofq

_ 2
5 11 11 o
_chemical traps to remOVe the CO2 and CO from the gas stream. The

;gaa mixture was bubbled first through a solution of 1. 0 M NaOH which

: removed the ;‘ICO2 and then through AgZO powder which removed the 11

o,
| 7;The chemical traps were found to have an efficienby of approximately

11CO was not utilized. .:»‘ru

To utilize the llC inc rporated into 11CO it was necessary

'11

>'99 per cent but again the activity in the

hto convert the : CO‘to CO and then coilect the resulting CO Thef'.7"'

Aj’-conversion'of 1100 to llCO2 may be accomplished byf eating the gas

_'-mi7ture to 800 C in the presehce of " oxygen and the catalyst c0pper {j;“t

..oxide.» To aid in the conversion anAelectric furnace was constructed

v.."

'-the main body of which consisted of a quartz tube 15 cm- long and 2 5 cmf,{ T

lfl;in diameter The heatihg element Was made from a 115 cm length of

: nichrome resistance wire which was first coiled and then wrapped around,;hi*f'

;the center of the quartz tube.v The coil was then packed in asbeetos

s

.'fand a pyrex tube 7 5 cm long,was used to cover the heating coil and

-y "
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asbestos The pyrex cylinder was wrapped with eight alternating layers
of aluminum £o11 and fibErglass tape to- provide thermal insulation.

The catalyst (COPPE'r oxide) was packed into the’ central region of the '
quartz tube enveloped by the heatin\\coil Approximately 200 watts of -
-power 'was applied to the heating coil to provide a temperature of 800° .

Upon leaving the conversion furnace theHe,O and 11002 entered h

: 2
a3m -copper,coil. The coil was suspended in a cold bath of iso-
pehtane which,froze out the ;;CQé; The helium and oxygen in the gas

_mixture with boiling points of —268 6° C. and ~183 0° C respectively,

‘ fwere not affected by the cold trap : Only the _.11C02 was removed

Typically 50 mCi'of llCO2 was collected in the cold trap ,.3.

representing the major source of the residual radiation field involved

in the production.of l C. To provide effective shielding for the 1}d éﬁﬁv'

a lead container was designed which served as: a means of safelyztrans—’ifffh':

'porting the radionuclide. The lead container was constructed with &

"wall thickness of 4 5 cm and a total mass 'of approximately 34 kg. .

| .

" The effectiveness of this shielding was determined by comparing the RS

j’dose—rate in51de the lead container with that on. the outside sutface ‘_:.97"

i_Calculations based upon a 50 mCi source of 1CO2 inside the lead con- ’;f?’*

djftainer indicated that the dose-rate inside was 250 Rem/hr as conpared

L with a,Itmerrate outside of 10 mRem/hr. The,dosefrate;at_one meter.fromj'r'
P T T ORI o

‘the lead container was 0. 02 mRem/hr._»i.'i.g

'"_'4 3 Analysis of lc zj.‘
Quantitative analysis of the llCO2 was accomplished by'moni-

f_toring the activity collected in the cold trap ' The monitoring involved;‘”

"'detection of the 511 keV gamma rays, resulting from the annihilation of
¥ , : , P T T

. i B
~ - L
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11

the positron emitted during the.decay‘of C, with a. 7 6 cm X 7 6 cm

vNa(Tl).scintillation.detector. The output pulse of the detector was -
fed, via a preamplifier and amplifier, into a single channel pulse
height analyzer which accepted input pulses cornesponding to gamma-ray

, 'energies between 485 KeV and 535 keV _ The output pulses of the

'analyzer were then fed into a scaler which provided a measure of the -

. .

number of 11C atoms that had decayed ' The detection system was. calibra-‘ﬁ:

_ted with a standard positron source (2

A

Na) After background substrac— L
tion it was possible to convert the number of events recorded by the

-scaler into the amount of activity collected and hence into the number"

.of 11C labelled molecules collected in the storage container.l'

m

Two methods were used for the qualitative analysis.»,Ihefi f;t:'
- energy Spectrum of the radionuclide in the cold trap was measured with
-oa Nuclear Data 180 multichannel analyzer., This provided a measure of

the gamma-ray spectrum up to 8nergies of 1 5 MeV This Spectrum was 1.,,

’hifcompared with that resulting from the decay of llC and served to ;g

“:indicate those radioimpurities whose decay resulted in the emission of

'vxgamma rays with energies differing from 511 keV The results indicated B

that the ra?iation preSent arose only from Sll‘keV gamma rays.;;i

A more detailed analysis af the constituents in the cold trap |
11,

 was necessary to reveal the amount of CQ and any nonnradioactive con—'«'j"

.‘ytaminantS'present To achieve this an Aero Vae 722 mass spectrometer
.T:fwas used to analyze the gas mixture~‘ the . instrument indi¢ates the !j._,,
1prelative partial pressures of gases present in the System. The AetO‘Vac?'“
,,fi722 mass Spectrometer has'a deteczisn sensitivity of l part 1n 107 and :;;'

may be used for the analysis of gaseous compounds having molecular

‘”ffiweights between 1 and 100 A sample injection system was developed 'fli‘f



.;that allowed direct sampling from the llCOz»storage coil so as to-
eliminate unnecessary contamination during the analysis

Qualitative and quantitative analysis of the different
1

recovery techniques was undertaken to determine the best method of COZ'"”“”

collection An analysis of the gas COllected in a liquid nitrogen trap,

before any processing, revealed the lCO / CO ratio to be approximately

3:li_ A. sample of the gas mixture taken after it had passed through the
X copper furnace and was trapped in liquid nitrogen indicated a CO /

‘ratio of 100 1 " An analysis of the gas having passed thrOugh the copper
g A
l .

furnace and then trapped in the cold bath of isopentane revealed no l-CO;,:L‘H

present within the detection sensitivity of the mass speCtrometr ’lThefdi,'

“only other gases detected were & small quantity of water vapor, present
:in amounts of 100 times less than the ;l 02, and the carrier gas, He. ;-

As indicated by the above analysis the recovery syStem which

'A'yielded the purest 11GOZ content used the copper furnace to reduce the

'A‘llcO to 11CO2 and then collected the ll

:‘Other recovery systems that have been reported6; use liquid nitrogen ‘
"cold traps to recover ll 2,Aand hence trap small quantities of 1CO and

3ff 2 . The cold trap of isopentane/at —159 C operates above the liquifica- .'
' ~ftion temperatures of these gases, thereby permitting the collection of
Cla purer sample of - CQZ;--

4, 4 Utilization of llco2
S In lung and heart diseases there may be marked changes in the

\

in Lung Function Studies

“'distribution of gas and blood to the 1ungs., The changes can canse o
. ’ B ‘ v

CO2 in ‘a cold bath of isopentane. ﬂ~

3 twideSpread alterations in bodily function and can be of Clinical y;.'_~.5i

“_'importance. Often the physiological and/or anatomical anomalies can be ffi;;'




o respiratory gases —’oxygen, carbon dioxide and nitrogen.‘

detected by clinical examination and with the aid of‘radiography, but‘
vthese methods of gross. evaluation may be misleading aad fail to. detect
_-small changes in local blood flow and gas distribution. With more com—
vplicated radiological evaluation (e g bronchography, tomography or - '"'f“ff
"pulmonary angiography) anatomical changes in different regions of the 'l
‘-1ungs can be detected but the methods. do not give a measure of local
physiological conditions. = ;;l-'l | : / |

The use of radioactive gases have made the studL of regional

1

lung function much simpler.. Xenon-133 was one of the first radioactive ,‘_p“"
uzgases’to Be'used 62. but initially resulted in 1ow precision measurements ‘;:j

. ”of local ventilation and 80" was of limited value., However, the technique, y

133,

: of using Xe in the assessment oi regional lung function has since

‘improved and it is now used routinely in measurements of regional ven—‘;

tilation and perfusion (blood flow) of the lung.§3 64 33Xe is a ‘h;.? ’

nonphysiological gas there was interest in labelling physiological
vgases have been used in pulmonary function studies in the form of C

_1abelled 0 and. coé 6769 13N Labelled N270 ' 1 O—Iabelled co co2 and

L 71-74

The advantages of radioactive gases.uaed to“mahe regional

. ;assessments of ventilation and blood flow, without discomfort to the g;lg,?

' <{patient, needs no elaboration;. Tests require the simplest of manoeuvers
A:'from the patients, with breath holding the only deviation from physib— U;g;

S logical conditions.» L; j;.d‘f“fh |

A technique for measuring regional perfusion and ventilation in

11‘« |

1 f:the lung using a radioactive gas such as 2, that 13 taken up by._heh

,"-,"::_.l'ung- f 'is’ ,_s.h¢m3 j‘ifn?i ng_:'g" 11 The, g.ngij‘éct, inhales a ,sin_g'le }sieat':iz;; of' ééé’;;éﬁa’ "

”,'holdsfhisvbreathAfOF;lOftq-15ﬂseb4CrScintiliationfcountégghgrrangadf;3“
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‘ ‘activity in a region of the lung displaying one of the above respir

%
anteriorly and posteriorly to tne chest record the activity of the gas "i
'1n well—defined ‘volumes: of the lung between the counters Onv :;-/
1nspiration, radioactivevgas enters the counting field, therefore there
sis-at increase in the counting rate that is related to the ventilation :
'_of the particular.region of the lung being examined ‘ During_the short
breath holding period radioactive gas is removed from the counting
;field By pulmonary blood the fall of the counting rate or clearance gégf.'
rate® yielas a measure of the regional blood flow._-l | :
Pulmonary diseases75'such as asthma, chronic bronchitis, and
emphysema have - the effect of causing a decrease in the number of.

’

‘alveoli available to take part in gas exchange. A measurement of the g

tory diseases would show up as a decrease in the initial riSe of
‘activity (Figure 12) ' Other pulmonary disorders such as pulmonary

«ﬂembolism restrict the amount of blood perfusing the alveoli. Such -an - ‘f”*
: feffect 1s noticeable when monitoring the activity of a rggion of the

?ilung demonstrating a decreased blood flcw as the initial rise in dif»)f}

[.activity does not decrease with time, but remains relatively constant

:."during the test interval (Figure 12)
The study of radioactive gases in regional lung studies at thel €:i

".~bn1versity of Albesta is facilitated by a radiospirometry system

J;developed76 7? within the Division of BiomedicaL Engineering.; This f
1-;fsystem uses:}33Xe for the measurement of regional lung ventilation and

‘; perfusion in patients and animals and has been adapted to use 1}002*as’5

!‘

"“;the radioactive tracer.‘ The syatem comprises sixteen, 2 54 cm diametar x. 7;

‘il 27 cm thick NaI(Tl) scintillation counters, eight mounted posterior to ‘;)

y;*and eight‘mounted anterior to the chest (Figure 13)* ”Eadh\posterior .®»e5~“v
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detector is paired w1th its corresponding anterior detector‘tatform a
colinear pair. Four pairs of detectors are mounted over each lung so‘
that each detector pair views a different region. The output signals
from each detector of a colinear pair are summed by the preamplifier

The output of the preamplifier is then passed to a linear amplifier ahd

then through a single channel analyzer which provides an output pulse
for those input pulses corresponding to a 511~keV gamma ray emitted
’during positrOn annihilation The data from each single channel

analyzer is. fed 1nto a scaler which : records the number of pulses from

the particular scaler for specified time intervals,i The information A;“
'from each scaler is transferred by a CAMAC dataway system to a Hewlett-'
_ Packard ZlOOA computer system for analysis and storage. This system

permits on~line data processing and display. o

! To test the radiospirometry system, a phantom was tonstructed

AVthh con81sted of a two-liter air bag used to simulate a lung. The
phantom was located ‘over" ode row of detectors and then attached to a

. ventilatdr (Figure 14) The phantom was ventilated with room air to

.ye

: 51mulate the ventilation oﬁ a test animal At the end of an expiration

:icycle, corresponding to the functional residual capacity of the test_J'”jx

.‘

animal CO2 was introduced into the phantom. This was followed byA_f}i**‘

'1the inspiration cycle of the ventilator to wash the YICO into the ;f e

2

“,fphantom and inflate it.g At the end of - inspiration, corresponding to theﬁi*f

""inspiratory capacity of the test pnimal, the ventilator was shut off for;ji}

ﬁfjfifteen seconds to simulate breath holding., Atltheaend of this'time'”he?ji?#

’ :ventilator was switched on allowing the ventila,ion cycle to continue,‘-'

'",fwith the expired 11 2 collected in an exhaust system.‘ The results of

'Qiitests with the phantom indicated that approximAtely 350 uCi of 11c éﬂ”p_ifd]i
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‘ 61
shoE}d be administered to-achieve a.count of 5,000 cps for:each '
4deteCtor.psir, |

‘It was planned to further test.this system by3neasuring
regional ventilation and perfusion in:dogs. ‘However,ldue to qn\
socident with the Van de Graaff such a test was not‘possible. The
resultsﬁon‘similarLQeasurements.of dogs78’79'reveal thst the perfusion _
per unit lung volume is nearly the same for upper¥and'lower'regi0ns of
the lung in the-Supine poSition.’fIn the ereot.position, the perfusion
'per unit.lung uoiumeafor the~lower region is greater than tHat'for the

‘ upper region. When in the supine position, an anteroposterior perfusion ’

gradient is also present. The relative ventilation in the lobes of the

. dog is also effected by posture and is markedly reduced in the upper

‘region of the 1ung when. the animal is tilted from the supine to the
Uprlght position Results similar to these have been shown in normal

human subjects.-8'0
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CHAPTER 5
PRODUCTION OF '8F-LABELLED URACIL
- / .

5.1 Introduction

Fluorine-18 was produced through the'deuteron bombardment of
e -

204 and used to label uracil, a pyrimidine baﬁe. Although 2'-

vdeoxyuridine will ultimately be. the labelled compound, uraciﬂ was used

|
I

1n‘its place because the'labelling process is the same for both
| molecules, and uracil is more readily available and less expensive than

Y
2! —deoxyuridine; Although several other nuclear r'.ction381.8

have'
been used to produce l8F, ‘the 20 Ne(d a) F reaction was chosen because :
of its relatively high production cross section (Figure 15) and the fact
that there are.no significant competing reactions,when the incident .bi

“deuteron energy is less than 9 MeV 83 84

The target material was composed of naturally occurring neon.
gas in wh1ch the 20Ne content is. 90 92 per cent The total thickness_
.‘of the target was - 26 cm, which corresponds tp a 3 4 MeV energy 1oss forb

.the 6. 5 MeV deuterons that were used in the production The threshold»,

for the-2~Ne(d,d) F reaction‘is given-by Eq.‘272313s‘

=0, * Qg (2.23)

Qges

2 "Me'v

1

The neon target may therefore be considered a thick target for the pur—f"_

. \-- .
pose of calculating the . yield.‘ From Eq. 2 38, the amount of 18F

v produced at any time tvvia the_? Ne(d,q) F_reaction is,

"B .\E‘Fc’(l R T A A
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‘ 5 5 hrs, corresponding to: three half—periods of

64

‘number of ‘target nuclei

.where' NA - . el ' ‘ o
=1 x'1029,' L ' o
NX,= number of'bOmbarding;deuterons‘
=6.24 x lolz/uA;cmz-sec,
g =_reaction cross section-
= 2.25 x 1072 ca?, |
Cand P, - probability of L8F decay
o ='1.05 x 107/séc.
NéPB-= 2.95 x'lbs flfe_(¥‘quxflQTaﬁ)]/ha'set'i‘. :i (5;2)

where't'is measured in seconds.  The. solution of Eq. 5. l at t‘-GOpro-

.18

'vides the maximum yield oﬁ F that- may be produced with an incident

| deuteron energy of 6.5 MeV 8mCi/uA. - After an irradiation time of
1 F 7 mCi/uA will have

been produced which is 87 per eent of the maximum yield.

é Production System
The . system for the production of 18F consists of ‘a gas
‘target productibn cell, 2 reaction vessel where uracil is fluorinated
' and a, closed loop circulation system :thb 18F production cell consists

"of a 26 em x. l 5 cm 1. D. stainless steel tube which contains the ZgNe _3

'target gas The production cell is situated directly beneath the thin (AR

hfoil entrance window which separates the vacuum of the Van de Graaff
q_from the atmOSpheric pressure of therneon gas target._ Leading directly ;
.from the production cell is a: stainless steel reaction vessel con—h»i
:v”taining uracil (Figure I6) After the production of 8F is completed “-{.

“a peristaltic pump circulates the N 18F gas mixture from the

o ¢
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'a_cent of the

-productlon cell through the. reaction vessel where an- exchange reaction

.takes_place to 1abel the urac1lvwith 18 F (Figure 17) 85 86 - »9

In the initial experiments involving the %Eoduction of 18 :
phenol was used instead of uracil to measure the amount of 18F'available

. to the rbaction.vessel.‘ Phenol readlly combines with,lSF,,removing it

o
\ !

from the.gas stream, and- thus providing a quantitative measure of

the amount of ;SF reaching the reactiop vessel The results of these
studies indicated that more than 99 per ‘cent of the l8F remained bound.
to the walls of the production cell after the neon gas was circulated
V-through the reaction vessel n In an attempt to 1ncrease the amOunt of o

l8F reaching the reaction vessel a small amount of 19F was. added to the 4

.VSystem, to a 19F 2ONe ratio of 1: 9, thereby fluorinating the production

'cell walls and reducing the tendency of 18F to bind with the walls ‘as:

it was produced The gaseous 19F also acted as a carrier for the ;gFf

“to’ keep 1t in gaseous form and aid in its transport to the reaction o

'vessel. The addition of l8F to the gas mixture resulted in 10+5 per

lgF that was produced being incorporated into the phenol in

o the reactlon vessel ,‘,; v
T Several other methods were used to label uracil in an attempt e

) incorporate more of the'l8F into the labelling process.‘ One method :

; employed lithium fluoroborate (LiBF ) as the fluorinating agent.gz.as

'f.This process involved two steps, first the labelling of LiBF4 with 18F: ::;

“~and then the transfer of the 18F from LiBlSFA to uracil.i Fluori e—18 £

L -was produced by the same nuclear reaction on neon gas, but in this case fvv

19 18

F was added to the gas mixture resulting in the F being 1ncor-"f ,

s

.;porated into the walls of the production cell., After the radionuclide ;f:

?h p;hduction was finished the walls of the production cell were washed
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’”,awater and an exchange reaction took place between the

" 68
. with 1.0 gm*of LiBF dissolved in- 5 O ml of triple distilled water.

" An exchange reaction took place with the" 9F in LiBF resulting in lBF—

@

'labelled LiBFA. In this reaction, approximately 50+10 per cent of the ’
18F produced was incorporated into the solution of LiBFa '

'In order. to accept.the “°F from LiB18F4, it vas nv-essary to
:}chemically prepare the uracil (Figure 18) Uracil was first labelled

in the five position with bromine and then dissolved in a mixture of
’ : 0 .. - .

,ammonia and ethanol to yield uracil withznlamino gr0up at the five
position. - Tht 5—amino uracil was then added to -a solution ot NaNO2 and ffi“
‘ HCli the resulting reaqtion formed a diazonium salt at the five oosi-

- tion of uracil The solution of 18F—labelled LiBF4 and distilled water

- was then added to the uracil diazonium salt and through an exchange :

"reaction S—fluoro—uracil was produced

13
¥

Another method for the labelling of uracil with 8F involves T
, the potassium salt potassium fluoride (KF) as the fluorinating agent
_As before, % F was produced and allowed to bind with the production o

'chll-walls At the conclusion of the radiOnuclide Production the walls;"”

' .of the production cell were washed with KF dissolved in triple distilled
“ 18,

. f:walls and the 19F in the potassium salt.» Washing the walls with the f

'f‘solution of KF for two minutes removed approximately 70+lO per cent of

»'f.:"-’f-the' 181«‘ This solution was then added to S-bromo’acu dissolved in

18

"-crown ether The crown ether caused the disassociation of the K F

o . )
: releasing the highly nucleophilic'lsF into the solution, where it
'-displaced the bromine aton hound to uracil to produce 5-f1uoro-uracil f-lf:

(Figure 19)

°F bound to the’ .v:}t
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5.3 AnalySis of*18F~Label1ed Compounds
. | ,
The quantitatiVe analysis of S fluoro—uracil and the various

intermediates used in its preparation was similar to the quantitative

"analysis of l 02.- The same apparatus, a NaI(Tl) scintillation detec-

tor and associated electronics, was used to indicate the number of l8 -
.atoms,in;the sample.‘ The results of an analysis of the quantity‘of 18

. in. thefproduction cell a measure of the total‘amount of 18F that was

~ produced, agreed to within 10 per cent of the’ predicted theoretical ‘
Avalue. This system was also used to indicate the relative eer'isﬁfies

f”of the different methods used to remove the 18F from the production» :

cell in preparation for labelling the uracil -Of the various metuous'

.used to prepare an 1ntermediate for labelling, the technique using (ue' '

KF ion exchange reaction appeared to be the most successful with 70*10-

per cent of the ;BF that was. produced being incorporated into KF

A crude qualitative analysis of radioactive contaminants

.7

present in the,sample was accomplished with a. Nuclear Data 180 multi—'

'channel analyzer, employing techniques similar to those used in the

kfanalysis of 11CO2 After background subtraction, analysis indicated f5;f

'.]the only gamma radiation present below 1 5 MeV resulted from 511~keV -

: gamma rays

To achieve greater sensitivity in the qualitative analysis offf;“L

o

b'tlthe various samples, a nece381ty for medical applications,_high preSSure S

v"liqUid Chr°m°t°graphy89 may be used This technique also permits the ‘;j:f

'f'rapid separation and purification of the sample.. The sample to be

.analyzed is introduced into the chromotographic column at pressures 'f.ij.if

b'up to 420 kg[cm .3 The different components in the sample are

zf separated in the chromatographic column on the basis that each

e

v.



‘-b'the cell where it may be incorporated into DNA‘

substance has different abborptibn‘characteristics. ‘There are’tno
different methode-used'toodetect‘and identify.thefdiiferent.components
:.as thev emerée trom the columnt ‘One'involveé alclass of detectoré;
called bulk:propertv detectors;that;measure changes'in the overall ""
. propertieslof‘the\mobile-phase. fhe other methbd,<whichlis more
,sensitive{ reSpondevto-physiCal properties.of.theiaolute. It,is
enpected that the.pnrification and elution of Sefluoro4nracillwill takeA‘
..;iese'than'fifteen-minutes employing high pressure liquid]éhromotography;~‘,.
._5 4 Utilization of 5—F1uoro~2'—Deoxyuridine in Oncology .
Uracil was chosen to be labelled with 8F in the initial
~.experiments because it was more readilv available than 2'—deoxvuridine,.
and easier*to work with The procedures that ‘were uaed to label uracil

o 18

;remain'the same for the =°F labelling of 2'-deoxyuridine The nucleof 1

31de 2' deoxyuridine is composed of uracil joined by an N—glycosyl
linkage to the pentose sugar,'deoxyribose. The 1inkage is between the;

. \ . .
nitrogen atom. one of uracil and the carbon atom one of deoxyribnce 20"

A diagram of*the molecule and the numbering;system_of ite varionspc0h—
g T R TR - P
stituents.is shown in Figure 20. B

o E f'ThehnuCleOSide,VZ —deoxyuridine, is actively tranSported into »ﬁ

;:. rdiﬁh a salvage path— S

"iway into RNA or converted to thymine 91 If 2'4deoxyuridine is/labelled: .t
18F its usual cellular function will be changed.v Present research f.i"
;plled 2'—deoxyuridine indicates that it is not incorporated in -

','}'with

Ny

DNA and only small amounts incorporated into RNA.Q?

Most of the
'Llabelled nucleoside is converted to 5—18F-2'-deoxyuridine monophosphate ﬂ':3”

ff:iwhich may then c0mbine with thymidylate synthetase in a reaction where'?ififﬂ

s 7»;'*~f;f;,{f/‘i S T el
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2'—deoxyuridinegmonophosphate is normally converteéd to deoxythymine
monophosphate.‘.However, because the 2'-~-deoxyuridine monoohosphate is'

. . _ _ L
labelled with lBF, the enzymatic,reaction is inhibited and the labelled

2'—deoxyuridine monoohosphate remains bound to the enzymef s H
The uptake and utilization of 2'-deéxyuridine by cells cangBé'
used to selectively-label thosehsells, such as cancerous cells,n
: reQUiring large amounts of thatbnucleoside ‘Cancer?’ results from a
change in certain cells of the body that allows them to disregard normal
'.growth limits and no longer obey the feedback controls that normally
'-‘stop cellular growth and reproduction after a given number of cells%have'
developed These cells‘experience avmuch faster growth rate thanvthe
_surroundingknormal cells and muSt SynthesiZ%gEore.RNA.to‘maintainytheir _

a

growth. ’

To‘utilize the 2:4deonyuridine labelled with 18F in diagnosticy
‘oncology, the labelled nuCleOSldQ<w111 be 1njected into the ‘blood stream':"ﬂ
‘where it will circulate throughdaz the body | Those cells requirlng
2'- deoxyuridine for their growth will actively transport the S—fluoro-z'
~-‘deo:t:yuridine into the cell where it will become incorpdrated 1u RNA by
fa salvage pathway and bound to - ey enzyme used in the synthesis of thymine,

o .

"thymadylate synthetase After ‘most of the labelled 2'-deoxyuridine has
; 18

_been absorbed by the body the activi;i

be Obtaéﬁfd through posi%;on imaging to 1ocate regions of high l8F con- f

centration.' It is expected that much of the labelled uridine will be :h

absorbed by the gastro-intestinal tract, as it is continuously building
. i L

enzymes for the digestion and absorption of nutrients.~ Tumors present

T,
in the abdominal area will therefore be difficult to detect.-f

'of;the F at the tumor site will ;{;;7



75
However, the localization éf tumors away from>the abd'ominal area, sucﬁ
as those \gncountered iﬁ_breast cahcer, will be ‘pos‘sible' Qsing this
techﬁique. From me.a'surements of the uptake of liF, it wiilib‘e possible
to detéﬁﬁine the extent‘ of the tumor. As. l8F has a ﬁalf}—life of only
110 nllinutles., it will be ﬁoss’ibleﬁo repeat thé imaging pfoced‘hre_ at_.
‘frequent. intervais, fhereby determining .the effectiveness of the‘,

treatment.

u

<
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