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1 .  SUMMARY 

A f l u o r i n e - 1 8  r o d u c t i o n  system was designed f o r  t h e  ORNL 86- inch 
c y c l o t r o n  u s i n g  H2 1 1  0 as t h e  t a r g e t  m a t e r i a l .  Design c o n s i d e r a t i o n s  were 
t a r g e t  geometry, m a t e r i a l s  o f  c o n s t r u c t i o n ,  h e a t  removal , and 18F recove ry  
sys tem. The A c c e l e r a t o r  Ta rge t  S i m u l a t i o n  (ATS) computer program was used 
t o  determine y i e l d s  and power d i s s i p a t i o n  w i t h i n  t h e  t a r g e t .  I r r a d i a t i o n  
t ime  was c a l c u l a t e d  based on a v a i l a b l e  beam c u r r e n t  and l e v e l  o f  a c t i v i t y  
r e q u i r e d .  The system c o n s i s t s  o f  aluminum and t i t a n i u m  c o n c e n t r i c  c y l i n -  
ders w i t h  t a r g e t  wa te r  f l o w i n g  i n  t h e  i n n e r  c y l i n d e r  a t  a r a t e  o f  0.5 gpm 
t o  an e x t e r n a l  h e a t  exchanger. T a r g e t  c o o l i n g  water  f l o w s  i n  t h e  annulus 
a t  a r a t e  of  1.7 gpm removing The b u l k  o f  t h e  d i s s i p a t e d  hea t .  A p r o t o n  beam 
c u r r e n t  o f  250 uA and an i r r a d i a t i o n  t ime  o f  24 rnin should be s u f f i c i e n t  
t o  produce 18F w i t h  an a c t i v i t y  o f  5 c u r i e s  w i t h o u t  any h e a t  removal prob- 
lems. 
c o n c e n t r a t i o n s  o f  i12180 t o  t e s t  t h e  des ign  s p e c i f i c a t i o n s .  

C y c l o t r o n  runs should be made u s i n g  o r d i n a r y  water  (H2160) and low 

2.  INTRODUCTION 

The use o f  r a d i o n u c l i d e s  i n  medic ine has g r e a t  p o t e n t i a l  i n  d i a g n o s t i c  
and p rognos t i c  medical  research 3, 5 Molecules l a b e l e d  w i t h  p o s i t r o n  
e m i t t i n g  i so topes  such as l l C ,  I f ,  do, and 18F a r e  i m p o r t a n t  because 
they a l l o w  f o r  a unique system o f  d e t e c t i o n .  The a n n i h i l a t i o n  o f  an 
emi t t e d  p o s i t r o n ,  a f t e r  c o l l  i s i o n  w i t h  an  e l e c t r o n  i n  nearby t i s s u e ,  
y i e l d s  two gamma r a y s  which t r a v e l  i n  o p p o s i t e  d i r e c t i o n s  t h a t  can be 
de tec ted  t o  g i v e  an accu ra te  s p a t i a l  r e p r e s e n t a t i o n  o f  t h e  p o s i t r o n  
source ( 1 ,  3, 4, 12). Therefore,  comprehensive m p p i n  s o f  i n d i v i d u a l  

been examined; however, t h e i r  h a l f - l i v e s  o f  l e s s  than 20 m in  a r e  t o o  s h o r t  
f o r  p r a c t i c a l  purposes. F l u o r i n e - 1 8  w i t h  a h a l f - l i f e  o f  119 min i s  a good 
a l t e r n a t i v e  (E, 9, 11, 13). 

organs cdn L e  ob ta ined .  C u r r e n t l y  t h e  i so topes  ITC, 1 Y N, and 150 have 

The o b j e c t i v e s  were t o  examine va r ious  t a r g e t  c o n f i  u r a t i o n s  and 
m a t e r i a l s  t o  determine t h e  des ign s p e c i f i c a t i o n s  of  t he  78F p r o d u c t i o n  
sys tem. 

3. DESIGN OF THE 18F PRODUCTION SYSTEM 

3.1 Capsule Design 

The e v a l u a t i o n  o f  t a r g e t  c o n f i g u r a t i o n s  was a i d e d  by the A c c e l e r a t o r  
Ta rge t  S i m u l a t i o n  (ATS)  computer code developed a t  ORAU f o r  s i m u l a t i n g  
p r o t o n  bombardment o f  t a r g e t  systems (5,  1). 
e t r i e s  t h e  f o l l o w i n g  f a c t o r s  were considered:  

I n  e v a l u a t i n g  t a r g e t  geom- 
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1 .  Cyclotron hardware l imitat ions constrain the internal i r radiat ion 
zone t o  an area 
i n i t i a l  peak energy of 22 MeV with a n  uneven dis t r ibut ion (see F i g .  1 )  
and a maximum beam current of 3000 UA internal ly  and 30 PA externally (B,l-!3-). 

Target c nfiguration must allow protons i n  the proper energy range 
t o  col l ide with 180 t o  maximize y ie lds ,  which corresponds t o  the 4 t o  12 
MeV range as seen in Fig. 2. 

6-cm wide and 0.6-cm long. The proton beam had an  

2. 

3. The geometry should permit suf f ic ien t  heat removal t o  prevent 
boiling of the water o r  overheating o f  the target  system. 

Table 1 summarizes the ta rge t  geometries examined. The concentric- 
cylinders arrangement with cooling water in he annulus (Fig. 1 )  was the 
most sui table  as i t  resu l t s  in substantial  l f r F  y ie lds ,  suf f ic ien t  cooling 
capabil i t y ,  
c,ycl o tron . 

and the use o f  present f a c i l i t i e s  a t  the ORNL 86-inch 

Target wall materials must be strong enough t o  use a t  re la t ively h i 5 h  
pressures and also have low atomic densi t ies  for higher 18F yields .  
summarizes the wall materials examined. Although aluminum would be most 
sui table  for outer walls, i t  could n o t  be used for  the inner walls due t o  
118F adsorption (11 ) .  Titanium was the a l te rna t ive  as i t  did n o t  have any 
118F adsorption pKb1ems. However, i t  has low thermal conductivity a n d  
forms 4 8 ~ .  

Table 2 

Target compounds examined were water, boron oxide, and oxygen gas .  
Table 3 summarizes the i r  advantages and disadvantages. 
water was the most su i tab le  as i t  had large yields without any hea t  removal 
problems. 
well as the recovery of l*F from the s8lution should be examined (see Appen- 
dices 7.1 and 7.21, 

Oxygen-18 enriched 

and O 2  due  t o  proton radiolysis as However, the formation of H 

3.2 Beam Current and I r r a d i a t i o n  Time 

Analysis of the temperature dis t r ibut ion for  the target system indi- 
cates t h a t  higher temperature would occur within the walls of the inner 
cylinder (see F i g .  2 ) .  The maximum allowable beam current was determined 
by se t t ing  the ta rge t  water ou t l e t  temperature below the boiling point t o  
90°C. The maximum beam current was then back ca ulated t o  be 250 $4 w i t h  

ac t iv i ty  24 min of i r radiat ion time would be required. 
a 50% margin for  safety.  Therefore, t o  produce lfi F w i t h  5 curies o f  

3.3 Heat Transfer Characterist ics 

The proton beam current diss ipates  5 kw of heat within the target  cap- 
To keep the temperature o f  the ta rge t  water below i t s  boiling p o i n t ,  sule .  

i t  was circulated th rough  an external heat exchanger a t  a ra te  o f  0 .5  gpm, 



22 MeV 

Water 

cm t 

r = 0.2286 crn 
r2 = 0.2540 cm 

r4 = 0.3175 crn 

i 

r3  = 0.2921 Cill 

Beam Current 
D i  s t r i  b u t  i o n  

c 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
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t 
TARGET GEOMETRY 

DRAWN B Y  F i L E  NO. DATE 
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Geome t ry 

Concentric cylinders, coo’i jng 
water i n  annul us 

Concentric cylinders, t a rge t  
materfal i n  annulus 

S i  ng’l e cy1 i nder 

F l a t  Plate 

Table 1. Target Geometries 

Ad vantages 

Sufficient c l ing 
Subs t an t  i a1 ?& yi  el d 
Uses existing header blocks 

Sufficient cooling 
Uses existing header blocks 

Sampf e desi gn 
High yields  

Suff ic ient  cooling 
Uti 1 i zes beam effect ively 

Disadvantages 

Ineff ic ient  proton beam ut i l iza t ion  
18F recovery may be d i f f i c u l t  

Ineff ic ient  proton beam u t i 1  ization 
Low 18F yields  
18F recovery nay be d i f f i c u l t  03 

Inef f ic ien t  proton beam uti1 ization 
H i g h  t a rge t  compound inventory 
High  heat load 
New header blocks 
1 8 ~  recovery i s  d i f f i c u l t  

Low 18F yields  
D-ifficult t o  hold ta rge t  material 



Table 2. Targe t  Wall M a t e r i a l s  (2 ,  14) - -  

Thermal 
C o n d u c t i v i t y  

M a t e r i a l  (cal/cm-sec-"C) (atorns/cc x 10-22) 
Atom Dens i ty  

A1 urni num 0.531 6.02 

N icke l  0.187 9.13 

S ta in less  0.060 
s tee1 

T i  taniuin 0.039 

8.54 

5.67 

Advantages Disadvantages 

High thermal c o n d u c t i v i t y  Adsorbs '*F 
Low atom d e n s i t y  
Inexpensive 
No r a d i a t i o n  byproducts 

La 

H igh  thermal c o n d u c t i v i t y  Y i e l d s  57C0 (t, = 272 days) 
Inexpens i v e  '2 

Inexpensive Low thermal c o n d u c t i v i t y  
Rad ioac t ive  byproducts 

NO 1 8 ~  a f f i n i t y  tow thermal conduct i  v i  ty  
Yields 48V ( t  = 16 days) 

3i 
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corresponding t o  a temperature r i s e  of 22°C (40°C i n l e t  t o  62°C o u t l e t ) .  
Heat exchanger specifications were calculated using a computer program 
to  evaluate the necessary heat t ransfer  areas a t  d i f fe ren t  cooling flow 
ra tes ,  vessel dimensions, and  beam currents.  A countercurrent double- 
pipe heat exchanger with specifications given in Table 4 was suf f ic ien t  
f o r  a 240 PA proton beam current. 

Table 4. Target Water Heat Exchanger Specifications 

= 62°C; Tout = 40°C; Cooling Area = 304 cm2 Tin 

Length (cm) 

1D.D. (cm) 

I.D. (cm) 

Flow ra te  (gpm) 

IYa t e  r i a 1 

Outer Tube 

153 

- 
1.021 

6 (annulus) 

a1 umi num 

Inner Tube 

153 

0.635 

- 

0 .5  

nickel 

4. PRODUCTION SYSTEM - DESIGN SPECIFICATIONS 

The producti n system (see Figs. 1 and 3) consists o f  concentric 
cylinders with H2 f % ( e )  as the target  isotope. The outer cylinder (250 
mil O D ,  10 mil t h i c k )  i s  aluminum while the inner cylinder (200 mil O D ,  
IO mil thick) i s  titanium (see Table 5 ) .  
the inner tube a t  a r a t e  of 0 . 5  gpm,entering a t  40°C. 
enters a t  24°C w i t h  a r a t e  of  1 . 7  gpm, passes t h r o u g h  the annulus counter- 
c:urrently, and provides the b u l k  o f  the cooling, 

The ta rge t  water flows t h r o u g h  
Cooling water 

The cooling system f o r  the ta rge t  water consists of countercurrent, 
double-pipe heat exchangers t o  be used with existing f a c i l i t i e s  a t  O R N L  
86-inch cyclotron f a c i l i t y ,  specifications of which are given in Table 4 .  
Table 5 summarizes the resul ts  o f  the f inal  t a rge t  system design. Circu- 
la t ion o f  the target  water will be provided by a p e r i s t a l t i c  pump. The 
loop will  have the capabi l i ty  for  collection o f  radiolysis products and  
a ca ta ly t ic  unit  for  recombination o f  02 and H2.  
mits loading and removal o f  target  water. 

A multiport valve per- 
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Table 5. Design Spec i f i ca t i ons  of  the Target System 
(See Table 4 fo r  Heat Exchanger S p e c i f i c a t i o n s )  

Target  Water 
100 m l  holdup) Coolant Water 

( i n  the l oop  (Annul us) 

0.5 (AP % 0.3 p s i )  1.7 (@%I28 p s i )  Flow Rate (gpm) 

In1  e t  Temperature ("C) 40 24 

O u t l e t  Temperature ( " C )  62 - 
Target  Dimensions E x i s t i n g  a t  QRNL 

I n s i d e  Tube 

Length (cm) 20 

Outside Tube 

20 

I . D .  (cm) 0.4572 0.5842 

0.0. (cm) 0.5080 0.6350 

Pump: P e r i s t a l t i c  type, Mas te r f l ex  No. 7549-19 
--- 

5. RECOMMENDATIONS 

1. Heat t r a n s f e r  equipment s p e c i f i c a t i o n s  should be tes ted  w i t h  

T i  t a n i  um pro ton  bombardment products  should be exami ned 

c y c l o t r o n  runs us ing  tap water. 

2. 

3. 18F y i e l d s  should be t es ted  us ing  d i l u t e  H2 18 0. 

4. 18F recovery techniques should be developed. 
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7. APPENDIX 

7.1 F 

F luo r ine -18  w 
c y c l o t r o n  f a c i l i t y  
decays/sec. Using 

a c t i v i t y  

uor ine-18 Concen t ra t i on  i n  Ta rge t  Water 

t h  an a c t i v i t y  o f  5 c u r i e s  should be produced a t  t h e  
(see Appendix 7 .2 ) .  
t h e  d e f i n i t i o n  

This  corresponds t o  185 x l o 9  

- 0.693 
t 

- _ _ _ I  

5 

where t+ i s  t h e  h a l f  l i f e  o f  t h e  r a d i o i s o t o p e  (6600 sec f o r  18F), 
number o f  18F atoms, N, can be c a l c u l a t e d :  

t h e  

M = 185 x 10  _I_ 6600 - - 1.76 x 1 0 l 5  atoms o f  18F. 0.693 

3 For 
i s  then 

100 cm o f  t a r g e t  wa te r  i n v e n t o r y ,  t h e  mola l  c o n c e n t r a t i o n  o f  "F 

= ''I5( ) = 2.9 x r n o l e / l i t e r .  
23 0.1 6.02 x 10 

7.2 F l u o r i n e - 1 8  Recovery and Level  o f  A c t i v i t y  

F l u o r i n e - 1 8  produced i n  t h e  proposed t a r g e t  system will  be i n  t h e  form 
o f  aqueous f l u o r i d e  i o n .  P roduc t i on  o f  anhydrous H I %  f rom t h i s  s o l u t i o n  
would be p o s s i b l e  b y  making the m i x t u r e  a l k a l i n e ,  d i  i l l i n  t o  recove r  t h e  
H2180, and a c i d i f y i n g  t o  r e l e a s e  t h  anhydrous H7&F (163. Two p o s s i b l e  
schemes e x i s t  f o r  t h e  s y n t h e s i s  o f  ~ 8 F - 2 - f l u o r o - Z - d e o x y g l ~ o s e .  The f i r s t  
method i n v o l v e s  t h e  f l u o r i n a t i o n  o f  t r i a c e t y l  g l u c a l  w i t h  18F2; however, 
t h i s  r e a c t i o n  r e q u i r e s  18F2. The second method i n v o l v e s  n u c l e o p h i l i c  d i s -  
placement o f  f l u o r i n e  u s i n g  2-iodo-2-deoxygl U C O S ~  t o  form t h e  f l  uor-i nated 
form o f  t h e  compound. 

The l e v e l  o f  a c t i v i t y  t h a t  must be generated i n  t h e  t a r g e t  i s  d e t e r -  
mined by t h e  r e q u i r e d  a c t i v i t y  a t  t h e  t ime o f  p a t i e n t  i n j e c t i o n .  Since a 
f u l l  syn thes i s  method has not  been developed y e t ,  t h e  method us ing  f l u o r i -  
n a t i n g  agents w i l l  be discussed. A t  t h e  t ime  o f  p a t i e n t  i n j e c t i o n ,  20 mCi 
o f  18F a c t i v i t y  a r e  r e q u i r e d .  Twenty minutes must be a l l owed  f o r  p a t i e n t  
management. The chemical  y i e l d  f o r  t h e  f l u o r i n e - s u b s t i t u t i o n  o f  2-iodo-2- 
deoxyglucose i s  20%. Assuming t h a t  t h e  f l u o r i n a t i n g  agent has f o u r  f l u o r i n e  
atoms, t h e  a c t i v i t y  c o u l d  be decreased by 75% as o n l y  one i n  f o u r  f l u o r i n e  
atoms would be l a b e l e d .  These two f a c t o r s  a lone  inc rease  t h e  r e q u i r e d  
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i n i t i a l  ac t iv i ty  by a factor  of 20 u p  to 460 m C i .  
t ion and other synthesis can be estimated t o  be one ha l f - l i fe  o r  110 m i n ,  
t h u s  doubling the required s ta r t ing  ac t iv i ty  to 920 m C i .  Allowances must 
a l so  be made for  losses i n  separation processes and fo r  removal of the 
ta rge t  water from the capsule. Using an overall 20% efficiency for these 
steps will r e su l t  in an i n i t i a l  ac t iv i ty  requirement of 5 cur ies .  

The time for  transporta- 
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