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Introduction 

In 1984, Tom Ruth and Bruce Wieland had the idea of setting of a 
dedicated workshop which should coverthe worldwide, interdisciplinary 
field of research and development of target construction for radioisotope 
production. Frank Helus organized the first of these workshops in 1985 
in Heidelberg, Germany. At that time, the founders called it in their 
invitation simply „Workshop on Gas Targetry", in a very unforceful 
manner. 

The time elapsed since 1985 showed clearly that this Workshop met a 
strong demand among the radioisotope production community. The 
First Workshop found successors. In 1987, Frank organized the Second 
Workshop, i.n the pleasant town Heidelberg again, but now under the 
more ambitious title of „Workshop on Targetry and Target Chemistry", 
which has been kept ever since. The Third Workshop was organized in 
1989 by Tom Ruth in Vancouver, Canada; the Fourth in September 9-
12,1991, at the Paul Scherrer Institute in Villigen, Switzerland. Now we 
can state that this meeting has outgrown its origins and has a worldwide 
scope. 

The topics of the Workshop are orientated to requests from the commu
nity. While in 1985 gas targetry still had absolute priority, todaythe topics 
range from the development of new accelerator types dedicated to 
isotope production via different concepts for targeting, to automation 
and operation of syntheses of radioactive pharmaceuticals. Recently, 
more and more papers have dealt with quality assurance and quality 
control of radiopharmaceuticals. This indicates the trend of the Work
shop towards covering all potential routine jobs in the preparation of 
radiopharmaceuticals ready foruse. Itisclearthat also the main interest 
of the relevant industry is covered, and the industry shows a strongly 
growing tendency to support this Workshop. 

It became clear that the new developments are very beneficial to the 
PET specialists. After all, it is the short half-live of the positron emitters 
which forces frequently repeated, more and more remotely controlled 
syntheses under identical conditions, followed by rapid quality control 
procedures and sophisticated logistics. Further, classical single-photon 
emitting radiopharmaceuticals are attracting renewed interest. Because 
of recent biochemical findings, a new generation of therapeutic nuclides 
might be of growing importance in future. 

The Workshop follows the usual trend towards emphasizing the presen
tation of posters. On this IVth Workshop, posters are seen for the first 
time to be the proper medium of scientific progress. Therefore, all 
posters are outlined in the proceedings. The reviewing lectures ex-

X Paul Scherrer Institut 
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tracted the essentials from the posters, derived the trends, and com
mented on them. 

Traditionally, the Workshop on Targetry and Target Chemistry has a 
very open mode of discussion. Instead of stuffing the available time with 
small lectures, the most time and space has been kept for spontaneous 
unplanned discussions. Indeedthisfree discussions is a hallmark of this 
Workshop. It has been proven extraordinarily useful and has been much 
appreciated by the participants. In the proceedings, most conclusions 
from these free discussion were either fitted into the introductory 
remarks of the speakers, or pointed out in the closing remarks. 

The recent worldwide political changes allowed a greater freedom in 
travelling, particularly for our colleagues in the former Soviet Union and 
Eastern Europe as well as in Third-world countries. Clearly, the Work
shop has profitted from it. For some of us, it was the first contact with our 
Eastern European colleagues. It is our wish that the contacts found here 
may be intensified, for mutual benefit. In the proceedings, broad space 
has been reserved for the presentation of these groups which are new 
in our community, in the session „Reports from the laboratories". 
Perhaps the organization of the IVth Workshop in a traditionally neutral 
country facilitated the participation of our new colleagues. 

In his introduction to the proceedings of the Third Workshop, Tom Ruth 
wrote the remarkable sentencies: „I believe that these meetings have 
worked because the participants have been willing to share and listen. 
Unless we continue to exercise a willingness to get our hands dirty and 
grapple with the thorny issues associated with our trade, the values of 
these meetings will have disappeared." I think the IVth Workshop has 
confirmed the correctness of this statement: In the last two years, the 
target community got its hands dirty and generated new ideas and 
topics. This guarantees the liveliness and the spirit of our research and 
consequently the success of this Workshop. 

Accordingly, I wish to thank all friends for their efforts to make this IVth 
Workshop a success. I'm sure that the need for the continuation of this 
Series will be expressed still stronger at the Vth Workshop on Targetry 
and Target Chemistry in 1993 in New York, U.S.A., to be organized by 
Bob Dahl. 

Regin Weinreich 
November 1991 

Paul Soherrer Institut XI 
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Introduction: New Cyclotron Installations 

Gerd Wolber 
Dept. of Radiology and Pathophysiology, 

Deutsches Krebsforschungszentrum 
D-6900 Heidelberg, Germany 

The development of cyclotron technology overthe past 
two decades resulted in commercially available mod
els which are relatively simple in construction and 
hence easy and reliable in operation. The main fea
tures are 

• fixed magnetic fields, 
• fixed acceleration frequencies, 
• incorporation of up to six targets into the accelera

tion chamber, 
• computer control, and 
• acceleration of negative hydrogen/deuterium ions. 

Superconducting magnets are starting to enter cyclo
tron technology. 

Negative ion acceleration greatly facilitates the extrac
tion process. It reduces beam loss and activation of 
machine parts. This advantage favors the trend to 
negative ion cyclotrons. 

The incorporation of the targets may save laboratory 
space and shielding which means a significant cost 

factor for planning new facilities. But it bares the risk of 
elevated radiation burden to the personnel as far as 
manipulations with the targets ( e. g. replacement of 
foils, seals, fittings etc.) are concerned. 

Computercontrol makes routine operation so easy that 
all steps from starting up the accelerator until recover
ing of the labelled compound can be done by merely 
one technician. There is, however, the new problem 
with software failures in addition to the still existing risk 
of hardware breakdowns. Comfortable and compre
hensive troubleshooting programs and permanent 
support from the manufacturer are therefore manda
tory besides some skill of the cyclotron technician(s) in 
working with process control software. 

New types of small accelerators for limited radioiso
tope production have appeared which have ripened to 
a state close to practical application: 

• radiofrequency quadrupoles (RFQs) for 2 MeV p 
and d and for 8 MeV 3He ions, 

• linear accelerators (LINACs) using high frequency 

Table 1: Accelerators for Isotope Production 

Manufacturer 

AccSys Technology.lnc. 
Pleasanton.CA, USA 
EBCO 
Vancouver.BC, Canada 
IB A. 

Louvain-la-Neuve, 
Belgium 
Japan Steel Works Ltd., 
Tokyo,Japan 
Science Applications 
International Corp. 
San Diego, CA, USA 
Scanditronix AB 
Uppsala, Sweden 
Science Res. Lab.,Inc. 
Sommerville, MA, USA 

Sumitomo Heavy 
Industries/CGR, Tokyo,. 
NKK/Oxford 
Instruments 
Kanagawa, Japan 

Type 

RFQ 

Cyclotrons 

Cyclotrons 

Cyclotrons 

RFQ 

Cyclotrons 

Tandem Cascade 
Accelerator (TCA) 

Cyclotrons 
Fapan 

Superconducting 
Cyclotron 

Particles 

P 

H-

H±,D±,He++ 

H±,D±,He+ + 

3He+ + 

H±,D±,He++ 

P,d 

H±,D±,He++ 

H-

E/MeV 

2 

£ 32 

£ 30 

£ 3 0 

8 

£ 6 5 

3.7 

£ 9 0 

11 

Remarks 

higher energies in combination with 
LINACs 
co-operation with TRIUMF, Vancouver 

co-operations with Siemens, 
with Hammersmith and Erasme 
Hospitals 
no recent information 

operational in 1992 
co-op. with Univ. of Washington, 
Seattle, WA, USA 
co-op. with North Shore Hospital, NY 

under test 
co-op. with Washington University, 
St. Louis, MO, USA 
no recent information 

under test, 
co-op. with Tohuku Univ.,Sendai, Japan 
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resonators up to 65 MeV p and, for small energies, 
using direct high voltage (TCA = Tandem Cascade 
Accelerator for 3,7 MeV p and d), 

• and a small superconducting cyclotron for negative 
hydrogen ions, i. e. 11 MeV protons from a Japa
nese-British cooperation. 

A summary of the recent types of accelerators for 
radionuclide production is given in Table 1. 

The low energies of the small devices demand, how
ever, for very high beam currents to meet the needs of 
clinical radionuclide production. As a consequence, 
special care must be dedicated to target development 
and handling of the radiochemical output to cope with 
the high heat burden and hot chemistry in the irradiated 
material. The design of a windowless water-ice target 
for 18F production is a remarkable step in this direction. 

Robot systems for labelling and purification purposes 
have reached a stage of reliability and reproducibility at 
which the cost-output relation gains interest for pur
chasers. However, the differences in prices from differ
ent producers are still considerable. 

Most manufacturers un fruitful cooperations with sci
entific institutes creating the initial know-how for later 
commercial development of targets, radiochemical 
procedures and cyclotron components: 

IBA with Hammersmith and Erasme Hospitals / Lon
don and Brussels, respectively; Scanditronix with North 
Shore Hospital / New York; EBCO with TRIUMF / 
Vancouver; SRL with The Mallinckrodt Institute of 
Radiology / St. Louis, MO; SAIC with the University of 
Washington / Seattle, WA; and NKK + Oxford Instru
ments with Tohoku University / Sendai, Japan. The 
evolution of these cooperative efforts and the inaugu
ration of further more must be encouraged. 

In general, planning and running a cyclotron facility 
today has lost much of its former risks and uncertain
ties. By entering the cyclotron market with direct par
ticipation with CTI and cooperation with IBA Siemens 
has pushed the cyclotron business remarkably in the 
past two years. Since the last Targetry Workshop, IBA, 
Scanditronix, Siemens-CTI and EBCO together have 
sold some 35 compact cyclotrons all over the world, 
more than ever before during this period. A corre
sponding stimulus to the PET development is envi
sioned resulting from the competition of Siemens-CTI 
with General Electric-Scanditronix. 

Newcyclotron-PETinstallationsinPhiladelphia(PENN-
PET), Brussels (Höpital Erasme), Sydney (ANSTO) 
and Heidelberg (DKFZ) have been built up since 1989 
and are presented in the session. They are described 
in the following. 
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Introduction 

A new type of linear accelerator for the production of 
short-lived radionuclides for PET has been developed 
at Science Research Laboratory (SRL). The Tandem 
Cascade Accelerator (TCA) is a linear tandem electro
static accelerator which delivers 3.7 MeV protons or 
deuterons to a radioisotope target [1]. A photograph of 
the prototype TCA which is currently operating at SRL 
is shown in Fig. 1. The design and operating param
eters of the accelerator are summarized in Table 1. In 
this paper, we describe the salient features of the TCA 
which make it a cost-effective alternative to a conven
tional PET cyclotron and the development of radioiso
tope targets designed specifically for reliable, high 
yield operation with low energy, high current beams. 

The Tandem Cascade Accelerator for PET 
Radionuclide Production 

Production of clinically significant yields of 150,18F, "C 
and "N at low bombarding energy requires beam 
currents considerably higher than those provided by 

Table 1: Tandem Cascade Accelerator Parameters 

Accelerator Type 
Beam Energy and Panicle 
Beam Type and Current 
Length 
Diameter 
Weight 
Accelerator 
Shielding 

Total Electrical Power 
Production Yields 
JfO (saturation) 
}°F(110min) 
?N(20min) 

n C(40min) 

Linear electrostatic 
3.7 MeV p and d 
continuous 750 \iA 
10 ft. 
3 ft. 

1 ton 
5 tons 
15 kW 

1000 mCi@ 200 uA 
1000 mCi@ 740 HA 
1000 mCi@ HOuA 
1000 mCi@ 420 U.A 

conventional cyclotron accelerators. As shown in Ta
ble 1, the production of 1 Curie yields of the four 
isotopes at 3.7 MeV beam energy requires beam 
currents which range f rom 110 jiA for 13N up to 740 (xA 
for 18F. The ability to deliver these high beam currents 

Figure 1: Photograph of the Tandem Cascade Accelerator 
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is aunique feature of the TCA. In a tandem accelerator, 
a negative ion beam (H" or D') is accelerated in a 
uniform electric field to a high voltage terminal main
tained at a positive potential. The beam is stripped of 
two electrons upon passing through an ultra-thin car
bon foil in the terminal and the resulting positively 
charged ions (H+or D+) arefurtheracceleratedto afinal 
energy of 3.7 MeV. The acceleration of high beam 
currents in a tandem configuration is made possible by 
1) the recent development of high current multicusp 
negative ion sources [2], and 2) the development at 
SRL of a patented all-solid-state cascade multiplier 
high voltage power supply with multi-milliampere cur
rent capability. The compact construction of the power 
supply allows it to be integrated directly onto to the 
accelerating column of the TCA thereby eliminating 
the need for any external power supply chassis. The 
accelerator driver and controller as well as all ion 
source power supplies and vacuum system controllers 
are housed in a single 19 inch rack cabinet. 

The production of PET radioisotopes at low bombard
ing energy with a Tandem Cascade Accelerator has 
many inherent advantages when compared with cyclo
tron-based systems. First, the capital cost of the TCA 
is approximately one half that of a typical medium 
energy PET cyclotron. Second, installation and operat
ing costs are also greatly reduced. The accelerator 
weighs only one ton and only five tons of target shield
ing are required to reduce the neutron and gamma 
radiation rate to acceptable levels for a clinical PET 
facility. The reduced shielding requirement is a direct 
consequence of the low final beam energy and high 
beam extraction efficiency. Low weight meansthat the 
TCA can be installed in most research and clinical 
facilities without the extensive structural modifications 
usually required for a cyclotron installation. Power 
consumption lor the TCA system is approximately one 
tenth that ol a typical PET cyclotron and the system 
cooling requirements are correspondingly lower. 

The TCA is equipped with a PC-based computer 
control system which communicates with all acceler
ator and target subsystems through fiber optic links. 
User interface software allows either fully automated 

operation with pre-programmed isotope production 
routines or, when desired, full manual control of system 
functions. 

Radioisotope Targets for the TCA 

The ultimate usefulness of the TCA for PET depends 
critically on the development of new radioisotope tar
get designs suitable for use with low energy, high 
current ion beams. Conventional cyclotrons for PET 
deliver high energy (6-9 MeV deuteron/10-18 MeV 
proton) beams at currents of 50 uA or less. The most 
common target materials are in the gaseous or liquid 
state and thus a foil window separating the high pres
sure target chamber from the evacuated accelerator 
beam line is essential. Typically, a double foil configu
ration is used in which the foils are convection cooled 
by helium gas flowing at high velocity between the foils 
[3]. Approximately 5% of the ion beam power is depos
ited in each foil so that the window must be actively 
cooled to prevent rupture of the foil. This configuration 
is complex in construction making replacement of the 
foils difficult, and a high pressure helium refrigeration 
system is required. Even with careful window design, 
foil failure is still a limiting factor [4] in the performance 
of existing cyclotron-based PET systems. 

The foil cooling requirements for the lower energy 
accelerators are more severe than for conventional 
PET cyclotrons for two reasons: 1) the lower beam 
energy results in the deposition of a larger fraction of 
the incident beam power in the foil, and 2) higher beam 
currents are required at low energy to produce the 
clinically required radioisotope yields resulting in a 
higher total incident beam power [1]. Radioisotope 
yields at low energy decrease rapidly with decreasing 
energy. Therefore, double foil configurations are par
ticularly disadvantageous because the beam current 
must be increased to compensate for the energy loss 
in two foils. In light of these considerations, it has been 
necessary to completely reexamine PET target design 
for lower energy beams. 

Ou r approach to target design for low energy bombard
ment has been to develop single foil, conduction cooled 
window geometries capable of withstanding high ther-

Table 2: Reactions and target characteristics for PET radionuclide production at low bombarding energy. 

Reaction 

14N(d,n)150 
12C(d,n) 13N 
nB(p,n) n C 
180(p,n)18F 

Selected 
Target Material 

N2gas 

solid graphite 

solid boric oxide 

H2
180ice 

Target Type 

slotted window 

slotted window 

windowless or 
high aspect ratio window 

windowlcss 

Chemical Form of 
Extracted Activity 

01 50 
13N02 and 13NOJ 

n C 0 2 

F aqueous 
196 bh 1191 006 
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mal and mechanical stresses and, where applicable, to 
develop solid phase targets which can be bombarded 
in vacuo without a target window. In all cases, we have 
required that the chemical form of the activity extracted 
f ro m the target be the same as that produced in existing 
cyclotron targets. This approach insures that the new 
targets can be easily interfaced to existing radiochemi
cal synthesis systems. The preferred nuclear reactions 
for low energy activation with protons and deuterons 
and the target designs developed for the TCA are 
summarized in Table 2. A multiply slotted conduction 
cooled foil window has been developed for use at beam 
currents of up to 250 \iA and has been successfully 
tested on a 14N2gas target for the production of 150. At 
higher currents, a high aspect ratio foil window can be 
used. The design consideration for these target win
dows and the operation of an 150 target with a multiply 
slotted window are discussed in detail in an accompa
nying paper in these proceedings [5]. A novel window-
less cryogenic target for the production of 18F in 
[1B0]ice has been designed and a prototype target has 
been constructed and tested with the TCA beam. This 
target is described in detail below. 

A Cryogenic [180]ice Target for 18F Production 

A windowless target design is particularly advanta
geous for 18F production at low bombarding energy 
because of the relatively high required beam current 
and the rapid decrease in reaction yield with decreas
ing beam energy [1]. Problems associated with ther
mal stresses on a target window and reduction in target 
yield due to beam energy degradation in a target 
window are eliminated by placing the target material 
directly in the evacuated beam line. This is accom-
pli'ihed by maintaining the [180]H20 target material in 
solid instead of liquid form during bombardment. In a 
liquid water target at high beam current, the large 
amount of energy deposited in the target material itself 
can result in boiling and a high radiolysis rate. These 
effects increase the stresses on a target foil and also 
result in a loss of target material during bombardment. 

Liquid water targets presently used with lower power 
cyclotron beams suffer from both of these effects 
resulting in reduced reliability. In a solid phase target, 
boiling is eliminated and the water radiolysis rate is 
greatly reduced [6]. Preliminary experiments at SRL 
have shown that a cryogenic target should prove to be 
a reliable source of 18F for both TCA and cyclotron 
based PET systems. 

At 3.7 MeV, the required total beam current for an 18F 
yield in [ ,80]H,0 of 1 Ci in 110 minutes is 740 uA. In a 
windowless design, the vapor pressure of the ice must 
be maintained at a value well below the maximum 
acceptable vacuum pressure (approx. 105 Torr) in the 
accelerator beam line. The corresponding maximum 
ice temperature is approximately 173 K [7]. Liquid 
nitrogen (LN2, boiling point = 77 K) is therefore an 
appropriate target coolant. 

In order to maintain a low surface temperature of the 
ice during proton irradiation, it is desirable to spread 
the proton beam over a large surface area and to use 
a thin ice layer to allow efficient conduction of heat to 
the LN2 cooled substrate. At the same time, the beam 
path through the ice must be long enough to reduce the 
incident proton energy sufficiently to produce the thick 
target reaction yield. All of these conditions may be 
satisfied simultaneously by inclining the target surface 
at an oblique angle to the proton beam direction of 
propagation. Our cryogenic target uses a variation on 
this geometry, that of a right circular cone, as pictured 
in Fig. 2. In this configuration, the beam path through 
the ice layer is much longer than the perpendicular 
distance from the surface of the ice to the cooled 
substrate. The [180]water is efficiently extracted by 
heating the cone to liquefy the water containing the 
aqueous 18F activity and forcing the small water droplet 
through a hole in the bottom of the cone and into a 
nickel extraction tube. The use of a cone rather than a 
simple inclined plane facilitates extraction of the target 
material after bombardment, since the melted ice will 

|üfO-ice ** M 

V V ^ C U / A / / / ^ 

nickel-plated copper cone ^+>. 

{XXXW^lZ^ 30° 1 "̂  
1 " « * ^ \\ // ** 

•A s^ 196bh 1191 011a 

_ proton beam 

Figure 2: Schematic of target cone 
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colled at the bottom of the cone. 

The ice layer thickness is determined by the two 
competing effects discussed above: the beam energy 
must be degraded in the ice to near threshold (2.57 
MeV), and the ice layer must not be so thick that the 
increase in temperature during bombardment causes 
an unacceptable pressure rise. The temperature rise 
in the ice layer is determined from the heat conduction 
equation 

AT = T - T = 
max max o 

QAZ 
2k (D 

where k, the thermal conductivity of the ice, is a strong 
function of density [8], Q is the beam power deposited 
intheice (890 Wfora3.7 MeV, 740 uAbeam degraded 
to 2.5 MeV in the ice layer), Tmax is the temperature at 
the surface of the ice, and To is the substrate 
temperature. The ice thickness required to reduce the 
proton energy from 3.7 MeV to 2.5 MeV is 

Azmin=l25(sin(e/2))/p (2) 

where A zmin is in microns, Ihe ice density p is in gm/cm3 

and eisthecone included angle. Equations (1) and (2) 
can be used to examine the temperature rise in the ice 
layer as a function of density, as shown in Fig. 3, which 
assumes ice bombarded with a 3.7 MeV, 740 uA proton 
beam degraded in energy in the ice layer to 2.5 MeV. 
The ice layer thickness calculated from Eq. (2) for a 
given ice density is inserted in Eq. (1) to yield the 
maximum temperature rise of the ice layer, ATmlx. The 
maximum allowable temperature rise of 83 K shown in 
Fig. 3 assumes a substrate temperature of 90 K, as 
discussed below. For high density ice (Ice-I, p = 0.92 
gm/cm3), the ice temperature is within 5 K of the 
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Figure 3: Calculated maximum temperature rise in ice 
layer as a function of density for a cone with a base 
diameter of 2 cm and a 3CP included angle. The 
calculation method is described in the text. 

substrate temperature. The minimum acceptable ice 
density is about 0.35 gm/cm3. 

The prototype target design consists of an inverted 
cone with a base diameter of 2 cm and a 30° included 
angle, which gives a cone area of 12 cm2. For TCA 
irradiation with these cone parameters, the required 
thickness of Ice-I obtained from Eq. (2) is 35 u,m, for a 
total target charge of 39 mg of [180]water. A drawing of 
the cryogenic target is presented in Fig. 4. A photo
graph of the target cone mounted in the LN2 dewar is 
shown in Fig. 5. The ice is deposited on the cone in 
vacuo with a retractable vapor jet nozzle, shown in 
Fig. 4. The nozzle body is connected to a small liquid 
t180]H20 reservoirthrough an adjustable needle valve. 
[18Ojice is deposited on the surface of the cone by 
opening the needle valve for a predetermined period of 
time. The ice is applied in vacuo with the cone at LN2 

temperature. After deposition, the nozzle is then re
tracted and the target is ready for irradiation. As shown 
in Fig. 3, the density of the deposited ice layeris crilical 
to the performance of the target. We have performed 
preliminary investigations of the dependence of the 
form of the ice on the rate of deposition. The dewar was 
mounted on a separate vacuum test stand and a glass 
vacuum window was mounted on the dewar beam line 
so that the ice layer could be visually inspected after 
deposition. Rapid deposition of the ice was found to 
produce a white, "frosty" coating on the nickel surface. 
As the deposition rate was reduced, the ice layer 
became more reflective indicating a higher density 
form of the ice. Based on these qualitative observa
tions, a deposition rate of 1.9 mg/min was chosen. The 
required ice layer can thus be deposited in about 20 
min. 

The total beam power of 2.7 kW deposited in the target 
is removed by liquid nitrogen at its boiling point. For 
liquid nitrogen cooling, the maximum heat flux which 
can be removed from a surface is given by HOLMAN 
[9] to be 10 W/cm2, and the substrate temperature rises 
10-15 K to about 90 K for heat fluxes below this amount. 
The SRL cryogenic target is designed with fins to 
increase the surface area in the LN2 coolant. The heat 
flux during bombardment at the design parameters of 
3.7 MeV, 740 uA is 7.6 W/cm2. The predicted evapora
tion rate for the LN2 at this power level is 1 liter/minute. 
(LN2 costs $ 0.30/liter, so the total cost of cooling the 
target during a 110 minute irradiation time is $ 33.) 

After irradiation, a gate valve directly upstream of the 
dewar is closed and the entire target body is rotated 
through 90° by means of a motorized rotating bellows 
assembly. The dewar is then purged of LN2 and the 
[180]H20 is forced through the nickel extraction tube in 
liquid form. This is accomplished by pressurizing the 
dewar with dry nitrogen gas. The small amount of 
target water can be more efficiently extracted by de
positing up to 1 ml of [160]H20 onto the cooled cone 
after bombardment is complete. We have successfully 
extracted up to 80% of the water in this manner. 
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Figure 4: Assembly drawing of cryogenic pB0]ico target for 1BF production. 

Experiments are underway to determine the extraction 
efficiency for the 18F- precursor. 

The cryogenic target was installed on the TCA beam 
line and preliminary irradiation tests were performed. 
For these experiments, [180]H20 at 20% enrichment 
was deposited at a rate of 1.9 mg/min for 25-30 min. 
This long deposition time was chosen to provide a 
safety margin in ice thickness (approx. 50%). The 
target was bombarded with 105uA of proton current 
at 3.1 MeV for continuous periods of time ranging from 
10 min to 104 min. Initially, a small pressure rise was 
observed in the vacuum beam line. In each case, the 
beam line pressure fell to 7 x 107 torr within 2 minutes 
(the base pressure is 4 x 107torr) and remained there 
throughout bombardment. The neutron production rate 
from the target was monitored throughout each bom
bardment with a neutron dose meter. Care was taken 
to insure that the observed neutron flux was due only 
tothe 180(p,n)18F reaction. The neutron production rate 
remained constant during bombardment, even for the 
longest bombardment time. The vacuum pressure 
and neutron rate measurements indicate that, at these 
powerdensities, the rate of degradation of the ice layer 

thickness is sufficiently slow to allow irradiation times 
of at least one 1BF half-life. 

Target performance was tested at up to 150 uA bom
barding current. Again, no measurable degradation in 
the neutron production rate was observed in a 10 
minute irradiation time. Under the bombardment con
ditions of this experiment, the power density deposited 
in the ice layer was approximately one third that which 
would be deposited under the full beam load conditions 
(740 uA at 3.7 MeV) for the production of 1 Ci of 18F in 
a one half-life irradiation. In all of the bombardment 
experiments, the temperature of the copper target 
body was monitored using a thermocouple attached to 
the target near the cone opening. We measured sur
face temperatures within 10 K of liquid nitrogen tem
perature under all irradiation conditions tested. 

The results of the initial tests of the performance of the 
cryogenic target outlined above are very encouraging. 
The target was able to withstand irradiation at beam 
power densities of approximately one third of the 
design value with no observable degradation of the ice 
layer. The 180(p,n)18F reaction yield at the energies of 
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Figure 5: Photograph of copper target cone in liquid nitrogen dewar 

interest was measured to be at least as high as that 
obtained from the published literature [10]. 

The cryogenic target described above could also be 
used with cyclotron beams to produce higher yields 
than conventional [180]water targets. The available 
yields as a function of cone included angle for the TCA 
and for 16 MeV and 11 MeV cyclotron beams are 
presented in Fig. 6. The calculated yields are for 110 
min bombardment. For each cone angle, the ice thick
ness is chosen so that A T < 50 K in the ice layer. The 
drop in yield with cone angle for the cyclotron beams 
occurs because as the cone angle is increased, the 
required increase in ice layer thickness to produce the 
same beam path length causes an unacceptable rise 
in ice temperature, and thus the ice thickness must be 
reduced below that required for the thick target yield. 
More ice is required with a 16 MeV, 50 \iA cyclotron 
beam t nan with the TCA beam because of the increase 
in proton range with energy: about 1 gm of enriched 
target water is required for a cone angle of 15° which 
produces a saturated yield of about 9 Ci. Cooling of the 
copper cone is even easier when the target is irradiated 
with a cyclotron beam since the total beam power is 
only 800 W, as compared to 2.7 kW for the TCA beam. 

Conclusions 

A Tandem Cascade Accelerator for the production of 
PET radioisotopes is operating at Science Research 
Laboratory. Targets have been designed for the pro
duction of 150,13N, 18F, and 11C with low energy, high 
current proton and deuteron beams. The production of 
1sO in a [lH\N2 gas target and 18F in an [180]ice target 

with the TCA beam have been demonstrated. The 
results of the initial tests of the cryogenic [180]ice target 
are extremely encouraging. The reaction yield meas
ured with this target is in good agreement with previous 
measurements for 3.5 MeV proton energy. In addition, 
this target could be used to produce very high 18F' 
yields with medium energy cyclotron beams. Experi
ments are planned at Washington University to meas-
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Figure 6: Calculated 18F yields for 110 min bombard
ment ofpB0]ice target with TCA and cyclotron proton 
beams. Assumed beam diameter is 2 cm. Ice layer 
thickness is chosen in the manner described in the text. 
Cone included angle of 180° represents a flat plate 
perpendicular to the beam direction. 
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ure the reactivity of the 18F" precursor produced in a 
cryogenic target: it is expected to be at least as high as 
that produced in conventional liquid water targets. 
Finally, testing of the prototype cryogenic target at the 
full beam power required for the generation of 1 Ci of 
18F is underway at SRL. 
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Introduction 

This paper describes a systematic analysis of the 
requirements on foil entrance windows for PET radio
isotope targets. The results described below have 
special interesttothe new lowerenergy, highercurrent 
accelerators recently developed for PET, such as the 
8 MeV3He radio frequency quadrupole underdevelop
ment at Science Applications International Corpora
tion [1] and the 3.7 Me V Tandem Cascade Accelerator 
(TCA) developed at Science Research Laboratory 
(SRL) [2]. However, the results of this work are also 
applicable to the design of target windows for medium 
energy PET cyclotrons. Presented are results on the 
application of the methodologies developed in this 
research to the design of gas target windows for the 
production of 150 with both TCA and cyclotron beams. 
The resuHs of this study show that conduction cooled 
single foil windows will perform well in high yield gas 
targets for the TCA and provide an attractive, less 
complex alternative to the helium cooled double foil 
windows use<j in present-day cyclotron targets. 

Certain general considerations in target window de
sign are relevant to both TCA and cyclotron targets. 
They are: (1) the power deposited in the foil by the ion 
beam must be effectively removed without causing 
excessive foil heating, (2) the foil must support the 
pressure differential between the evacuated beam line 
and the pressurized target chamber, and (3) the foil 
material must maintain its integrity and strength at the 
elevated temperatures reached during ion beam bom
bardment. In addition, there are several unique as
pects of targetry for low energy, high current accelera
tors such as the TCA. At low bombarding energy, the 
beam energy degradation in a target entrance window 
may severely reduce the obtainable radioisotope yield. 
For this reason, it is usually preferable to use a single 
foil window as opposed to the double foil helium cooled 
target windows commonly used with higher energy 
cyclotron beam. Thinner foils are also preferred to 
reduce the loss of beam energy. Thinner foils can be 
used because gas targets used with low energy beams 
operate at lower pressure (0.5-2 atm) since the lower 
beam energy results in a shorter range of the bombard
ing ions in the target material, thus allowing lower 

pressure for a given target chamber length. 

This paper describes the design of high power PET 
targets which incorporate the following improved tech
nologies: new conduction cooled window geometries, 
slackening the foil on the support structure to reduce 
stress, and the use of new foil materials with advanta
geous characteristics for use as target windows. Two 
conduction cooled foil window designs were investi
gated in detail. They are: (1) a high aspect ratio (high 
length to width ratio) window and (2) a multiply-slotted 
window consisting of multiple high aspect ratio win
dows contained in a circular beam strike. The major 
factors which affect the performance of an accelerator 
target are the amount of beam energy degradation in 
the target window, the fraction of the incident current 
transmitted by the window, and the thickness of target 
material in the beam path. Thus, optimization of the 
window design for a radioisotope target involves a 
trade-off between foil thickness, open area between 
the foil supports, and, for gaseous target materials, the 
allowable pressure differential across the window and 
the length of the target chamber required to obtain the 
thick-target reaction yield. The analytical considera
tions in designing such a window are described below. 

High Aspect Ratio Foil Window 

A rectangular window with a large length to width ratio 
has advantages over other geometries for removing 
the power deposited in the foil and ensuring a high 
transparency to the ion beam because the distance 
from any point on the foil to the cooled support is 
relatively small, while the beam power is spread over 
a relatively large area. In addition, the short distance 
between the supports reduces the strength require
ments for the foil, and allows thinner foils to be used. 
The circular ion beam is matched to the high aspect 
ratio shape using two compact permanent magnet 
quadrupoles. The dimensions of the foil are defined as 
follows: 2 W is the foil width in the short dimension, L 
is the length, and t is the foil thickness. The aspect ratio 
flA = U2W. The origin of the co-ordinate system is at 
the center of the foil, with y the co-ordinate along the 
short dimension of the foil and xthe co-ordinate along 
the long dimension. For such a foil, the heat removal 
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problem is described by the time independent thermal 
conduction equation 

V2T = - f 
k 0) 

where q is the power deposition in the foil per unit 
volumeand/cisthethermalconductivityofthefoil. The 
power deposited per unit volume in athin foil by an ion 
beam is given by JAE 

g = — , (2) 

where J is the ion beam current density and AEis the 
energy loss of the ion beam in the foil. 

One- and two-dimensional solutions to Eq. (1) for 
several assumed ion beam current density profiles 
were calculated both analytically and numerically. For 
forms of J for which analytical solutions do not exist, 
numerical solutions were calculated with an SRL de
veloped computer code which uses the IMSL routine 
FDS2H to solve POISSON's equation in a two-dimen
sional rectangle [3]. One-dimensional analysis is use
ful because it yields scaling laws for the true two-
dimensional problem. For one-dimensional current 
density profiles (current density depends only on y), 
two-dimensional numerical calculations were com
pared with one-dimensional analytical solutions to Eq. 
(1) in ordertodetermineforwhat aspect ratios the one-
dimensional approximation is valid. Numerical solu
tions fortwo-dimensional current density profiles were 
used to give an approximate analytical expression for 
the maximum temperature attained in a foil under 
conditions of realistic ion beam bombardment. Finally, 
solutions for the foil temperature irradiated by two 
extreme current density profiles (a line source and a 
delta function) were used to examine the effect of hot 
spots in the ion beam on foil temperature. 

The solution to Eq. (1) for a one-dimensional current 

density profile will first be discussed to give qualitative 
information about the temperature reached in the foil. 
For aspect ratios greater than 5, the one-dimensional 
solution tc Eq. (1) adequately predicts the spatial 
temperature profile for values of x nearzero. Analytical 
solutions to Eq. (1) in one dimension exist for the 
following three current density profiles: a spatially 
uniform beam current, a non-uniform beam current, 
represented by a line source, and a profile more 
representative of a realistic ion beam profile given by 

J = cos 
2 2LW 2W 

(3) 

where l0 is the total beam current. The current density 
as a function of y forthese three profiles is shown in Fig. 
1 a, and the solution to Eq. (1) forthese current density 
profiles is presented in Fig. 1b. For the same beam 
power, the temperature for the line source case is 
higher throughout the foil than for the other two cases. 
In all cases, the maximum temperature difference 
between the foil and the cooled support occurs at the 
center of the foil window. For aspect ratiosgreaterthan 
5, the value obtained from the one-dimensional solu-
tionof Eq. (1) for the maximumtemperature reachedin 
the window agrees with two-dimensional numerical 
calculations to better than 0.1%. In fact, for an aspect 
ratio as small as 2, the one-dimensional approximation 
is only in error by 9%. 

However, since the ion beam is inherently two-dimen
sional, the temperature at the center of the window will 
be somewhat higher than that shown in Fig. 1b be
cause of the variation of the ion beam current density 
in the x direction. (For the same total current, the 
current density at the center of the foil in the true two-
dimensional case is higherthan in the one-dimensional 
case discussed above because of the drop in the 
current density in the x-direction away from the center 
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Figure 1: Solutions to one-dimensional heat transfer equation, (a) Current density profile, (b) Calculated 
temperature profile. 
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of the foil.) Eq. (1) will be solved numerically for the 
following two-dimensional current density profile: 

_ 7T2 I0 1TV 7TX 
J = T2LWCOS2WCOST • (4) 

Note that the current density at the center of the 
window is a factor of jt/2 = 1.57 higher for this two-
dimensional profile than for the one-dimensional pro
file of Eq. (3). For large aspect ratios, the two-dimen
sional solution at the center of the window is closely 
approximated by the one-dimensional solution with the 
current density given by Eq. (3), since the variation of 
current density in the x direction is quite small at the 
center of the window. However, the additional 
normalizationfactorof jt/2 means that the temperature 
rise for the two-dimensional current density profile will 
be about 60% larger than for the one-dimensional 
profile. Therefore, for aspect ratios greater than 5, a 
good approximation to the maximum foil temperature 
under realistic ion beam irradiation conditions is 

AT, 
_WQ±_Q!L\_ 

max~ 2kLt ~ Akt RA" [) 

This equation has been verified by numerical calcula
tions of the foil temperature for the current density 
profile of Eq. (4). Note that the maximum temperature 
given by Eq. (5) depends on the foil transverse dimen
sions only through the aspect ratio. Fig. 2 shows the 
results of a two-dimensional numerical calculation of 
foil temperature for three current density profiles: the 
first is the 1 -D profile given by Eq. (3), the second is the 
2-D profile given by Eq. (4), and the third is a „hot spot" 
profile represented by J= l0 8(x) 8(y) where 8(x) is the 
DIRAC delta function. The relevance of this profile is 
discussed below. 

The advantage of the high aspect ratio design be
comes apparent when the maximum temperature rise 
foracircularfoil is compared with that for a high aspect 
ratio foil with the same total current. An exact solution 
for this ratio can be calculated for the case of a uniform 
current density: the ratio of the maximum temperature 
rise for a rectangular foil ATrect to the maximum tem
perature rise for a circular foil ATdrc is in this case 

ATrect TT2W _1 

2 L K Ä A 
- r - • (6) 

ATdrc 
It is apparent that for aspect ratios greaterthan5, there 
is thus a significant advantage in a rectangular rather 
than circular foil design. 

In order to study the effect of hot spots in the beam 
profile, the solution to Eq. (1) was calculated for two 
extreme profiles: a delta function where all the beam 
power is concentrated in the center, and a line profile 
where the beam power is spread in a line parallel to the 
long dimension of the window. Any hot spot in the 
initially circular beam profile will expand in one direc
tion under the influence of the magnetic quadrupole 
lenses used to match the beam to the high aspect ratio 
window, and thus a true hot spot will be more similar to 

(a) Current density J = - -^^ cos ^ 

(b) Current density J = 

75 1.25 

7T2 I0 irx iry 

T2LWCOSTCOS2W 

.25 
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-.25 
-1.25 - . 75 - .25 .2S .75 1.25 

X 

(c) Current density J = I0S(x)8(y) 

Figure 2: Numerical calculations of temperature profile 
in high aspect ratio window. 

a truncated line profile than a delta function. The 
analytical solution forthe line profile, pictured in Fig. 1 a, 
yields a maximum temperature difference identical to 
that given by Eq. (5). Therefore, line-source-type 
inhomogeneities are not a substantial problem. The 
numerical solution forthe delta function profile yields a 
ATmax which is roughly proportional to 1/VRA. For an 
aspect ratio of 5, the temperature at the center of a foil 
irradiated with a delta function ion beam is about a 
factor of 20 largerthan that given in Eq. (5). Therefore, 
for an aspect ratio of 5, if 5% of the beam power is 
concentrated into a hot spot in the center, the maxi
mum temperature rise is a factor of 2 largerthan that 
given by Eq. (5). Since as pointed out above, after 
beam expansion a hot spot will more closely resemble 
a line than a delta function, a safety margin of a factor 
of 2 or less over the temperature calculated from Eq. 
(5) should be more than adequate for a realistic ion 
beam. 

Fig. 3 compares the calculated maximum temperature 
reached in the foil as a function of aspect ratio forthe 
current density profiles discussed above. The increas
ing discrepancy between the analytical expression 
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Multiply Slotted Foil 

The high aspect ratio geometry has advantages in heat 
removal capacity, but disadvantages in that additional 
beam optics are required. Discussed in this section is 
an alternative window design which combines the 
advantages of a high aspect ratio window with the 
advantages of a circular beam strike. (If the target 
beam strike is circular, in most cases no additional 
beam optics are required between the accelerator exit 
aperture and the target.) The multiply slotted foil 
window assembly is composed of an array of high 
aspect ratio windows, /«drawing of the multiply slotted 
window is presented in Fig. 5. Thepowerdepositedin 
each window is conducted to the cooled struts which 
separate the window openings. An inherent disadvan
tage of this design is that the current transmission 
efficiency is less than 100%. However, this is accept
able in many applications, such as generation of 150 
with a low energy, high current accelerator such as the 
TCA developed at SRL 

The multiply slotted window uses a single circular foil 
supported by multiple conduction cooled struts. The 
use of a single foil makes foil replacement a simple 
procedure. Good thermal contact between the foil 
window and the cooled struts is obtained by compress
ing the window between two mating holders. The 
window assembly shown in Fig. 5 is designed for a 
circular beam strike up to 2.2 cm in diameter, and has 
seven window slots. The calculated transmitted cur
rent fraction for this window is 60%. 

The heat removal problem for this window design 
separates into two parts: the removal of heat from the 
support struts and the removal of heat from the 
individual foil windowlets. The maximum temperature 
at the center of each windowlet during beam irradiation 
is determined by the power deposited in the foil and by 
the equilibrium temperature of the struts. The heat load 
on the struts during bombardment can be consider
able since the struts are thick to the beam and are 
therefore subject to the full beam power load. In the 

Figure 4: Dual quadrupole lens array for matching ion beam to rectangular target window 
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Figure 3: Comparison of calculated maximum tem
perature reached in foil as a function of aspect ratio for 
fourcurrentdensityprofileswith the same total current. 
Points are numerically calculated values and dark solid 
lines are analytical solutions. (Solid line for delta func
tion profile shows 1HRA scaling.) 

given by Eq. (5) and the numerically calculated two-
dimensional solution forthe current profile of Eq. (5) for 
aspect ratios less than 5 is apparent. 

In order to take advantage of the increased cooling 
capability of a high aspect ratio foil window, the ion 
beavr. must be focused to a rectangular shape to match 
the window. A circular ion beam can be expanded into 
a rectangular shape by two compact permanent mag
net quadrupole lenses, as shown schematically in Fig. 
4. A computer code developed at SRL for calculating 
the beam envelope shows that a 3.7 MeV, 1.4 cm 
diameter deuteron beam can be expanded to a 0.5 cm 
x 10 cm size in a total distance of 143 cm. This is not 
a prohibitively long distance for most applications, and 
the quadrupoles with the specifications necessary to 
perform this task are commercially available [4]. 
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Figure 5: Drawing of multiply slotted foil window holder. Each window opening is 0.24 cm high. 

multislotted window pictured in Fig. 5, heat is con
ducted along the struts to the water cooled pe rimeter of 
the window. The locations of the coolant channels are 
shown in Fig. 5. Alternately, the struts may be actively 
cooled by passing coolant through the struts them
selves or by mounting a separately cooled identically 
slotted electrode directly upstream of the window. 

The multiply slotted foil window provides an alternative 
to circular convection cooled double foil windows for 
applications in which low beam energy degradation is 
important and sufficient beam current is available to 
offset the reduced window transparency. This type of 
window design has been applied successfully to a N2 

gas target for 150 production with the TCA beam, as 
discussed below. Design parameters for multislotted 
windows for TCA and cyclotron beams are also pre
sented in a later Section. 

Foil Stress Reduction Techniques 
Foil rupture occurs when the mechanical stress in a 
target window exceeds the ultimate tensile strength at 
any point on the surface of the foil. Membrane stress, 
adirect consequence of the differential pressure across 
the foil, establishes the minimum stress present in any 
foil configuration. Additionally, bending stress may 
also be present and contribute to foil failure if sharp 
bends (small radius bends) are produced where thefoil 
attaches to the window holder. Analyses of target 
window designs have been conducted at SRL to deter
mine the mechanical stresses present in a wide variety 
of standard foil mounting configurations. Stress analy
ses for flat mounted and slackened foils showed that 
the highest membrane stresses resulted from designs 
which utilized flat mounted foils (a flat foil mounted to 
a flat window frame). Slackening or loose mounting of 

the foil on a flat window frame effectively reduced the 
membrane stress by several fold; slackening of 2-5% 
resulted in corresponding reduction of 50-500% in the 
membrane stress. For a slackened foil, the membrane 
stress in the foil is independent of foil material and 
given by 

n PW 

~ ty/GEW/W ' (7) 

where pis the pressure differential across the foil, t is 
the foil thickness, W is the foil holder half span, and 
AW/W\s the percent slackening. We have therefore 
improved the pressure holding capability of our foil 
window design by slackening the foil on its support. 
Burst tests were conducted on foil windows which 
verified the predicted improvement in performance. 
The results are summarized in Table 1 and compared 
with the predicted burst pressure for both flat and slack 
mounted foils of the same dimensions. The slack 
mounted foils increase the foil pressure rating by a 
factor of 1.6 -1.8. Even higher pressure ratings could 
be obtained by further slackening. The measured 
results agree well with calculations for all but the 
thinnest foils. This discrepancy may be due to the 
difficulty of obtaining bulk properties in such thin foils, 
or may be due to the presence of microscopic pinholes 
in large pieces of very thin foil. 

Foil Material Analysis 

The required properties for foil windows used as con
duction-cooled target windows are good thermal con
ductivity and good tensile strength at elevated tem
perature. The thermal and mechanical properties of 
several candidate foil materials are presented in Table 
2. Except fordiamond, the foils either have high tensile 
strength at the expense of low thermal conductivity, or 
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Table 1: Results of pressure tests of high aspect ratio foil windows. The window dimensions are 0.5 x 9.0 cm. 

Foil Description 

12.7 um Ti 

2.54 um Havar/8.5 um AI 

1.7 um Havar 

Calculated Burst 
Pressure For 
Flat Mounted 

Foil 
(psig) 

155 

67 

45 

Calculated Burst 
Pressure With 
2.7% Slack 

(psig) 

280 

110 

72 

Successful 
Operating 
Pressure 

(psig) 

290 

150 

49 

Measured 
Burst 

Pressure 

(psig) 

>290(a) 

155 

50 

(a) The maximum pressure applied to this foil was limited by the pressure regulator used 
196 bb 1191 003 

Table 2: Properties of candidate foil materials 

Foil 
Material 

Diamond 

Magnesium 

Aluminum 

A195/Mg5 (c) 

A197/Mg3 (c) 

A198/Mgl/Si0.6 <c) 

Titanium 

Havar 

Density 
(gm/cn?) 

3.51 

1.74 

2.70 

2.65 

2.67 

2.69 

4.54 

8.3 

Power 
Deposited in 
10 ujn foil w 

(W) 

50 

21 

32 

31 

32 

32 

44 

76 

Thermal 
Conductivity 

(W/cm°C) 

10 - 15 w 

1.56 

2.37 

1.25 - 1.30 

1.35 - 1.60 

1.80 - 1.93 

0.084 

0.13 

Ultimate 
Tensile 
Strength 

(kpsi) 

150 - 500 w 

27 

10 

44 - 66 

30 - 50 

22 - 63 

135 

289 

Melting 
Point 
(°C) 

— 

649 

660 

660 

660 

660 

1668 

1493 

(a) per 100 uA of 3.7 MeV deuteron beam 
(b) depending on diamond deposition technique 
(c) available from Goodfellow Corp., Malvern, PA 
(d) available from Hamilton Precision Metals, Lancaster, PA 

MO 9108 EH 004 

high thermal conductivity with low tensile strength. For 
this reason, we have studied the feasibility of using 
composite foils: i.e. aluminum deposited on titanium or 
Havar. This configuration combines a high tensile 
strength (Ti or Havar) with a high thermal conductivity 
(AI). An important question is whether a deposited 
aluminum layer has the same thermal conductivity as 
bulk aluminum. To answer this question, a layer of 
aluminum was vapor deposited on a titanium foil [5] 
and the thermal conductivity was measured using the 
KOHLRAUSCH method [6]. The results showed that 
the thermal conductivity of the deposited aluminum 
layer is approximately 75-85% of the bulk thermal 
conductivity. Another relevant concern with composite 

foils is the difference in thermal expansion coefficients 
for the two materials and whether under conditions of 
ion beam bombardment the two materials will sepa
rate. Previous researchers [7] have studied composite 
thanium-copper foils for high power electron beam 
windows. They found that such composite foils can 
easilywithstand electron beam energy deposition up to 
50 W/cm2 without separating. Separation of the com
posite was first observed at a power density of 80 W/ 
cm2. These power densities are substantially higher 
than our design values. A disadvantage of composite 
foils for target windows is that they require specialized 
fabrication techniques and are relatively expensive. 
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High tensile strength of foil materials at elevated tem
perature is crucial to foil window design. Presented in 
Fig. 6 arethe tensile strengths at elevatedtemperatu re 
of some candidate foil materials, including pure AI and 
AI alloys. These foils are attractive because they are 
inexpensive and readily available. The AI alloy foil was 
found to have much highertensile strength at elevated 
temperatures than pure AI, at the expense of a slight 
drop in thermal conductivity. 

Foil Window Designs for TCA and Cyclotron 
Beams 

The design parameters for high performance nitrogen 
gas targets for the production of 150 with TCA and 
cyclotron beams are presented in Table 3. The de
signs are based on the conduction cooled window 
geometries and methodologies described above. In 
order to provide a uniform basis for comparison, we 
required in each case that the target provide a 1 Curie 
saturated yield of 150. For each set of design param
eters, the maximum foil temperature, calculated burst 
pressure, required current for a 1 Ci 150 yield and 
energy loss in the foil are given. The salient points 
which can be derived from these results are summa
rized below. 

TCA Target Designs. Three foil window configura
tions are compared for the production of 150 via the 
14N(d,n)150 reaction in 14N2 gas with a 3.7 MeV deu-
teron beam. The configurations are a high aspect ratio 
window and multiply slotted windows with 60% current 
transmission fraction and either cooled struts or 
uncooled struts (see caption). In all cases the foils are 
slack mounted with the percent slackening indicated. 
Several design trade-offs are apparent from the table. 
The two component Ti/AI foils and the AI alloy foils 
operate at higher temperatures than the pure AI foils 
due to their poorer thermal conductivities. However, 
their higher mechanical strength allows higher target 
operating pressures. Forthe multiply slotted window, a 
cooled strut design results in lower foil temperatures 
and considerably higher allowable operating pres
sures. This is particularly true forthe AI alloy foil due to 
the rapid decrease in tensile strength with tempera
ture for this material, as shewn in Fig. 6. However, this 
foil will perform well in either multiply slotted window 
design with the TCA beam. The target pressure re
quired to produce the thick target yield in a length of 11 
cm is approximately 9 psia, which is well below the 
burst pressure forthe multiply slotted (uncooled strut) 
design. 

The 150 target developed at SRL for use with the TCA 
beam uses a multiply slotted window with uncooled 
struts of the same design shown in Fig. 5. The target 
chamber has a flow-through gas design: the target gas 
flows into the chamber through channels next to the 
five central window slots as shown in Fig. 5 and then 
exits the chamber at the back. This 150 target was 
successfully irradiated with the TCA deuteron beam at 
a fill pressure of one half •<ie calculated burst pressure 
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Fig. 6: Temperature dependence of ultimate yield 
strength for four foil materials. Titanium and 5052 
aluminum alloy data from Ref. [8]. Pure aluminum and 
AI97/Mg3 alloy data from Ref. [9]. 

for 6 minute time intervals (88% of saturation). During 
each bombardment the target gas was circulated 
through an aluminum coil positioned in the well of a 
dose calibrator (CAPINTEC Model CRC-12). The 
EOB activity was obtained from the activity decay 
curve which was measured for approximately 3.5 be
half livesafterbombardment. The measured saturated 
yield at EOB was in excellent agreement with the 
predicted thick target saturated yield [10] at the de
graded beam energy. 

A preliminary examination of the operating limits of the 
target was obtained by increasing the deuteron beam 
current to a value at which the target operating pres
sure was 63% of the calculated burst pressure. The 
target was operated successfully at this current for a 
6 minute irradiation time. 

Cyclotron Target Designs. Existing cyclotron sys
tems utilize either the 14N(d,n)150 reaction [10] with 8 
MeV deuterons or the 15N(p,n)150 reaction [10] with 11 
MeV protons for 150 production. Multiply slotted win
dows with AI alloy foils will perform well with both of 
these beams as shown in the last two rows in Table 3. 
In both cases the required beam current is below 30 
uA Comparable currents are required with conven
tional, double foil, helium cooled cyclotron windows. 
This is because the reduction in yield due to the 60% 
current transmission efficiency of the window is com
pensated by the very small amount of energy degrada
tion in the single AI alloy foil when compared with 
double foil designs. For both cyclotron beams, a target 
operating at one half of the foil burst pressure can 
produce the thick target yield in a length of 10 cm or 
less. Therefore, multiply slotted windows with cylindri-
cally mounted AI alloy foils are viable alternatives to 
double-foil helium cooled windows for cyclotron 150 
targets. 
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Table 3: Comparison of nitrogen gas target designs for production of 1 Ci 's0 with TCA and cyclotron beams. 
Multiply slotted designs have struts either cooled to 20° C throughout (cooled struts), or cooled to 2CPC only at 
the ends (uncooled struts). 

Window Type 

High Aspect Ratio 
0.5 cm x. 15 cm 

2.8%iUck 

Multiply Slotted 
(Cooled Struts) 

0.25 cm x 2.2 an 
2.9%iUck 

Multiply Slotted 
(Uncooled Struts) 

0.2Scmx2.2an 
2.9%iUck 

Particle Type 
and Energy 

(MeV) 

3.7 d 

3.7 d 

3.7 d 

8d 

l i p 

Foil Material 
and 

Thickness (um) 

Ti (3.5)/Al (10) 
Al (12.5) 

Al alloy (12.5) 

Ti(3.5)/Al(10) 
Al (12.5) 

Al alloy (125) 

Ti (3.5)/Al (10) 
Al (12.5) 

Al alloy (125) 

Al alloy (125) 

Al alloy (25) 

1 tDMX 

(°C) 

280 
155 
235 

235 
130 
200 

380 
265 
335 

68 

75 

Burst 
Pressure 

(psia) 

54 
11.6 
35.4 

120 
27 
110 

106 
13.3 
27 

175 

342 

Required 
Current 

GM) 

125 
120 
120 

210 
200 
200 

210 
200 
200 

27 

25 

AE 

(MeV) 

0.47 
0.40 
0.40 

0.47 
0.40 
0.40 

0.47 
0.40 
0.40 

0.23 

0.22 

Summary 

This paper describes the results of a study performed 
at SRL to develop analytical and computational tech
niques for optimizing the design of conduction-cooled 
foil windows for PET targets. Single foil conduction 
cooled windows have been found to be good target 
entrance windows for both low energy accelerators 
and mediumenergy cyclotrons. Detailed thermal analy
sis has given an approximate analytical expression for 
the maximum temperature reached in a foil window 
under conditions of realistic ion beam bombardment. 
The effects of „hot spots" in the beam density profile 
were investigated. It was shown that a factor of two 
safety margin in window design should be adequate to 
compensate for any possible beam hot spots. In addi
tion, the reduction of foil stress by slack mounting was 
verified by experiments. The properties of conven
tional and novel foil materials were investigated for 
use in conduction cooled windows. Novel foil materials 
include two-component Al/Ti and Al/Havarfoil. Results 
on the testing of candidate foil materials for thermal 
conductivity and mechanical strength at elevated tem
perature were presented. Two optimum foil window 
geometries were analyzed: a high aspect ratio window 
and a multiply slotted window. The multiply slotted 
window combines the advantages of a high aspect 
ratio foil window with a circular beam strike and is a 
promising window design for both TCA and cyclotron 
targets. A multiply slotted window f or a N2 gas target for 
1sO production was designed using the methodologies 
discussed above. This prototype target was success
fully tested using the TCA beam at SRL. 
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Introduction 

This paper is an update and status report of the PET 
tracer production development which was reported at 
the last Targetry Workshop in Vancouver. In brief, the 
purpose of this development effort is to combine the 
advantages of the high current capacity, linear geom
etry, and relative simplicity of the radio frequency 
quadrupole (RFQ) linear accelerator and the nuclear 
interaction characteristics of 3He. These characteris
tics include excitation functions in non-enriched target 
materials which lead to acceptable isotopic yield and 
specific activity. In addition, due to neutron deficiency 
in3He, there isa reduced amount of neutron production 
in most target interactions. This fact, in combination 
with the linear geometry of the RFQ, leads to reduced 
shielding, and therefore weight requirements for the 
system. 

Accelerator Description 

As discussed below, the acceleratorwas redesigned in 
late 1990 to incorporate more standard technology, 
particularly in the area of the ion source and rf power 
system. The accelerator, as presently configured is 
shown in Fig. 1. 

A brief summary of the system accelerator character
istics is given in Table 1. 

A duo-plasmatron ion source is used to produce 3He+ 

ions at an energy of 20 keV. The ions are focused into 
the entrance of the first RFQ tank by a combination of 
electrostatic Einzel lenses and a solenoid magnet. The 
first RFQ tank operates at a radio frequency of 212.5 
MHz. It focuses, bunches, and then accelerates the 
beam to an energy of 1 MeV. The ions are still in the 

Figure 1: Schematic Drawing of the 3He RFQ Accelerator 
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Table 1:3He RFQ System Summary Parameters 

Particle Type 
Particle Energy 
Average Electrical Current 
Length 
Accelerator Weight 
Shielding Weight 
System Power Requirement 

3He++ 

8MeV 
300 uA 
5 m 
<1 ton 
<4 tons 
20 kW 

singly charged state. The beam is then transported 
through a charge doubler section in which the final 
electron is stripped off of the 3He+ ions by passing the 
beam through a thin gas region. In addition, the beam 
is bunched and focused in preparation for further 
acceleration in the following RFQ. The beam energy is 
still 1 MeV at this point. The RFQ downstream from the 
charge doubler section operates at a radio frequency 
of 425 MHz and accelerates the 3He+* ions from 1 MeV 
to 8 MeV. It is composed of two tanks. The drawing 
(Fig. 1) shows an expanded view of the High Energy 
Beam Transport (HEBT) section in which magnets are 
used to manipulate the beam shape so that, at the 
target, the distribution is gaussian in one dimension 
(approx. 1 - 2 cm wide) and relatively uniform in the 
other (approx. 10 -15 cm wide). Another paper at this 
conference [1]discusses the performanceof thin Havar 
windows for a beam of this shape. 

Unlike the cw beam from cyclotrons, RFQ beams are 
pulsed.The pulse structure from the 3He RFQ consists 
of 360 pulses per second. Each pulse is 55 usee long. 
This translates to a duty factor of 2%. The current 
during the pulse is 15 mA (electrical). Thus, the aver
age electrical current is 300 uA. 

The major changes which were made in the design of 
the PET RFQ Accelerator were the elimination of the 

doubly charged 3He** ion source and the close coupled 
rf power system. Both of these elements were felt to be 
too developmental for the budget and schedule avail
able and so more standard approaches were substi
tuted. The use of a singly charged 3He+ ion source led 
to the need for a stripper section which in turn required 
that the singly charged ions have a high enough energy 
to be stripped. This requirement led to the need for the 
first RFQ tank to accelerate the ions to a sufficiently 
high energy so that stripping could be done efficiently. 
The close coupled rf power system described at the 
last Targetry Workshop produced a 3He** beam in a 
small RFQ in San Diego in October, 1990. However, 
problems encountered when going to higher power 
levels led to the decision to use a standard rf power 
system. The technologies should be pursued in the 
future. 

Isotope Production 

The production of PET isotopes with the 3He RFQ isthe 
subject of two other papers at this Workshop, bothfrom 
the University of Washington [2,3]. A summary of 
measured yield and predicted specific activities is 
contained in Table 2. 

Note that the specific activity of 11C and 150 have 
improved significantly since the Vancouver meeting. 
We plan to continue to improve the specific activity. 

Status and Schedule 

We achieved first beam in the 1 MeV RFQ on Septem
ber 27,1991. As of the end of October, 1991, we have 
extracted beam through the first RFQ at 1 MeV. The ion 
source produces approx. 30 mA of singly charged 3He 
ions. The peak pulse current achieved to date has been 
9 mA (electrical). A few changes in the low energy 
focusing section should increase this to approx. 16 mA 
in the first week of November. This would be approx. 
32 m A (electrical) if it was doubly charged. The system 
operatesundercomputercontrol.Theremainderofthe 

Table 2:3He RFQ Isotope Yield and Specific Activity Summary 

Isotope 

18p 
150 
13N 

" C 

Recoverable 
Saturation 

Yield (mG)* 

690** 
740 
150 
1,100 

Target Material 

Non-enriched water 
Non-enriched water 
Non-enriched carbon 
Non-enriched carbon 

Anticipated 
Specific Activity 

>600 O/rnmol 
>20 mCi/ml of water 
>l,000Ci/mmol 
-0.3 Ci/mmol 

* Thick target recoverable yields below 7 MeV (1 MeV 
thick window) as measured at the University of 
Washington 

**110 minute irradiation yield 
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system is planned to be installed such that the 8 MeV 
beam test will begin near the end of January, 1992. 
Isotope production will begin in February, 1992. 

As discussed in another paper at the Workshop [1 ], the 
electron beam thermaltestsforthe thin Havarwindows 
have demonstrated successful window designs for 
both liquid (water) and gas targets. We plan to do some 
window tests with the 1 MeV 3He beam as well. 

We have measured neutron and gamma-ray radiation 
produced in targets as well as target yields and (in 
some cases) specific activities. Preliminary target de
signs are complete. 

Potential Future Improvements 

The use of an RFQ accelerator (and3He) for PETtracer 
production is a very recent development. As such, we 
believe that there is much room for further improve
ment; i.e., increased reliability, increased yield, re
duced size, and reduced cost. Some potential im
provements include completion of development of the 
doubly charged ion source, improved rf power system 

(e.g., close coupled if), thinner windows, windowless 
targets, more efficient accelerating structure (i.e., shorter 
or higher energy machine), and of course improved 
targets. 
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Introduction 

The purpose of this study was to determine the feasi
bility of using a thin foil target window for the PET RFQ 
accelerator currently under construction at Science 
Applications International Corporation (SAIC). Gas 
and water containment targets using different window 
cooling techniques were constructed then tested using 
an 80 keV electron beam to mimic the same thermal 
profiles expected with the 8 MeV 3He beam. Results 
fromthe experiments were compared with calculations 
from a model developed to predict the performance of 
the windows under various operating conditions. Pre
liminary results indicate that the water and gas targets 
investigated could withstand at least 150% to 160% the 
expected PET power requirements for a useful length 
of time. 

Background 

PET Requirements. In order to achieve the required 
PET radiochemistry yields, the target window must be 
constrained to thicknesses corresponding to 1.0 MeV 
energy loss or less. As a result of this constraint, at full 
beam current the average power dissipation in the foil 
window is 150 W with peak power loads up to 7.5 kW. 
This amount of window heating poses a challenge to 

the window cooling mechanism. 

A literature search was performed to survey the exist
ing window cooling techniques and power levels that 
have been achieved. The average power/unit mass 
and beam current density used in the operation of 
water („water"), gas („gas") or neutron production („n-
target'Ö targets found in the literature are shown plotted 
in Fig. 1. These results were used as a guide to help 
determine the surface area of the foil window so that 
the resulting power/unit mass is at a level achieved in 
previous experiments. Included in Fig. 1 are the beam 
and energy loss parameters for the tests performed 
here with the electron beam and for the PET require
ments. 

The properties of the accelerator beam and the target 
window are summarized in Table 1. 

Window and Target Design. Because the desired 
Havarfoil is very thin and the beam profile is limited to 
reasonably sized areas, the heat load in the foil cannot 
be removed through purely conductive heat transfer. 
Window cooling through the use of support grids or 
double foil windows with flowing gas in between were 
not considered in this study because of potentially 
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Figure 1: Summary of power/unit mass and current densities found in the literature for operating water, gas or 
neutron production targets. Data for the present e-beam tests and PET requirements are also included. 
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large beam intensity and energy losses associated 
with these techniques. Cooling techniques in this study 
were limited to forced convection and jets in the water 
and gas target designs. These techniques help to 
maintain a maximum radiochemistry yield by minimiz
ing beam intensity and energy losses. 

Table 1:3He RFQ Beam and Window Parameters 

Energy 
Average Current 
Peak Current 
Frequency 
Pulse Length 
Havar Window Thickness 
Energy Loss 
Average Window Power 
Peak Window Power 

8.0 MeV 
150 UJ\ (particle) 
7.5 mA (particle) 
360 Hz 
55.6 JJ.S 
4.3 (im 
1.0 MeV 
150W 
7500 W 

To reduce the window heating to acceptable levels 
while keeping the mechanical stress to a minimum, the 
beam and window areas were made rectangular with 
a large ratio of length to width dimensions (aspect 
ratio). The mechanical stresses on the window rises as 
the area is increased, but reaches a maximum when 
the aspect ratio is about three and re mains constant for 
higher aspect ratios as shown by WESTERN [1]. For 
these tests, the window width was made 2.0 cm, 
consistent with the safety guidelines of WESTERN, 
and the length of the window was left as a variable 
depending on the power densities that the window 
could withstand using different cooling techniques. 

The 4.3 micron Havar foil supplied by HAMILTON 
Precision Metals was held in place between the target 
Hanges by rubber O-rings on opposite sides of the foil. 
The O- rings were offset from each other so that they 
would not touch in the absence of the foil. When the 
accelerator side of the foil is pumped down, the O-rings 
allow the foil to slip which helps to minimize any stress 
points on the foil. The surfaces of the target flanges 
were constructed using 25-30 micron tolerances which 
are easily achieved with standard machining tech
niques. 

The target body was reproducibly pressurized to burst
ing at pressures (about 50 psia) corresponding to 
tensile strengths in excess of 350 kpsi. Since the 
operating target pressure during this study was usually 
just above one atmosphere (about 18 psia), the high 
bursting pressure provieded a large safety margin. 

Beam Profile. The maximum heat load for a standard 
beam profile occurs at the center of the beam's distri
bution and the power density in this region is the critical 
parameter in the survivability of the foil. To reduce the 
power density to acceptable levels, the length of the 
window and beam would have to be increased to 
unacceptable proportions unless the beam could be 
made more uniformly distributed. 

Beam profiles are typically considered to be gaussian 
shaped where the ratio of the peak to the average 
power density is 3.15 over 95% of the beam's area. On 
the other hand, a rectangular beam which is uniform in 
the long direction and gaussian shaped in the short 
direction has a peak to average power ratio of only 
1.67, a factor of 1.89 smaller than that of a circular, 
gaussian beam. If a rectangular beam with this profile 
were employed in PET the power densities would be at 
acceptable levels using reasonable window lengths of 
approximately 10-12 cm. This beam profile can be 
produced by the beam optics of the 8 MeV transport 
line of the RFQ accelerator. 

Power densities of the electron beam in this study we re 
produced to similarly match those required in PET 
using an 8 MeV 3He beam with a rectangular beam 
gaussian shaped in the short dimension and uniform in 
the long dimension. 

Experiments 

To examine the feasibility of using the target windows 
described above with the power densities expected 
from an 8 MeV 3He beam from an RFQ PET accelera
tor, the targets were tested using a pulsed electron 
beam from an e-beam welder. 

Electron Beam. The properties of the electron beam 
were chosen to model those of the aHe beam. The 
electron energy was chosen so that it would have the 
same range (and, therefore, same temperature profile) 
in water as a 3He ion after passing through the 4.3 
micron thick Havar foil. From this requirement, the 
electron energy was determined to be 80.6 keV with 
12.4 keV energy loss in the foil. The electron beam 
current, pulse width and spot size were then adjusted 
to obtain the desired power density in the foil. For 
example, the power density in the foil resulting from an 
average current of 150 jxA, 8 MeV 3He beam losing 1 
MeV per ion is equivalent to that for an average current 
of 12.1mA, 80.6 keV electron beam losing 0.0124 MeV 
per electron. The same electron beam was used forthe 
gas and water target tests. A lower average current 
was used for the gas target to reflect lower anticipated 
power densities for the 3He gas target which uses a 
larger area foil. Properties of a typical electron beam 
and the RFQ 3He beam are compared in Table 2. 

The e-beam welder was limited to approximately circu
lar profiles (about 2 cm diameter) and pulse widths of 
not smaller than 200 usee (FWHM). The gaussian 
shaped profile of the electron beam was verified by 
carefully measuring the current on a small diameter 
(0.020") tungsten wire as it was passed through the 
beam. The difference in the pulse widths was consid
ered to be unimportant since the foil will withstand the 
peak power density in a single pulse without any 
cooling or damage. The cooling problem is in removing 
the thermal load between pulses. 
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Table 2: Electron and3He Beam Comparison 

3He(water) 
Incident Energy (MeV) 
Peak Pulse Current (mA-particle) 
Frequency (Hz) 
Energy Loss in Foil (MeV) 
Pulse Width (|isec) 
Area Containing 95% of Beam (cm2) 
Absorbed Energy/Area/Pulse (J/cm2) 
Spatial Distribution Factor 
Spatial Peak Energy/Area/Pulse (J/cm2) 
Average Power/Area (W/cm2) 
Absorbed Average Power/Mass (kW/gm) 
Absorbed Peak Power/Mass (kW/gm) 

8 
7.5 
360 
1.0 
55 

12.5 
0.033 

1.67 
0.055 

12.0 
3.40 
5.68 

e-beam(water) 
0.080 

18.9 
360 

0.0124 
200(FWHM) 

2.6 
0.018 

3.14 
0.056 

6.39 
1.81 
5.68 

3He(sas) 
8 

7.5 
360 
1.0 
55 

15.0 
0.028 

1.67 
0.047 

10.0 
2.83 
4.73 

e-beamfgas) 
0.080 

15.7 
360 

0.0124 
200(FWHM) 

2.6 
0.015 
3.14 

0.046 
5.33 
1.51 
4.73 

Experimental Setup. A test stand was designed to fit 
within the existing 1 m3 volume of the e-beam welder. 
The test stand included its own beam line which could 
be isolated from the welder's vacuum in case of win
dow rupture. The average temperature of the foil was 
measured continuously using a RAYTEK infrared tem
perature sensor set for the emissivity of the Havar foil. 
Thermocouples were placed in the target body to 
measure the inlet and outlet flow temperatures of the 
helium gas orwater. Pressure transducers were placed 
in the target to measure the gas or water pressures. 

The analog signals from the thermocouples, RAYTEK 
and pressure transducers were digitized and stored 
100 times per second using a PC and a KEITHLEY 
data acquisition card. The flow rate of the helium gas 
orwater was provided by calibrated flow meters which 
were monitored visually to maintain steady flow rates. 
The beam profile was checked before and after runs by 
visually examining the beam on an alumina coated Cu 
block. 

Results and Comparison to Model 

Experimental Results. Experiments were performed 
on a variety of target designs with different cooling 
techniques (forced convection and jets) to determine 
the optimal combination. From the set of data to date, 
the most promising results for the gas and water 
targets occurred when utilizing jets directed at the foil 

forcooling. Forced convection of helium gas acrossthe 
foil was far less effective at removing the heat load. 
Tests on the water targets were performed with forced 
convection and jet cooling and both proved to be 
effective at removing the heat load anticipated with the 
PET accelerator beam. 

Tables 3A and 3B list results for the water and gas 
targets, respectively, using 2.8 mm diameter cooling 
jets directed at a 45 degree angle to the foil. In all cases 
shown here, the targets were bombarded with the 
electron beam for 10s pulses corresponding to about 
47 minutes total time. The results presented in Table 3 
demonstrate the effectiveness of using jets to cool the 
window at power levels which exceed the PET require
ments by more than 45%. 

During the experiments, the gas target required high 
flow rates (3 - 4 liters/sec) to cool the foil but operated 
with a pressure of only 18 psia, much less than the 
burst pressure of 50 psia at roomtemperature. Though 
the present concept for this target is not inconsistent 
with high helium flow rates, the conceptual design will 
require more effort to help reduce required flow rates 
and possibly allow for wider windows or thinner foils. 

Target Modeling. A thermal/stress computer model 
has been developed to predict the performance of 
potential PET windows under various conditions. This 
model is capable of handling gas or water targets, 

Table 3A: „ Water" Target Results 

Foü 
# 

305 
307 

Ie 
(mA) 

24.6 
29.2 

Flow Rate 
(GPM) 

.22 

.22 

Ave. Power 
Density 
(W/cm2) 

8.1 
9.4 

Spatial Peak 
Power/Mass 

(KW/gm) 

7.21 
8.36 

% 
PET 

127 
147 

Notes 

No Effect 
No Effect 
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Table 3B:rGas" Target Results 

Foil 
# 

219 
218 

220A 
220B 
222 

le 
(mA) 

22.8 
22.8 
17.2 
14.8 
26.1 

Jet Velocity 
(m/sec) 

130 
160 
100 
80 
130 

Ave. Power 
Density 
(Wem2) 

7.41 
7.41 
5.79 
3.57 
8.48 

Spatial Peak 
Power/Mass 

(KW/em) 

6.59 
6.59 
5.15 
3.18 
7.54 

% 
PET 

139 
139 
109 
67 
159 

Notes 

Slightly Discolored 
Slightly Discolored 
No Effect 
No Effect 
Slightly Discolored and Dimpled 

circular or rectangular window (foil) geometries, uni
form or gaussian beams, and various cooling me
chanisms (forced convection, falling film, and jet im
pingement). 

The stress analysis of the foil was made using the 
analytic solutions for the quasi-static and dynamic 
thermal stresses derived by SIEVERS [2] and 
GOODMAN'S method [3] for fatigue failure prediction. 
Unfortunately, the experiments could not be run at the 
time scale necessary to validate the stress and fatigue 
models. 

For analysis of the thermal load of the foil, the heat 
transfer correlation suggested by MARTIN [4] was 
used to model an array of round nozzles providing jets 
impinging on a flat surface. Since inclined jets were 

used in the target design, the heat transfer coefficient 
was reduced based on experiments by SPARROW 
and LOVELL [5]. Figs. 2 and 3 show curves for the 
calculated foil average and central temperature rise as 
a function of the impinging helium gas velocity and as 
a function of the average power input to the foil, 
respectively. The foil central temperature was calcu
lated assuming a two-dimensional gaussian distribu
tion for the electron beam profile. Plotted on both 
figures is the experimental data from Table 3B based 
on the foil average temperature rise as measured by 
the RAYTEK infrared temperature sensor. The data 
are represented by vertical bars to indicate the system
atic uncertainty in these temperature measurements. 
The agreement between the experimental results and 
the model is fairly good in view of the simplicity of the 
model. 

100 120 140 
Impinging Jet Velocity (m/sec) 

5 W/cnT (ave) 7 W/cm2 (ave) 9 W/cm2 (ave) 

Figure 2: Foil Average and Central Temperature Rise with Respect to Velocity of Impinging Helium Gas Jet. 
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Conclusions 
The results described in this paper demonstrate the 
capability of constructing a target window that will 
withstand the powerlevelsof the RFQ PET accelerator 
now under development at SAIC. The water target 
design is compatible with the radiochemistry require
ments and has been tested to 150% of the required 
power. Though the gas target needs further design to, 
for example, reduce the cooling gas flow rate, the 
present gas target design was shown to operate satis
factory at 160% of the expected power level. The 
preliminary modeling results show good comparison to 
the experimental results and, therefore, indicate that 
the model may be useful in determining the perform
ance of improved designs. Future experiments are 
planned in which the limitations of gas cooling will be 
tested. This data will allow validation and adjustment of 
the model's predictions for foil survivability. 
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Introduction 

EBCO Technologies is a company that was started to 
commercialize the accelerator technology that has 
been developed at TRIUMF. Since TRIUMF was the 
first accelerator that was developed to accelerate H-

ions, the TRIUMF accelerator group has extensive 
experience both in H" ions sources and in the extraction 
of beams by stripping. This experience was used to 
design a family of cyclotrons for the production of 
isotopes for medical and industrial users. 

All of the cyclotrons have the same conf iguration.They 
are isochronous cyclotrons with a compact magnet 
structure and an external ion source. There are four 
hills and four valleys with a narrow hill gap to give high 
flutter and strong focussing. The acceleration is done 
with two, in phase, 45°Dees in opposing valleys to give 
a large energy gain perturn and to reduce the accelera
tion time and minimize the beam loss by stripping of the 
negative ions in the cyclotron. The pumping is done 
cryogenically to minimize the presence of contami
nants in the vacuum tank by the elimination of oil 
diffusion pumps, equally important in H- cyclotrons. 

The control system is based on ALLEN BRADLEY 
industrial process control software and hardware. The 
operating supervisor is a PC (386 running at 33 MHz) 
thatcontrolsthesystemfrom startup, and monitors and 
records all operating conditions. These are displayed 
on the monitor screens or printed out as hard copy on 
demand. 

The reliability of the systems has been demonstrated 
on the TR 30 cyclotron which was constructed for the 
NORDION facility at TRIUMF and which has now 
been operating for a year with a total up-time exceed
ing 95% of scheduled beam production time. 

The EBCO Clinical Cyclotron System 

The design group has designed a versatile system for 
the production of PET isotopes along with the targets 
and the automated radiopharmaceutical synthesis sy
stems all based on the general accelerator design 
features which were outlined above and which have 
been tested in a small 1 MeV cyclotron and in the 
TR 30 for NORDION. 

This small cyclotron is based on a magnet which is 
designed to accelerate deuterons to 8 MeV. It is 
capable of accelerating H- ions to 17 MeV and this 

operational option can be utilised if sufficient shielding 
is available at the site. 

The external ion source is capable of accelerating 
either protons or deuterons with only a change of the 
gas supplied to the arc chamber. The beam current 
extracted from the machine has a maximum value of 
100 nA for protons and 50 nA for deuterons. The new 
cusp ion source developed and tested for these ma
chines is highly efficient and runs with an arc power of 
less than 250 W so that the filament lifetime is expected 
to be longer than 6 months. 

The recommended configuration for the cyclotron lim
its the maximum energy to 13 MeV for protons which 
is determined by the configuration of the extraction 
system. It can be supplied with two opposed external 
beams and is designed to be self-shielded in this 
configuration. The layout of the cyclotron and the 
target stations is shown in the drawings Fig. 1 and Fig. 
2. Each target station has four target positions which 
allows for the installation of up to 8 targets of different 
types. The two opposing target stations can be irradi
ated simultaneously. The beam current to the two 
target stations is adjusted by the position of the two 
extraction foils, the maximum current on one target 
being determined by the maximum current being ac
celerated in the cyclotron. The lifetime of the stripping 
foils is greater than 20 mAh. 

The design of the facility is such that the performance 
can be varied at any time in the future with a minimum 
of difficulty. A cyclotron delivered as a proton only 
machine can be converted at low cost to a machine 
that is also capable of accelerating deuterons. A13 
MeV proton only machine can be permitted to go to 
the maximum energy of 17 MeV with an increase of 
shielding. The deuteron capability can be installed 
with the addition of isochronising coils in the valleys 
and a dual frequency RF transmitter. If the initial 
machine is delivered with the dual frequency transmit
ter option, the deuteron upgrade of a basic proton only 
machine is a relatively quick and simple operation. 

Target Systems 

The targetry and automated chemistry system makes 
use of the same industrial control hardware and soft
ware that has been tested in the TR 30. The user 
interface is implemented by means of ALLEN 
BRADLEY (Dynapro) Control-view software running 
on a PC (386). The program presents the operator 
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with a visual display of the process that is involved and 
interacts with the computer control system to initiate 
the loading of the target, the irradiation of the target 
material, and the transfer of the irradiated target mate
rial to the chemistry system. 

Measurement of product activities, reagent flows, tem
perature and pressure measurements, and all valve 
and switch positions are shown graphically and the 
graphic interface reduces the need of an operator to 
remember a long list of commands and device names. 
In a normal production sequence operator intervention 
is unnecessary and only monitoring of the process is 
required. Printouts of all relevant data are available 
from the system. 

Four target systems have been developed by the PET 
group at the University of British Columbia and are 
available for delivery with the system. These are: (1) 
18F from [180]H20 by means of a (p,n) reaction, (2) 150 
from [,5N]N via a (p,n) reaction, (3) 13N from [160]H20 

through a (p,a) reaction, and (4) UC from [MN]N2 by 
means of a (p,a) reaction. 

Schematic drawings of the target systems are given in 
Figs. 3,4,5. All points labelled in the drawings can be 
controlled by the computer in the automated produc
tion mode or can be overidden by the operator by the 
use of the graphic screens if desired. The control 
points on the screen can be mouse driven as well as 
run from the control line. By placing the cursor arrow 
on the appropriate device the device can be toggled by 
the mouse buttons or the value of a set point can be 
raised or lowered if the operator wishes to change 
some parameter of the operation. 

Chemistry Systems 

Four automated chemistry modules are provided with 
the system. They will provide the user with: (1) 18F 
labelled FDG, (2) 13N labelled ammonia, (3) 1S0 la
belled gases and water, and (4) " C labelled gases. In 
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addition they will be able to supply radionuclides di
rectly from the targets. A schematic of the FDG 
process as it appears on the control screen is shown 
in Fig. 6. The process systems are housed in modules 
in a shielded cabinet which is shown in Fig. 7. The 
modules are mounted in drawers which are removable 
for servicing and modification. 

The chemistry processes have been tested by the 
PET group working at TRIUMF and the University of 
British Columbia who have acted as consultants to 
EBCO Technologies. Help has also been received 
from the TRIUMF NORDION group, and it is the 
cumulated experience of all of these people that has 
made the development of these commercial systems 
possible. 
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Figure 7: Chemistry cabinet 
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Labeled-Compound Production System 
with Superconducting Cyclotron 

Katsunori Kusumoto and Kenichiro Mizuno, 
NKK Corporation 

2-1 Suehiro-cho, Tsurumi-ku 
Yokohama 230, Japan 

Ren Iwata 
Cyclotron Rl Center 
Tohoku University 

Aramaki, Aoba 
Sendai 980, Japan 

Introduction 

Labeled-compound production system with a super
conducting cyclotron was installed in the NKK Re
search Laboratory in August 1991. 

The system is developed under the technical and 
business co-operation agreement between NKK and 
Oxford Instruments Limited. 

In this joint development program, Oxford Instruments 
Limited developed the superconducting cyclotron, and 
NKK developed associated sub-systems such as tar
get system, automated chemistry modules and control 
system. 

Various kinds of tests are started to verify the total 
system to produce short-lived labeled compounds in 
fully automated sequence. 

Superconducting Cyclotron 

The NKK-OXFORD 12 MeV superconducting cyclo
tron is a machine especially dedicated to PET applica
tion to assure: 

• High reliability 
• Easy operation 
• Easy maintenance 
• Low activation 

Table 1 shows the technical details of this cyclotron. 

Target System 

Thetarget box exchangerisdesigned as revolvertype. 
Four kinds of target boxes for 150,11C, 13N and 18F 
nuclides are mounted on the exchanger. 

150 Gas Target Box. The 150 gas target box is 
designed to produce high density and high purity 
radioisotope. Quicktransfer system is applied to the Rl 
delivery line and 1SN2 consumption is minimized. 

Table ̂ Specifications of the Superconducting Cyclo
tron 

Accelerating particle 
Energy 
Beam output current 
Ion source type 
Extraction 
Beam extraction radius 
Mean field 
Pole pieces 
RF frequency 
Weight 
Overall diameter 
Overall height 
Power consumption 

Proton (H - ion) 
12 MeV (fixed) 
50 UA 
Multi-cusp 
Carbon stripper foil 
220 mm 
2.36Tesla 
3 pairs at 60° each 
108 MHz 
4.0 tons 
1.4 m 
1.9 m 
50 kW 

18F Water Target Box. The 18F water target box is 
made of silver for high purity 18P and target water is 
circulated to produce high amount of 18F- constantly at 
high beam current. Irradiated target water is recovered 
at the FDG-ACM and [180]H20 consumption is mini
mized. 

13/V Water Target Box. Ammonia (NH4
+) is directly 

produced in the target box by irradiating target water 
bubbled with hydrogen gas. 

Automated Chemistry Modules 

Automated chemistry modules with various unique 
features for the products listed in Table 2 are available, 
which cover most of the labeled compounds and pre
cursors commonly used in PET facilities. 

In addition, ACMs for other products such as [11C]-
Methionine, [11C]Methyl spiperon and [11C]Fatty acid, 
are being developed and will be available soon. 

Automated Chemistry Module for Inorganic Cases. 
All the listed gases of 11C and 150 are produced by this 
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Table 2: Precursors and labeled compounds obtained 
by Automated Chemistry Modules (ACM) 

Nuclide 

MC 

»N 

"O 

"F 

State 

Gas 

Liquid 

Liquid 

Gas 

Liquid 

Liquid 

Products 

Carbon dioxide 

Carbon monoxide 

Methyl iodide 

Hydrogen cyanide 

Ammonia 

Oxygen 

Carbon dioxide 

Carbon monoxide 

Water 

Fluorodeoxyglucose (FDG) 

co2 

CO 

CH3I 

HCN 

NHj 

o2 

COj 

CO 

HjO 

module. One of the features of this chemistry module 
is that it produces all the 150 labeled compounds from 
one single target product. Switch-over operation of 
targets is thus not required. 

Automated Chemistry Module for FDG. Adopting 
the HAMACHER method for the production of FDG 

from [18F]ions obtained from proton bombardment on 
[180]Water [1], this module promises the following 
advantage: 

• No-carrier-added FDG is obtained 
• High yield is achievable in comparatively 

short synthesis time 

The expensive [180] Water is recovered in the synthesis 
process with more than 90% efficiency, thus enabling 
repeated use. 

Controls 

The cyclotron, target boxes and ACMs are controlled 
by one master controller and virtually all the operation 
is proceeded in fully automated sequence. 

Once preparation such as setting of reagents into the 
ACMs is done, the labeled compound is produced only 
by selecting "START" on the menu on the computer 
display. 

References 

[1] K. Hamacher, H.H. Coenen and G. Stöcklin, 
Efficient stereospec'rfic synthesis of no-carrier-added 
2-[18F]-Fluoro-2-deoxy-D-glucose using aminopolyether 
supported nucleophilic substitution. J. Nucl. Med. 27, 
235-238(1986). 
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An Oxygen-15 Generator: Early Experience 
with the IBA CYCLONE-3 

John C. Clark 
MRC Cyclotron Unit 

Hammersmith Hospital 
London W12 OHS 
United Kingdom 

Jean-Luc Morelle 
Ion Beam Applications, S.A. 

Louvain-la-Neuve 
Belgium 

Clinical Requirement 

Oxygen-15 is widely acknowledged to perform a vital 
role in PET clinical applications, for example measure
ments of 

• Blood volume by [150]CO 
• Blood flow by [150]C02, [

150]H20, [150]BuOH 
• Metabolic rate by [150]0?. 

The Hammersmith PET programme exploits 150 tracer 
techniques extensively and *tt was appropriate to inves
tigate potential dedicated 150 generator systems to 
allow the more flexible multi-particle 40 MeV cyclotron 
to be applied more efficiently to 11C and 18F PET 
radiopharmaceutical production. 

The Project 

A collaborative programme drawn up with IBA, Louvain-
la-Neuve. A performance specification was agreed 
that would meet the current demands for 150 products 
to support the Hammersmith PET programme. Thus, 
MRC propose to purchase the prototype CYCLONE-3. 

Accc 'ptance tests 

All products were produced at rates in excess of 
specification. CYCLONE-3 was shipped to Hammer
smith in February 1991. 

Current status 

Mechanical difficulties relating to insulators supporting 
dees have not yet allowed Hammersmith acceptance 
tests to be carried out. Corrective action is in progress. 

A research phase has been initiated at Hammersmith 
with 50 uA maximum to assess chemical processing, 
gas transfer losses and [150]H20 generator integration. 

Radiochemical purity of [150]CO and [150]C02 meets 
clinical requirements, however, the contamination of 
[150]02with 7.5 % [150]N20 remains to be resolved. „In 
target" production of [1S0]H20 using N./H., target gas 
mixtures gives very encouraging results. 

Transport of [150]H20 vapourwith no added carrier has 
been achieved over 100 m of 1.5 mm inside diameter 
PTFE tube. About 50 % losses overall were found. 

Table 1: Acceptance test data 8/9 January 1991 

Beam 

(MA) 

[150]Oz 58 
[150]C02 83 
[150]CO 79 

Flow 

(ml/min) 

430 
435 
475 

Activity 

(mC!/min) 

140 
85 

115 

Specific 
Activity 

(mCi/min/uA) 

2.41 
1.02 
1.4 

Performance 
specification 

(mCI/mln)* 

30 
80 
40 

* All data were measured 80 m distant from the target at a 
flow of 4 - 500 ml/min (to simulate transport to the most 
distant PET scanner). 
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Figure 1: The IBA CYCLONES 
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The New DKFZ Cyclotron 

Gerd Wolber 
Dept. Radiology and Pathophysiology 
Deutsches Krebsforschungszentrum 

D-6900 Heidelberg, Germany 

Jonny Ahlbaeck 
Scanditronix AB 

S-75229 Uppsala, Sweden 

Abstract:Jhe actual status and the proposed program of the new negative ion cyclotron facility at the Department 
of Radiology of the DKFZ Heidelberg are presented. 

Introduction 

Since 1971, the Department of Radiology at the DKFZ 
has operated a K = 22 compact cyclotron manufac
tured by AEG-Telefimken for research and develop
ment in nuclear medicine, radiochemistry, radiation 
physics and radiobiology. 

Age related decrepitude and scope of future work 
favored the decision to replace the old machine by a 
new cyclotron with increased capability for the rising 
demands to be expected. 

Rationale for the new cyclotron 

1. Sophisticated labelling and purification procedures 
will claim for higher starting activities 

2. For PET studies of metabolic processes of more 
than a few hours half life longer-lived positron 
emitters, i.e. with higher Z and reaction thresholds 
(72As, "Br, 124l ?,...) shall be investigated 

3. The capacity should allow for the request of exter

nal cooperation partners, e.g. also for medium Z 
SPECT nuclides such as 67Ga, 81Rb, etc. 

4. The capabilities should be adequate to provide for 
unforeseeable future developments 

5. The energies should allow the use of sequential 
targets 

6. Higher energy would decrease the heat burden to 
target window foils and hence the risk of break
downs, i.e. increase operational safety. 

After thorough consideration of the technical feasibil
ity, we made up our minds that the new cyclotron 
should meet two 

basic requirements. 
• Acceleration of negative ions to make use of the 

advantage of extraction by foil stripping, and 
• Production of 30 MeV protons as well as 15 MeV 

deuterons especially in view of the reaction 
*>Ne{ä,ay*F. 

Figure 1: The new Scanditronix cyclotron MC 32 Nl arrived on April 25, 1991. Acceptance tests will be 
accomplished by October. Routine operation is scheduled to start late this year 
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Type 

Magnetic Field 

RF 
Vacuum 

Ion Source 
Extraction 

Control 

Weight 

Panicles 
Energies 

AVF fixed field, fixed frequency for negative ions 
4 curved sectors, Ba v =1,60-1.65 Tesla 
pole diameter 130 cm, gap 18- 10 cm 
2 Dees 90°, 24 MHz, 30 kV, 50 kW 

2 x 40001/sec diffusion pumps, «tlO"6 mbar 
1 Roots pump 250 m3/h, backing p. 30 m3/h 
Penning type 

Carbon stripper foil 

PLC = programmable logic controller 

(PCpIusSimatic) 
appr. 60 tons 

protons from >I", deuterons from D" 
p: 17 - 32 MeV. d: 8.5 - 15 MeV 

Ion Beam Currents guaranteed: 60 jlA, rated: > 100 uA 

Table 1: Design and Output Data Figure 2: Horizontal cross section of the MC 32 Nl 
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Finally, we decided to purchase the K = 32 compact 
cyclotron MC 32 Nl produced by Scanditrcnix which 
delivers 17 to 32 MeV protons and 8.5 to 15 MeV 
deuterons with external beam currents of at least 60 
uA 

Properties of the New Cyclotron MC 32 Nl 

The design of the MC 32 Nl is based on the positive ion 
cyclotron model MC 40. 

External Beams: All beams could be readily aligned 
into proper direction by adjusting the position / inclina
tion of the extractor foil and the field strength of the 
beam exit magnet. The horizontal and vertical emit-
tances were measured using two parallel slits 1 m apart 
for both protons and deuterons with approx. 50,75 and 
100% of maximum energy at currents < 1 uA They 
range from 7to30jtmmmradfor25 MeV p and 8.5 MeV 
d, respectively. 

Program and Facility Lay-Out 

The cyclotron will be in charge of the following Pro
gram: 

1. Production of short-lived positron emitters for the 
running in house PET program in clinical oncology 

2. Production of longer-lived high Z positron emitters 

3. Production of positron as well as single photon 
emitters for cooperating hospitals 

4. Experimental irradiations for R & D in radiochemis-
try and targetry 

5. Production of fast neutrons for radiobiological stud
ies and radiation dosimetry 

6. Charged particle activations of metal surfaces for 
wear measurements on request of the Nuclear 
Research Centre (KFK) in Karlsruhe. 

There will be limited space and time also forothertasks 
from internal or external partners. 

Due to the increased weight of the accelerator (60 tons) 
and shielding (finally 1400 tons) the statics of the 
building had to be reevaluated. The sag of the highly 
armed concrete floor which is 90 cm thick has been 
measured for different spatial distributions of the load. 
It turned out to be reversible and to range from 1 /10 to 
4/10 mm, well below the accepted limit. 

Acknowledgements. We appreciate the permanent 
cooperative attitude of the cyclotron crew during the 
period of dismantling the old and building up the new 
installation as well as the assistance in preparing this 
poster. The support in many respects by our col-
leaguesf romthe Nuclear Research Center in Karlsruhe 
is greatly acknowledged. 
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magnetic lense (quadrupole duplet) 

concrete walls of the building 

movable concrete blocks 

concrete door on rollers or air 
cushion 

Abbreviatons: 

AM vertical bending magnet 
KM kicker magnet 
SM switching magnet 
UM horizontal bending magnet 
ET experimental target for variing 

purposes 
NT fast neutron Be target 

(other beam lines will serve targets with 
permanent tasks, i.e. production of 1BF, 150, 
13N, B1Rb, etc. and activations for ware 
measurements) 

Figure 4: Proposed lay-out of the new cyclotron installation 
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Status of the Cyclotron Facility at PENN-PET 

Carlos Gonzalez 
Cerebrovascular Research Center 

University of Pennsylvania 
Philadelphia, PA, USA 
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University of Pennsylvania - PET Center 

Cyclotron 

JSW-BC3015 

Particles: 30 - 22 -13 MeV protons 
15MeV deuterons 
30-22-13MeV "He 
40-23-17MeV 3He 

Ion Source: Positive Ions - Hot Filament 
Double Plasma Chamber 
Transverse Extraction. 

11C Target 

Particle: 
Irradiation Conditions: 
Target: 
Target Body: 
Target Foil: 
Target Pressure: 
Yield of [11C]HCN: 

22 MeV p 
30 uA x 20 min. 
1*NZ + 5%H2 
AI 
Havar (25 u.m) 
5.14 kg/cm2 

817mCi(EOB) 

Comments: Not in use for several months 

Transport: Beam Line with Quadrupole 
and Steering Magnets. 
Switching Magnet for Target 
Station (3) Selection. 
Foil Cooling System (He/Freon). 

Targets: Remote Target Auto Changer 
- 11C (Gas) 
- 13N (Liquid) 
- 1S0 (Gas) 
- 18F (Gas) 
- 18F (Liquid) 
- Faraday Cup 

Target Geometry: 
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1S0 Target 

Particle: 
Irradiation Conditions: 
Target: 

Target Body: 
Target Foil: 
Yield of 150: 
Use: 

15MeVd 
2 - 4 - 8 nA (02 - H.0 - CO) 
100%14N2 for CO 
(O2-950°C Charcoal) 
14N2+ 2%0 2 fo r0 2 

'4N2 + 5% H2 for H20 
AI 
AI (500 um) 
continuous flow 
4 to 6 studies per week 

1BF(HF) Target 

Particle: 
Irradiation 

Conditions: 
Target: 
Target Body: 
Target Foil: 
Yield of Product 

(EOB): 
Use: 

22 MeV p 

10uAx10min 
H20 (98% 180 enriched water) 
Ti 
Ti (70 um) 

160mCi/|iA 
1 to 2 studies per week. 

Comments: New gas production monitor and quality 
control system provides real time information of deliv
ery conditions (subm.for publ. to Appl. Radiat. Isot.) 

Target Geometry: 

Water Cooling 
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beam 

13N Target 

Particle: 22 MeV p 
Irradiaton Conditions: 20 \iA x 5 min. 
Target: 
Target Body: 
Target Foil: 

H20(2.7gr.) 
Ti 
Ti (50 urn) 

Yield of 13N (Ammonia): 152 mCi (EOB) 

Comments: Not in use for several months 

Target Geometry: 

Comments: Production of N-Methyl-Spiperone and 
basic reseach on new compounds. 

Target Geometry: 
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18F(2-FDG) Target 

Particle: 
Irradiation 

Conditions: 
Target: 

Target Pressure: 

Target Body: 
Target Foil: 
Yield of Product 

(EOB): 
Use: 

15 MeV d 

24 (iAx (60 to 120 min.) 
^Ne (High Purity) + 1 % F2 

(Certified Analysis) 
20.4 kg/cm2 (no beam) 
23.8 kg/cm2 (beam on) 
Ni 
Ni (20 u.m + 500 um AI backing) 

10mCi/uA 
3 to 4 studies per week. 

Target Geometry: 
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A New PET Center at ULB-Höpital Erasme in Brussels 

M. Monclus, J . Van Naemen, B. Van Gansbeke, E. Stanus, 
L. Bidaut, S. Goldman and A. Luxen 

Cyclotron/PET Facilities 
Universite de Bruxelles, 

Höpital Erasme, 
808, route de Lennik, 

B-1070 Bruxelles, Belgium 

The center, opened in November 1990 and entirely 
dedicated to PET programs, is equipped with an IBA 
CYCLONE-30 (proton 15 - 30 MeV, 6 ports) with 
targets and automated chemistry modules for rou
tine production of [150]02> [13N]NH/, [11C]HCN, 
[18F]FDG and [,50]H20. A Siemens 933/8-12 scanner 
completes the equipment of the center. 

We report here our first year experience with the 
production of [,8F]FDG and [13N]NH,\ 

[18F]FDG Production 

[18F]Fluoride ion is produced via the 180(p,n)18F nu
clear reaction by bombardment of 98% enriched 
[180] Water. A target body constructed of silver with a 
water cavity volume ol 350 u.1, and a window of 0.025 
mm Havar are used. Typical recovery yields of 
[18F]Fluoride ion (15 MeV, runs of 7.5 -15 \xA) range 
between 250 and 650 mCi. 

[18F]FDG is produced via the synthesis described by 
HAMACHER [1,2], using an automated chemistry 
module provided by IBA. Using such a system, the 
yield of [18F]FDG from [1BF]Fluoride ion is 70% 
(±12%, n=118) corrected to EOB, after a synthesis 
time of 55min. Fig. 1 shows that during the November 
1990- December 1991 period the average radiochemi

cal yield of [18F]FDG was almost constant. This instru
ment was remarkably reliable and we were able to 
supply our PET camera (2 - 5 patients/day) with 118 
batches of [18F]FDG (80 - 200 mCi) having only had 3 
failures in the production. Radiochemical purity (silica 
plate, acetonitrile/water 90:10) was greater than 98% 
and kryptofix was not detected using a TLC technique 
[3]. 

[,3N]Ammonia Production 

[13N]Ammonia is routinely used as a tracer of the 
myocardial blood flow. We use in our center the produc
tion method recently described by WIELAND [4]. Proton 
irradiation (17 MeV, 15 \iAJh) of a 1 mM ethanol aqueous 
solution (aluminium target body fitted with a 0.025 mm 
Havar foil, water cavity volume: 1.8 ml) provides 
[13N]Ammonia with a radiochemical purity, assessed by 
HPLC (Fig. 2), higher than 98%. After a 5 min bombard
ment, no ethanol or ethanol by-products (acetic acid or 
acetaldehyde) are detected by GC (5% Carbowax 20M 
on Graphpac-GB(AW), 80/120 (Alltech); temperature 
gradient: 70°C to 170°C at 5°C/min; helium flow rate: 
20ml/min; detector: FID). 

Prior to the injection, the target material is transferred 
through a 0.22 u.m membrane filter (Millipore-Cathivex-
GS) to a sterile vial containing a sodium bicarbonate 
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solution for isotonicity. Large doses (> 110 mCi) of 
sterile [13N]Ammonia are routinely available for clinical 
use in 4 min from the end of 1.2 nA bombardment. One 
hundred and six batches of [13N]Ammonia were pro
duced and each of them was checked by radio-HPLC 
before injection in humans for the presence of 
[13N]Nitrites and [13N]Nitrates. 
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Figure 2: Radio-HPLC on Vydac column (column: 4.6x50 mm; packing: 
400 IC; mobile phase: 
P3N]Ammonia. 

2 mM HNO flow rate: 4 ml/min; detector: y) of 
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Shield Design Calculations for a Radioisotope Production Target Bom
bardment Station 
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National Accelerator Centre, 

P.O. Box 72, 
Faure, 7131, 
South Africa 

Abstract: Multigroup discrete-ordinates radiation transport calculations were used to investigate the present 
configuration of the local radiation shield of the target bombardment station for radioisotope production at the 
National Accelerator Centre. Calculated neutron and y-ray dose rates and dose attenuation factors forthis shield 
were compared with corresponding measurements. Finally, a parametrical shield optimization study was 
performed. 

Introduction 

Radioisotopes are routinely produced at the National 
Accelerator Centre (NAC) by means of the irradiation 
of a variety of targets with 66 MeV proton beams. Beam 
intensities are typically in the range 30-100 uA de
pending on the specific target systems used. A re
motely-controlled versatile target bombardment sta
tion [1] has therefore been developed and is currently 
in use at the NAC (see Fig. 1). The facility consists of 
three rotary magazines behind one another, each of 
which can hold up to five target holders, and provides 
for different combinations of a variety of targets to be 
irradiated in tandem. These target magazines are 
locally shielded to protect sensitive components inside 
the irradiation vault against excessive radiation dam
age and to reduce neutron activation of the vault and its 
contents. 
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Figure 1: Cross-sectional view of the target bombard
ment station, showing the different shielding materials 
used in the local radiation shield as well as one of the 
rotary target magazines with a target in the bombard
ment position. 

Multigroup discrete-ordinates transport calculations 
were performed to investigate the efficacy of the exist
ing shield configuration, and to find a realistic source 
term representing the neutron radiation produced in 
the proton bombardment of a thick copper target 
(beamstop). Forthis purpose, calculated neutron and 
y-ray dose rates and dose attenuation factors were 
compared with corresponding measurements. A 
parametrical shield optimization study was then per
formed to determine a more optimal configuration for 
future local shields.1 

Description of the local radiation shield 

The cylindrical radiation shield essentially consists of 
three layers in both the radial and axial directions: a 30 
cm thick inner iron layer, followed by a30 cm thick layer 
of paraffin wax containing 2.5% (by weight) boron-
carbide C^C), followed by a 4 cm lead outer layer 
(see Fig. 1). Steel plates of 1 cm thickness serve to 
ensure the structural integrity of the shield. The steel 
plates were welded onto the inner iron layer to form 
segmented cavities, which have been filled with wax or 
lead. 

By utilizing complementary shielding materials in a 
multi-layer configuration, a significant increase in at
tenuation compared to that of a single-material shield 
of the same thickness can be obtained. The inner iron 
layer effectively degrades fast neutrons to intermedi
ate energies, and even completely absorbs some, via 
non-elastic nuclear interactions. Neutrons at energies 
below about 4 MeV are then moderated to thermal 
energies in the second layer, mainly by elastic scatte
ring with the hydrogen nuclei in the paraffin wax. The 
boron-carbide in the wax serves to absorb thermal 
neutrons, utilizing the high thermal neutron capture 
cross-section of 10B. The outer lead layer is a shield for 

1The present local shield is not optimal. At the time of design, the 
HILO cross-section library was not yet available to us. Our initial 
calculations, therefore, did not account property for the higher-
energy component of the neutron spectrum, which resulted in an 
under-estimation of its importance. 
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y-radiation, especially for the 2.23 MeV y-rays emitted 
in the capture of thermal neutrons by hydrogen. 

Calculational procedures 

The transport of neutrons and y-rays is accurately 
described by the BOLTZMANN transport equation. 
The most widely used deterministic method of its 
solution is the multigroup discrete-ordinates method. 
This numerical method amounts to the discretization 
of the spatial and angular variables of the BOLTZMANN 
transport equation, and the use of source-term and 
cross-section variables that are, respectively, inte
grated and averaged over a given partition of the 
energy variable (i.e. each of the energy groups used). 

The 9° and 90° neutron spectra produced by 72 MeV 
protons impinging on a copper beamstop, as meas
ured by BROOME et al. [2], were truncated at 66 MeV 
and numerically integrated between the HILO energy 
boundaries to produce two multigroup source terms 
for subsequent transport calculations. Only isotropic 
source terms were modelled. A source strength of 
6X10 1 3 neutrons per second (for a beam intensity of 
100 uA) was obtained from published stopping-length-
target neutron yields [3]. 

One-dimensional radiation transport calculations in a 
spherical geometry were performedwith the multigroup 
discrete-ordinates code ANISN (RSIC CCC-254) [4] 
and two-dimensional calculations in a cylindrical ge
ometry with the code DOT 3.5 (RSIC CCC-267) [5], 
using the muitigroup cross-section library HILO (RSIC 
DLC-87) [6]. The ANISN and DOT codes calculate flux 
densities at the centre of every spatial interval. The 
HILO library contains coupled multigroup neutron (66 
groups) and y-ray (21 groups) cross-section data cov
ering the neutron energy region 10'10- 400 MeV and 
the photon energy region 0.01 -14 MeV. Being cou
pled, the library also accounts for the production of 
prompt secondary y-rays from neutron interactions. 
Scattering anisotropy in the laboratory system is ac
counted for by the inclusion of six LEGENDRE-coeffi-
cient scattering matrices per material (i.e. P0- P5). A 
symmetrical GAUSS-S16angularquadratureorderwas 
used throughout. Absorbed dose-rate values at se
lected spatial positions were obtained by folding the 
multigroup scalar flux densities calculated with appro
priate absorbed dose-response functions [7, 8]. Rel
evant dose attenuation factors (i.e. the ratio of the 
absorbed dose rates with and without shielding, at the 
same spatial positions) were then calculated. 

In the ANiSN calculations, spatial intervals of 0.5 cm 
were specified, while 65 radial and 88 axial intervals of 
varying dimensions (which closely models the existing 
shield) were specified in the DOT calculations. As the 
last-mentioned code proved to be extremely expen
sive in terms of computer time, only ANISN calcula
tions were used in the parametrical shield optimization 
study. 

Measurements 

Absorbed dose rates were determined experimentally 
from microdosimetric measurements in the irradiation 
vault during bombardment of a thick copper target 
(beamstop) with 66 MeV protons. Single-event spectra 
were measured with a ROSSI-type spherical (0.5 inch 
diameter) tissue equivalent proportional counter 
(TEPC). The counter registers, as pulse-height data, 
the number and magnitude of all ionizations due to 
individual energy-deposition events in the gas-filled 
cavity of the TEPC. Dose distribution fu notions in lineal 
energy were derived from the measured pulse-height 
data. In this form, specific regions can be identified 
which are attributable to different components in the 
recoil spectra, characteristic of the different types of 
primary radiation in the radiation field. The y-ray com
ponents were stripped from the microdosimetric spec
tra, enabling the determination of both the neutron and 
y-ray fractions of the measured total absorbed dose 
rates. Technical details of the measurement technique 
can be found in Refs. [9] and [10]. Measurements were 
performed at specific points around both a shielded 
and an unshielded copper target, and in all cases the 
source-detector distance was fixed at 1.5 m. 

Results and discussion 

The present local shield. Good agreement was 
obtained betwee n measu reme nts a nd calcu lations w'rth 
the 90° source term, while the 9° source term clearly 
yielded unrealistic values (see Table 1). The ANISN 
and DOT calculations are also in surprisingly good 
agreement. 

A total absorbed dose rate of 52 Gy/h (for a 100 uA 
beam current) was measured at a distance of 1.5 m 
from the unshielded target, in the 0° direction (i.e. the 
direction of the incident beam). The corresponding 
value at a distance of 1 m from the target is approx. 100 
Gy/h. This is the magnitude of the dose rate to be 
expected at certain components, such as pneumatics, 
stepper motors, shaft encoders, drive belts, cable 
insulation, valves, flexible cooling-water connections, 
etc., mounted close to orontothe local radiation shield. 
Most of the organic materials used in these compo
nents have practical radiation resistances of typically 
105 -106 Gy [11]. Without local shielding, therefore, 
their operational lifetimes are expected to be of the 
order of 103-10* h (beam-on-targettime). Failure as a 
result of radiation damage could therefore have been 
expected within several months after the start of the 
routine radioisotope production programme. With local 
shielding, however, the expected operational lifetimes 
of these components are extended to many years. This 
is demonstrated quantitatively by the measured dose 
attenuation factors (see Table 1). 

Shielddesign optimization. In a parametrical shield 
optimization study, single shield characteristics (e.g. 
the composition of a layer or the positions of material 
boundaries) are varied systematically while all other 
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Table 1: Comparison of measured and calculated dose attenuation factors. 

Description 

measured 

DOT 3.5 + 90" source term 

DOT 3.5 + 9" source term 

ANISN + 90* source term 

ANISN •+ 9" source term 

Direction' 

0' 

90" 

0' 

90" 

0" 

90" 

— 

— 

Dose attenuation 

neutrons 

0.177 

0.137 

0.175 

0.167 

0.771 

0.731 

0.1S2 

0.800 

factor* (%) 

total 

0.227 

0.236 

0.223 

0.207 

0.79S 

0.751 

0.222 

0.840 

Direction relative to the beam direction, with the centre of the target as origin. 

Values determined at a distance of 1.5 m from the centre of the target. 

properties are kept constant. The observed tendency 
in the response-of-interest, in this case the transmitted 
absorbed dose rate, is then used to select an optimal 
value for the property being studied. This process is 
repeated untilan adequately optimized shield configura
tion has been determined. 

Forpractical purposes, the present study was limited to 
a maximum of three layers (excluding the thin struc
tural steel plates). The goal functional was the minimiz
ing of the total absorbed dose rate or dose attenuation 
factor (also called dose transmission factor) at a dis
tance of 1.5 m from the centre of the radioisotope 
production target. It should be stressed that the above-
mentioned procedure will only enable one to approxi
mate optimal shield configurations. In principle, a true 
optimal shield consists of complex, homogeneously-
mixed shielding materials (which would be very difficult 
to manufacture in practice) and not of single-material 
layers [12]. 

A variety of one-dimensional discrete-ordinates calcu
lations in which different shield geometrieswere exam
ined, were performed with ANISN. Calculations were 
performed with and without an outer lead layer and also 
with different B4C concentrations in the wax. In one 
study, for example, the iron/wax-boundary of an iron/ 
wax shield was shifted systematically through the 
shield while the total shield thickness was kept con
stant. From these calculations the optimal thickness of 
the wax layerwas determined. This wax layerwas then 
systematically moved through an iron shield to deter
mine its optimal location in an iron/wax/iron shield (see 
Fig. 2). 

The optimal location of the wax layer in such an iron/ 
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wax/iron shield is obtained with a thick iron layer on the 
source side and a thin iron layer on the „detector" side. 
The need for an outer y-ray shield is evident. Because 
lead is a better shielding material for yrays than iron, 
it was preferred for the outer layer in the final design 
configuration. A 2.5% B4C content (by weight) in the 
wax was found to be a good price/performance com
promise. The final design prescription for the local 
shields of future target bombardment stations is: a 40 
cm thick iron layer, followed by a 20 cm thick paraffin 
wax layercontaining2.5%B4C, followed by a4cmthick 
lead layer. 
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Figure 2: Calculated neutron and total dose attenua
tion factors at a point 1.5 m from the centre of the target, 
for a 60 cm thick Fe/wax/Fe shield, as a function of the 
inner Fe/wax interface. 
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Introduction: Trends in Production of Longer-Lived Radionuclides 

Regin Weinreich 
Paul Scheuer Institut 
CH-5232 Villigen-PSI 

Switzerland 

Compared to the effort made in the development and 
efficient production of short-lived positron emitters, 
corresponding work on longer-lived radionuclides was 
carried out in a more modest extent. Some of these 
nuclides are produced and/or distributed by radio
pharmaceutical industrial companies. Thus, innova
tions in this field also have to assess economical 
considerations. 

Nevertheless, new approaches in the production of 
longer-lived radionuclides have occured, and in the 
last ten years some excellent progress reports have 
been updated and published (for instance see [1-9]). 
Because of the growing number of data, however, it 
becomes more and more difficult to present general 
overviews, consequently thetrend is towards speciali
zation (generator nuclides, positron emitters etc.). 

Recently, from 13 to 17 May, 1991, in Jülich, Germany, 
an International Conference on Nuclear Data for Sci
ence and Technology (Cooperation KFA - OECD -
IAEA) was organized. There, some fifteen papers were 
presented about nuclear data relevant for isotope 
production purposes. Since data measurements are 
giving some approaches in the forefield of production, 
these papers may give some indication of future trends 
in this field. The proceedings of this conference are to 
be published in 1992. 

Some remeasurements were made to obtain more 
precise information about yields and impurities of com
monly produced radioisotopes. The excitation func
tions for proton reactions on target nuclei 123-124Te, 
124Xe, 127l and »"«Tl in order to produce 123l and «"Tl, 
respectively, were calculated by a pre-equilibrium re
action mechanism, and the comparison with the meas
ured data were found to be reasonable (V.P. LUNEV 
and Yu.N. SHUBIN, Obninsk). The yield of »T l via the 
well-known (p,3n) reaction on203^ was remeasured by 
two other groups (A. HERMANNE etal., Brussels, and 
N.G. ZAITSEVA et al., Dubna, cf. these proceedings), 
they likewise found good agreement. The 
remeasurement of the formation of 67Ga via the (p,2n) 
reaction on MZn between 42 and 3 MeV, however, 
agreed well with the data given in Refs. [10-12], but 
less with those of Ref. [13] (A. HERMANNE etal.). Data 
of reactions leading to 111ln likewise were remeasured 
(F. SZELECSENYI etal., Debrecen and Rez, and N.G. 
ZAITSEVA et al., Dubna, cf. these proceedings). 

Data useful for the production of radionuclides which 
have not yet found wide application in medicine and life 

sciences were also given. 6.5-hr 82mRb was proposed 
to be a longer-lived substitute of the 1.3-min MRb 
generator. For its production, the (p,n) process on MKr 
is suggested, its optimum energy range lies between 
14.5 and 10 MeV (Z. KOVACS et al., Debrecen and 
Jülich, cf. Ref. [14]). 

9.45-hr KGa is produced with high purity and low 67Ga 
contamination by irradiation of MZn with a-particles. 
The optimum energy is between 40 and 13 MeV. This 
nuclide is a positron emitter, but also suitable for 
therapeutic applications(S.MIRZADEHandY.Y.CHU, 
Oak Ridge and Brookhaven). 

4.9-hr "0m ln was proposed to be a shorter-lived sub
stitute for 2.8-d 111ln. Its isomeric ratio was measured 
by proton irradiation of both 111Cd and 112Cd (F. 
SZELECSENYI et al., Debrecen and Rez, cf. Ref. 
[15]). 

Fora long time it has been known that 2.9-d 97Ru can 
be produced with reasonable yields via the reaction 
MTc(p,3n) [16]. The exact yield data, however, were 
still missing. Now, in a paper of N.G. ZAITSEVA etal., 
Dubna, a yield number of 9.5 mCi/u>Ah was given by 
excitation function measurement in the energy region 
between 72 and 22 MeV. This confirms that the (p,3n) 
reaction indeed is the most useful one for this purpose, 
from point of view of yield. 

Effort was made in more exact measurements of 
monitor reactions for calibrating beam energy and 
current in the measurement of excitation functions. 
Theprotonbeamcurrentwascalibratedupto200MeV 
by copper activation (S.J. MILLS et al., Faure), and 
new data were given for proton, a-particle and 3He-
particle induced reactions on ""Ni, ra,Cu, and "»Ti, 
respectively, for monitoring the beam performance for 
the particle energies given by a compact cyclotron (F. 
TARKANYI etal., Debrecen, cf. Ref. [17]). Itseemsthat 
nickel metal proved to be a good proton monitor. 

An interesting development is the application of ultra-
rapid separations by remote controlled procedures (N. 
TRAUTMANN and G. HERRMANN, Mainz, cf. Ref. 
[18]). Although these methods are used mainly for 
investigation of chemical properties of the very short
lived artificial elements 103 (Lawrencium) and 105 
(Hahnium), the same principles should also be applica
ble for rapid and efficient separation of medically 
interesting radionuclides. 
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This overview might demonstrate the trends in produc
tion and use of longer-lived radioisotopes. Inthefollow-
ing papers, however, more detailed information is 
given aboutthetechnicalrealizationof producing longer-
lived radioisotopes. A typical „working-horse" cyclo
tron station with a broad spectrum of radionuclides 
regularly produced is presented (Obninsk), and some 
medium-energy accelerators have gone into regular 
production schedules (TRIUMF, Villigen, Faure, 
Protvino) or are in the starting phase (Uppsala). 

Because of importation restrictions, some groups are 
producing common radionuclides on lower-energy 
cyclotrons there available, in a tricky way: ^ T l from 
mercury and 123l from 124Te (Säo Paulo). For 1 2 3 l , the 
124Xe(p,2n) reaction is regularly used in some laborato
ries (TRIUMF, KURCHATOV Institute Moscow, 
Karlsruhe), and obviously the tendency for installation 
of such targets is still growing (comment of V. 
BECHTOLD, Karlsruhe). The classical (p,5n) reaction, 
however, is still used further (Villigen, Faure). MSr is 
generally produced by the (p,4n) reaction on RbCI 
(Inst, of Biophysics Moscow, Villigen, Protvino). Inno
vations with regard to rarely used research-oriented 
radionuclides are seen for 52Fe (Protvino, Faure, 
Villigen), 97Ru (Protvino, Dubna) and 124l (Manchester). 

One should bear in mind that the application of the 
longer-lived radionuclides is still mainly related to the 
nuclear medical diagnostics, but in the future, thera
peutic applications of some radionuclides, mainly 
AUGER and COSTER-KRONIG emitters, might be of 
growing interest. 

Acknowledgements. The author is indebted to Dr. 
S.M. QAIM, Forschungszentrum Jülich, for numerous 
information about the Conference on Nuclear Data for 
Science and Technology in Jülich. 
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High Current Targetry for Radioisotope Production 

W.Z. Gelbart and N.R. Stevenson, 
TRIUMF 

4004 Wesbrook Mall 
Vancouver, B.C., Canada V6T 2A3 

Abstract: Radioisotope production facilities located at TRIUMF, Vancouver, Canada, are operating two high 
current H- cyclotrons: CP 42 (42 MeV) 200 uA extracted, and TR 30 (30 MeV) 400 uA extracted (dual beam). 
A total of four solid target stations are employed for the production of M1TI, S7Co, 67Ga, and 111ln (other liquid and 
gaseoustargets are used forPET isotope and123l production).This papersummarizes the conditionof the existing 
facilities and describes recent developments. In particular, a 12 kW (400 \iA at 30 MeV) solid target system is 

under development that will maintain a surface tem
perature below 160°C on plated materials and is de
signed such as to be an upgrade utilizing most of the 
existing hardware. 

TRIUMF Radioisotope Production Facility 

With the addition of the TRIUMF/EBCO TR 30 cyclo
tron the layout of the radioisotope production facility 
now appears as shown in Fig. 1. Each cyclotron has 
two solid target stations and a high current (150 uA) 
^Xe/123! target. In addition the CP 42 has four PET 
targets and it is planned to install a multiple target 
changer with up to five PET targets on the TR 30. The 
rabbit line routes are shown for the transfer of solid 
targets to/from the two banks of hot cells. A new inter-
cell transfer rabbit system is also now in place. With the 
recent construction of a TR 30 style beamline on the 
CP 42 system all solid targets are now in independent 
caves and remote from the cyclotron vaults. 

In addition to the above, radioisotope production also 
proceeds on the 500 MeV machine to produce 1 2 3 l , MSr 
and 127Xe. 

Solid target system 

The remotely manipulated high current (200 uA) target 
system has been described before [1,2] and except for 
a few refinements remains unchanged. Briefly, the 
target is transferred to the station by a pneumatic 
transport system. While at the station it is removed 
from its carrier (rabbit) and placed in the irradiation 
chamber and cooling water is connected. After irradia-
tionthe target is returnedtothe hot cellsforprocessing. 
The whole sequence is fully automated and controlled 
by a programmable logic controller. 

Thetarget is placed at 7° to the beam giving a 1:1 Oratio 
horizontally. The target face is made of pure silver to 

h i r r - 1 — . • . . — 

• .CP-42 

Figure 1: TRIUMF Radioisotope Production Facilities 
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provide good thermal conductivity, low activation, and 
compatibility with processing chemicals. The face is 
soft-soldered to the water-cooled copper body. The 
target material is electroplated onto the silver over an 

active area of 30 x 70 mm. During irradiation the 
surface temperature is maintained below 160° for 6 kW 
beam loading. 

12 kW target 

The TR 30 can simultaneously irradiate two 200 uA 
targets. Given the yet untapped full resources of the TR 
30 a new target is being developed that is compatible 
with the existing system but which is upgraded to take 
a 12 kW beam dump (400 uA at 30 MeV). The target, 
shown in Fig. 2, employes an active area of 43x100 
mm. The silver face (A) is soldered to a copper plated 
aluminum body (B) along the circumference. Before 
the soldering process is performed a shim of solder is 
placed in the groove (D).The assembly is heated using 
a RF loop. The center rib (E) is also soldered to 
increase the target pressure rating against the cooling 
water (5 bar). Insert (C) is provided for remote manipu
lation. With an aluminum body the 12 kW target is in 
fact lighter than the existing 6 kW copper bodied 
targets and thus can be transferred with the existing 
pneumatic system. 

Tests with a modified 200 uA target (aluminum body) 
demonstrated that this style of target performs as well 

Table 1: Target Specifications: 

Size : 
Weight : 
Active Area : 
Target Construction : 
Water Flow : 
Supply Water Pressure : 
Surface Temperature : 
Cost : 
Lifetime : 

32x50x112 mm 
500g 
43 xl00 mm 
Silver/Hard anodized Aluminum 
min. 30 1/min @ 20°C 
5 bar 
< 160°C 
Approx S500 
> 10 Irradiations 

as the traditional copper bodied targets. The first beam 
tests on the 400 uA targets will take place within the 
next few months and they should be fully implemented 
on one of the TR 30 stations next year. 
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E. CENTRE RIB SOLDER 

Figure 2:12 kW Radioisotope Production Target 
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Radionuclide Production on Cyclotron of Institute of Physics 
and Power Engineering 

N. N. Krasnov, Yu. G. Sevastyanov, N. A. Konyakin, A. A. Razbash, 
A. A. Ognevand A.A. Ponomarev 

Enterprise „Cyclotron" 
Institute of Physics and Power Engineering 

Obninsk, Russia, C.I.S. 

Introduction 

Cyclotron of Institute of Physics and Power Engineer
ing was put into operation in 1963 and about at once it 
was grown to use for radionuclide production. During 
the years this cyclotron was improved more than once. 
And all the parts of technology of radionuclide produc
tion were also perfected continuously. These ensured 
an increase of the productivity of the cyclotron and 
allowed to satisfy the constantly rising requirements in 
producing radionuclides. At present, Enterprise „Cy
clotron" isthe main producerof cyclotron radionuclides 
in the C.I.S. 

In this report the modern characteristics of the cyclo
tron and the modern state of affairs in radionuclide 
production on IPPE cyclotron are described. 

Main characteristics of IPPE cyclotron 

The IPPE cyclotron is a classical 1.5 m cyclotron 
operating at two levels of magnetic field. It allows to 
accelerate protons, deuterons and cc-particlesto ener
gies proper for production of the most of the used 
radionuclides. The characteristics of internal beams of 
the IPPE cyclotron are shown in Table 1. Not long ago 
we decided to use only internal beam as the use of 
electrostatic deflectortogether with high intensity inter
nal beam results in difficulties caused by high radioacti
vity level of dees and deflector. 

Table 1: Characteristics of internal beams of IPPE 
cyclotron 

Accelerated 
particles 

Protons 
Deuterons 
cc-panicles 

Particle energy, 
(MeV) 

20.5 
20.5 
41.0 

Beam 
intensity (uA) 

1000 
1000 
400 

High intensity of internal beam is provided by careful 
vertical matching of the beam. To control the vertical 
distribution of the beam the three lamella probes are 
used. The radial distribution of the beam on the final 
radius is identified by means of a probe having vertical 
lamellae. The position of the beam orbit center is 
performed by the method of two probes. 

To control the temperature of the surface of the target 
being irradiated an infrared radiometer is used. By 

means of this device it is possible not only to evaluate 
temperature but to determine approximate distribution 
of temperature on target surface. The application of 
such device allows us to perform irradiation of targets 
at maximum permissible temperature and to prevent 
overheating and damage of the irradiated material in 
proper time. 

IPPE cyclotron is in operation 24 hours without day off. 
The beamtime of cyclotron is about 7000 hours per 
year which corresponds to about 82% of annual time. 
The remaining 18% of time are spent on repair work, to 
switch the cyclotron from one mode of operation to 
another and to replace the irradiated targets. 

Characteristics of cyclotron targets and regimes 
of irradiation 

At present we use only one type of target assembly. 
This is the target with grazing beam incidence at 9° 
angle. The position of the target in the cyclotron is 
shown in Fig. 1. 

Figure 1: Plane view of internal target position in IPPE 
cyclotron: 1 - target, 2 - dees, 3 - magnet yoke, 4 -
infrared radiometer, 5-window passing infrared radia
tion. 

The base of the target is a copper plate with bent 
edges. Metals to be irradiated are plated on the exter
nal flat surface of the target. The back surface of the 
target is cooled by flowing water and for the best 
cooling it has ribs. Such target is shown in Fig. 2. The 
moving away of irradiated target is performed by re
mote control. The metals which are to be irradiated are 
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of 600 uA (approx. 12 kW) the temperature of the target 
surface being irradiated is about 250°C. 

Callium-67\s produced by two methods: 1) by bom
bardment of enriched MZn (approx. 98%) with 20.5 
MeV protons; 2) by bombardment of enriched HZn 
(approx. 90%) with 20.5 MeV deuterons. Zinc is plated 
by means of galvanoplating on the copper base of 
target which was previously covered with nickel 0.01 
mm thick. The thickness of zinc coating is 0.15 mm. At 
beam intensity of 250 uA (approx. 5 kW) the tempera
ture of the target surface being irradiated is about 
150°C. 

Cadmium-109 is produced by bombardment of en
riched 109Ag (approx. 96%) with 20.5 MeV deuterons. 
The 109Ag plate (0.18 mm thick) is welded on the 
copper base by means of diffusion welding in vacuum. 
At beam intensity of 500 uA (approx. 10 kW) the 
temperature of the target surface being irradiated is 
about 200°C. 

lndium-111 is produced by two methods: 1) by bom
bardment of enriched 111Cd (approx. 96%) with 20.5 
MeV deuterons; 2) by bombardment of enriched 112Cd 
(approx. 98%) with 20.5 MeV protons. Cadmium is 
plated on copper base of the target by galvanoplating. 
The thickness of coating is 0.12 mm. At beam intensity 
of 100 uA (approx. 2 kW) the temperature of the target 
surface being irradiated is about 80°C. 

Methods of chemical treatment of irradiated 
targets and characteristics of isolated cyclotron 
radionuclides 

Different methods are used for separation of radio
nuclides from cyclotron targets. The main of them are 
extraction, ion exchange, coprecipitation and their 
combinations. 

A short information about methods which are as a base 
of the separation techniques of the radionuclides and 
also the main characteristics of isolated radionuclides 
are presented in Table 3. 

Table 2: Main characteristics of production methods for the mostly used 5 radionuclides 

Produced 

radionuclide 

Sodium-22 

Cobalt-57 

Gallium-67 

Cadmium-109 

Indium-111 

Irradiated 
material 

natural Mg 

"Ni - 99.0 % 

«Zn-98.0% 

«Zn-90.0% 

"»Ag-96% 

i"Cd - 98 % 

»'Cd-96% 

Particles 

20.5 MeV deuterons 

20.5 MeV protons 

20.5 MeV protons 
20.5 MeV deuterons 

20.5 MeV deuterons 

20.5 MeV protons 
20.5 MeV deuterons 

beam 
current (uA) 

500 

600 

250 

250 

500 

100 
100 

Yield 
(mCi/nAh) 

0.0027 

0.030 

2.20 

2.00 

0.013 

3.20 
2.50 
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plated on the target surface by different methods: 
• by means of electroplating 
• by means of diffusion welding in vacuum 
• by means of vacuum covering. 
The size of the coverings is 30 x 100 mm. The thickness 
of the coverings is from 0.1 mm to 0.5 mm. 

Figure 2: Isometrical view of internal target: 1 - copper 
base of target, 2 - irradiated material, 3 • cooling ribs. 

At present on IPPE cyclotron about 20 radionuclides 
are produced. However, about 90 percent of the cyclo
tron operation time is spent for production of the most 
used 5 radionuclides. The main characteristics of pro
duction methods of these 5 radionuclides are given in 
Table 2. 

Sodium-22 is produced by bombardment of magne
sium with 20.5 MeV deuterons. The magnesium coat 
has 0.5 mm thickness. The copper base of the target is 
plated with magnesium by vacuum covering. At beam 
intensity of 500 uA (approx. 10 kW) the temperature of 
the target surface being irradiated is about 250°C. 

Cobalt-57 is produced by bombardment of enriched 
MNi (approx. 99%) with 20.5 MeV protons. Nickel is 
plated on copper base of the target by galvanoplating. 
The thickness of coating is 0.2 mm. At beam intensity 
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Table 3: Main characteristics of isolated radionuclides 

Isotope 
Chemical Formula 

1. 'Be (II) in IM HCl 

2.2*Al(in)inl-2MHN03 
(HCl) 

3. "Ti (IV) in 4M HCl 
(1MH2S04) 

4."'V(IV)in0.5MH2SO4 

(2M HCl) 

5.55Fe(III)inO,5MHCl 

6. "Co (II) in 4M HCl 

7 .«Zn(II) inlMHN0 3 

8.85Sr(II)inO,5MHN03 

(HCl) 

9 .»Mo(VI) inl -2MH,S0 4 

10.'05Ag (I) in 4M HN03 

11. "NCd(II)inO,5MHCl 

12. >»Ce(III)in 1MHN03 

13. i8iW(VI)inl-2MH2S04 

14. ^ B i (III) in IM HCl 

Specific 
Activity 
(Bq/g) 

> MO" 

>310» 

> 4-1010 

>7-10" 

> MO« 

> 2.2-10« 

>3,7-10» 

> 4 1 0 " 

> 1,85-109 

>4-10>2 

>810i 2 

>7-10" 

> 71012 

> 41011 

Radioactive 
Impurities 

(ft) 

<0,1 

< 2 

<0.1 

48V ^ 5 

<0,5 

56Co + 5«C0 + 
«CoS 0.25 

<0,3 

<0,5 

<0,2 

<0,1 

<0,1 

<0,5 

2MBi<0,5 

Controlled 
Inactive 

Impurities 
(Hg/Bq) 

Li 
Ni 
Fe 

R.~. 
Fe 
Cu 
Zn 

Sc 
Cu 
Fe 

Ti 
Fe 
Cu 

Cu 
Ni 

Ni 
Cu 
Fe 

Cu 
Fe 

Rb 
Cu 
Ni 

Nb 
Ta 
Fe 
Cu 

Rh 
Cu 
Fe 

As 
Cu 
Fe 
Zn 

R.E. 
Cu 
Fe 
Ti 

Ta 
Fe 
Cu 
Nb 

Pb 
Cu 
Fe 
Zn 

£ 5-10-8 
S 510-8 
S 510-8 

sö!Ö3 
£0.03 
S0.03 

S 1.35-10-* 
<, 1.35-10-J 
£ 2.7-10-5 

<: 2.7-10-7 
S2.7-10-7 

S 1.35-10-7 

S 5.4-10-9 
ä 5.4-I0-9 

S 5.4-10-10 
< 5.4 lO-io 
S 5.4-10-io 

£ 1.35-10-7 
S 2.7-10» 

< 1.35 10-« 
< 1.35-10-7 
< 1.35-10-7 

£ 1.35-KH 
S2.7-10-t 
<2.7-10-< 
<: 5.4-10-5 

<2.7-10-« 
< 1.35-10-« 
< 1.35-10-* 

< 2.7-10-9 
S 2.7-10-9 
< 2.7-10-9 
5 2.7-10-9 

£5-10* 
S2-10-« 
< 210^ 
< 2-10* 

< 1.3510-6 
S 1.3510-7 
< 1.35-10-7 
< 2.7-10-7 

22.7-iO-* 
< 2.7-10« 
<2.7-10-« 
< 2.7-10-« 

Separation 
Technique 

CEC 

C.CEC, 
AEC 

E.AEC, 
CEC 

CEC 

AEC 

AEC 

AEC 

CEC 

AEC 

E 

P.AEC 

AEC 

AEC 

CEC 

Notes: 

E = extraction 
AEC = anion exchange chromatography 
CEC = cation exchange chromatography 
C = coprecipitation 
P = precipitation 
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Modified Target System at the Gustaf Werner Cyclotron 

Petter Malmborg, Nils Bingefors1, Olle Byström, Henri Condö2, Lars Einarsson, 
Klas Elmgren2, Sture Hultqvist2, Olle Jonsson and Hans Lundqvist 

The Svedberg Laboratory 
Uppsala University 

Box 533 
75121 Uppsala, Sweden 

The target equipment in the „CRYPT" at the GUSTAF 
WERNER Cyclotron has now been in use for radio
nuclide production and neutron research since 1988. 
Experience from this work and demands from different 
user groups have led to the decision to rebuild the 
target system. 

A working group representing most users has been 
planning the rebuilding during the last two years. The 
modified system is installed this autumn (1991). 

It should be able to satisfy the following demands: 

Normal radionuclide production in stacks of (some
times fragile) solid targets handling 10 |iA of up to 
110 MeV protons. Up to 200 MeV protons at lower 
beam currents. Work with deuterons, 3He, a and 
heavy ions. Window-less operation if needed. The 
first target stack irradiated in the modified target 
system is outlined in Table 1 and Figure 1. 
Recoil collection of reaction products intended for 
nuclear solid state spectroscopy. 
Neutron irradiations as close as possible to the 
neutron producing targets in the neutron target 
„house". 

Table 1: Stacked „foil" target 22/10-91. 72 MeV protons. 1.5\iA. 15.55-22.00 

Target 
mtrl 

Al 

Au 

In 
Cu 

NaBr 

Al 
Rh 

Cd 
Cu 

AI 

Ga,03 

C 

Thickness 
g/cm? 

0.618 

0.150 
0.730 
0.045 

1.000 

0.405 
0.200 

0.865 
0.045 

0.621 

0.325 

2.0 

Energy 
MeV„-

72 

67 
66 

61 

54 
50 

47 
40 

39 

31 

26 

-MeV« 

- 67.4 

- 66 
- 62 

- 54 

- 50 
- 48 

- 40 
- 39.5 

- 31 

- 27 

0 

Desired product/comment 

Window against cyclotron va
cuum. Thinner for later runs. 
'"Pt 
"°Sn/"°In-generator 

Beam homogeneity check 

'*Kr/'4Br 

Energy reduction 
Pd-isotopes for spectroscopy 

In-isotopes for spectroscopy 
Beam homogeneity check 

Energy reduction 

Ge/Ga-generator 

Graphite beam stop 

1 Department of Neutron Research, Box 535 
2 Department of Radiation Sciences, High Energy Physics, Box 535 
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Figure 1: Tube post target shuttle before mounting. The black glide rings on the shuttle body are made from 
ROBALON (Leripa, Austria) low-friction MoS2-containing polyethylene. Cooling medium (air, water or He) enters 
via the shuttle back flange, reach the front end through one half of the space between inner and outer shuttle 
cylinder, cools front window and targets and returns through other half. Distance between target capsules is 
adjusted by three screws on each. Behind graphite beam stops s dummy fills the rest of the shuttle body. 

Figure 2: Section through the „Crypt" with target arrangements for radionuclide and neutron production. A) 
Neutron production targets. B) Radionuclide production target area. C) Tube post. D) Movable lead walls. E) 
Movable moderator tanks. F) 3CP bent up beam line to exp. halls. 
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Table 2: Some features of the old and the modified target systems 

Function 

Target moun
ting 

Transport to 
and from 
irradiation 

Window 

Target cooling 

Beam current 
measurement 

Beam dump 

Target prepa-' 
ration. Encap
sulation 

Old system Drawbacks Modified systems 

Stacked, spaced Contamination Stacked, spaced in 
in open shuttle risk. Tedious,' closed shuttle 

manual, high-
dose demounting 

Tube post(rabbit)Valve troubles, 
with valves and Shuttles stuck 
reversible fan. in tube. 
Electrical lift. 

Stainless steel 
double window 
with recircula
ting He-cooling 

Air cooling in 
open system 

Measured on 
whole target sy
stem including 
neutron target 
system 

Graphite, air 
cooled 

Heating, energy 
degradation 

Spread of indu
ced activity. 
Inefficient 

Electrical dis
turbances. In
sulation diffi
culties 

Graphite too 
hot. Release 
of activity 

Pressed salt tab- Not totally 
lets, oxides etc. tight without 
foils, bulk metals epoxy seal 
...Pressed sealed 
between two Ai
rings with "salt 
melt soldered" 
200nmAl-foils 

Control system Manual remote 
control 

Tube post (rabbit) 
without valves. 
Blown away-sucked 
back. Elcctr.lift 

Windowless, or water-
cooled shuttle win
dow 

Forced water cooling 
in closed system 

Measured in isolated 
shuttle 

Graphite, water 
cooled. Closed system 

Expected 
improvements 

Closed system. Auto
matic or more remote 
controlled shuttle 
unpacking 

Less jamming. Soft 
shuttle docking 
possible. 

• No energy degradation 
for window-less 
shuttles 

No release of activity 
Use of higher beam 
currents possible. 

Better measurements, 
less disturbances 

No release of activity 
L 

Better simple welding Hoped for: Total tight
er other method wan- ness, simple handling 
ted. SUGGESTIONS and low cost 
ARE WELCOME!!!! 

Human mistakes Programmable logical 
occur controller (PLC) 

Human mistakes ex
changed for possible 
electric or electro
nic faults, hopefully 
less frequent... 
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Targetry for the Routine Bombardment of Solid Targets 
at the National Accelerator Centre 

F. M. Nortier, F. J. Haasbroek, S. J. Mills, H. A. Smit, G. F. Steyn, 
C. J. Stevens, T. F. H. F. van Eist and E. Vorster 

National Accelerator Centre 
P.O. Box 72 

Faure, 7131, South Africa 

Introduction 

Routine radioisotope production at the National Accel
erator Centre (NAC) is based on the utilization of a 
high-intensity (up to 100 jiA) 66 MeV proton beam. For 
this purpose a solid target design was adopted and 
standardized multi-purpose target holders as well as 
suitable target preparation techniques were devel
oped. The new targetry has now been in constant use 
for almost 3 years. 

Target Design and Preparation 

Targets are prepared as disc-shaped pellets (20 mm 
or 15 mm diameter), primarily by means of cold press
ing of powdered metals or salts. The punch and die 
sets designed for this purpose (Fig. 1) are manufac
tured from a high-carbon, high-chromium tool steel, 
hardened to 60-62 ROCKWELL„C" after machining. If 
contact between the target material and steel compo
nents must be avoided, for instance to prevent Fe 
contamination, these sets can be plated with a suitable 
metal, such as Ni (Fig. 1). Since many salts are 
hygroscopic, the target material is usuallyf reeze-dried 
first and then compressed under vacuum with uniaxial 
pressures of up to 920 MPa. 

Metal targets with a high thermal conductivity {e.g. Zn) 
are in direct contact with the cooling water during 

Figure 1: Punch and die sets for the cold pressing of 
target pellets (top, with a Ni-plated set on the left) and 
the sealing of AI capsules (bottom). 

bombardment, whereas salt targets and metals with a 
low thermal conductivity are encapsulated with a suit
able material. For the vacuum sealing of AI capsules, 
a cold indentation pressure-welding technique is used. 
Only a single pressing operation is required with a die 
specially designed for this purpose (Fig. 1). Copper 
capsules are sealed by means of electron beam weld
ing. 

The NAC's 300 tonne press, built in-house, is shown in 
Fig. 2. It employs a double-acting hydraulic cylinder 
(254 mm stroke), operated by an electrically-driven 
hydraulic pump for fast advance/retract. An additional 
hand pump and a pressure sensor with a digital display 
allow fine control of the load on a compressed target. 

In exceptional cases, other preparation procedures, 
such as hot pressing (Mn targets) and moulding (Ge 

Figure 2: In-house-built 300 tonne press. 
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Figure 3: Cross-sectional view of the die set for the hot pressing of Mn targets, showing the tungsten carbide 
punch (1) and die (2), ceramic insulator (3), heater element (4), inert gas inlet (5), casing (6), pellet (7), thermo
couple (8), cooling air inlets (9), top punch (10), alumina wool insulation (11) and heater terminal (12). 

targets) are required. Across-sectional view of the die 
in which Mn-metal targets, used in the production of 
KFe [1], are sintered, is shown in Fig. 3. For the 
preparation of Ge targets, used in the production of 
67Ga [2], a graphite mould, machined from high-quality 
pyrocarbon (grade 2239, LE CARBONE, France), is 
used. Fig. 4 shows a disassembled as well as an 
assembled mould, into which powdered Ge is poured 
before heating it in a muffle furnace (2 h at 1050°C) to 
allow the Ge to melt. A disposable graphite ring 
incorporated in the design ensures trouble-free re
moval of the Ge castings afterwards. 

Some preparation details of various targets are pre
sented in Table 1, and examples of RbCI, Nal, Ge and 
Zn targets are shown in Fig. 5. 

Target Holder 

The target holder developed at the NAC for the routine 
bombardment not only of solid targets but also, in 
principle, of liquid and gas targets, is shown in Fig. 6. 
All the interfaces required for its handling and for the 
connection of services have been described in Ref. [3]. 
The main features of the target holder design can be 
summarized as follows: 
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• The target is mounted in a 4n cooling configuration 
employing 1 mm thick layers of cooling water, 
flowing at a high linear speed. 

• The desired incident energy on the target (maxi
mum 64 MeV) is determined by the thickness of the 
beam entrance window. 

• The entrance window is semi-permanently fixed to 
the holder (a radiation-resistant metal seal is used). 

• The front and rear faces match, in order to allow 
stacking of target holders for the simultaneous 
bombardment of more than one target. 

• A bayonet-type fitting for the beamstop/exit window 
greatly simplifies the target loading/unloading op
eration. 

• Even though standardized, in order to facilitate 
handling and interfacing, the target holder design is 
suitable for the bombardment of a wide variety of 
targets. 

• The entire holder is manufactured from AI, which 
has a low density and excellent properties in re
spect of thermal performance, proton and neutron 
activation and secondary neutron production. 

Figure 4: Graphite mould (left: disassembled; right: 
assembled) for the preparation of Ge castings. 

Target Opening 

After bombardment, target holders are transported to 
a receiving hot cell (Fig. 7), where they are transferred 
from the transporter into the cell by means of a re
motely-controlled mechanical hand. Targets are un
loaded from the target holders by means of tongs, and 
decapsulated, if necessary, by means of one of two 
„lathes" (Fig.7), each of which is equipped with a 
steppermotor-driven cutting tool. A hydraulic guillotine 
(Fig. 7) is also sometimes used, especially when fast 
processing is important. 
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Figure 5: Examples of FtbCI, A/a/, Ge and Zn targets 
(from top to bottom). 

Figure 6: Exploded view of the target holder for the 
bombardment of solid targets, showing the beam 
entrance window (1), metal sealing ring (2), target 
holder body (3), encapsulated target (4) and beam 
stop (5), which can be replaced by a beam exit window. 
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Table 1: Target preparation details 

Radioisotope 

52Fe 

67Ga, 67cu 

81Rb/81mKr 

11:LIn 

123j 

201T1 

Target 
material 

Mn 

Zn 

Ge 

Rbcl 

In/In203** 

Nal 

Tl 

Preparation 
method 

Hot pressing 

Cold pressing* 

Moulding 

Cold pressing 

Cold pressing 

Cold pressing 

Cold pressing 

Pressure 
(MPa) 

80 
(at 450°C) 

533 

-

355 

600 

333 

333 

Porosity 

18 

1.5 

3 

1.5 

25 

<1 

<1 

Encapsu
lation 

Al 

None 

cu 

Al 

Al 

Al 

Al 

* Annealed afterwards (30 min at 400 °C) 
** 1:1 mixture by weight 

Figure 7: Receiving hot cell as viewed through the lead glass window, showing the hydraulic 
guillotine (left), two „lathes" (right) and mechanical hand for target transfer (right foreground). 
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Targetry and Target Chemistry for the Production of Rubidium-81 
and lodine-123 at the National Accelerator Centre 

F. J. Haasbroek, R. J . N. Brits, S. J. Mills, F. M. Nortier, P. M. Smith-Jones, 
G. F. Steyn andT. F. H. F. van Eist 

National Accelerator Centre 
P.O. Box 72 

Faure, 7131, South Africa 

Introduction 

The National Accelerator Centre (NAC) is a multi-
disciplinary facility equipped with a variable-energy 
multiparticleseparated-sectorcyclotron(Ep=200MeV). 
Routine production of radioisotopes at the NAC started 
during November 1988. A 66 MeV proton beam is 
generated on a fixed weekly schedule and has to be 
shared between neutron therapy and radioisotope 
production. 

Previously, a low-energy cyclotron in Pretoria was 
used for the production of a variety of radioisotopes. 
Amongst these, 81Rb and 123l were produced by a-
bombardment of NaBr and Sb targets, respectively. 
The higher-energy protcn beam at Faure has created 
new production possibilities, but at the same time new 
targetry, production procedures and facilities had to be 
developed. For both81 Rb and 123l well-known produc
tion routes are being used [1, 2]. As an interim 
arrangement,81 Rb is produced by the bombardment of 
RbCI targets, until a suitable Kr-gas target system, 
which is currently being developed, can be imple
mented. The 123l is produced by the (p,5n)-reaction, 
using Nal targets. 

Targetry and Bombardments 

The nuclear reactions involved in the production of 
81 Rb and 1 2 3 l , by the bombardment of RbCI and Nal 
targets, respectively, are as follows: 

;Rb(p,5n) aiSr 

Rb(p,p4n)81Rb 

127l(p,5n)123Xe 

22 min 

1Rb 

- > 123l 
2.1 h 

Targets are prepared by compressing the salts into 
pellets and sealing them in aluminium capsules [3]. 
Small-diameter (15 mm) RbCI targets are used in order 
to minimize the amount of Rb that has to be adsorbed 
onto the generator resin and thus, of course, to limit the 
size of the generator. Further target and production 
details are presented in Table 1. 

During bombardment the beam is swept across the 
target face in a circular fashion (450 Hz) by means of 
a double-magnet beam-sweeping system, in order to 
ensure an even and reproducible power distribution, 
thereby enabling the use of high beam currents. Pro
ton beam currents in excess of 100 uA are available at 
66 MeV and, with a high demand for beam time from 
the various user groups, there is considerable incen
tive to utilize it fully. 

81Rb/81mKr Recovery and Generator Loading 

Procedure: Procedures were developed for the fast 
and efficient loading of the 81Rb produced onto the 
generators and the simultaneous removal of radio-
strontium isotopes. The bombarded RbCI target is 
removed from the AI capsule and dissolved in 50 ml 
H20. A 50 ml aqueous solution, containing 0.29 g 
EDTA, 4.1 ml 4M triethanolamine (TEA) and 30 ml 
methanol, is then added. This solution is transferred in 
equal portions onto at least four generators (1 ml BIO-
RAD AG50W-X12 resin). Each generator is washed, 
first with a 15 ml aqueous solution containing 0.044 g 
EDTA, 0.62 ml 4M TEA and 4.5 ml methanol, and then 
with 10 ml H20. Excess H20 is blown out of the 
generators with an air stream. The EDTA serves to 
form a stable complex with the radiostrontium iso
topes, while the TEA is used to adjust the pH [4]. 

Table 1: Target and production details 

NUCLIDE TARG3T ENERGY WINDOW BEAM CURRENT 

SlRb 

123X 

RbCI (diam: 15 mm; 
mass: 1.29 g) 

Nal (diam: 20 mm; 
mass: 6.95 g) 

63-58 MeV 

63-48 MeV 

40 ßk 

65 ßk 
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Typical Production Results: 81Rb yield: 
245 MBq/jiAh at EOB, for a 2 h bombardment. 
81 Rb loading efficiency onto generator: ~ 98%. 
Radiostrontium isotopes retained on generator: < 2%. 
81mKr-gaselution efficiency: ~ 80%. 

12 3I Recovery and Processing 

Procedure: The system which was designed and built 
for the processing of the bombarded Nal targets and 
the recovery of the 123l produced from the decay of 123Xe 
is shown in Fig. 1. The bombarded targets, together 
with the aluminium capsules, are dissolved in hot 
concentrated NaOH. The liberated H2 gas transports 
the 123Xe gas via a water-cooled (4°C) condenser, past 
a pressure balancing balloon (connected with a T-
piece to the gas line), via a drying agent, past a monitor 
radiation detector and via two liquid-nitrogen cooled 
traps in series. The residual gas is finally collected in 
a balloon. The two traps consist of stainless steel 
tubing (inner diameter: 3 mm), wound in a spiral form. 
The pressure balancing balloon is housed in a sealed 
Perspex box. By regu lating the pressure in the Perspex 
box an even flow of gas through the traps can be 
maintained and all the gas can eventually be displaced 
from the balloon. After allowing the 123Xe to decay for 
4 hours, the 123l is collected in a 10 ml 0.01 N NaOH 
solution, using a peristaltic pump. 

Typical Production Results: 123l yield: 
220 MBq/uAh after recovery (4.5 h after EOB). 
Carrier level: < 0.03 u.g I/37 MBq after recovery. 
125l contamination level: < 0.1% after recovery. 

Labelled compounds: Procedures for the routine 
production of a number of 123l labelled compounds, 
suchas[123l]mota-iodobenzylguanidine,[123l]o-iodohip-
puric acid, [123l]para & ortho-phenylpentadecanoic acid 
and [123l]N-isopropyl-para-iodo-amphetamine, have 
also been developed. 
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Figurel: The 123l-recovery system, with the dissolution flask, water-cooled condenser and pressure balancing 
balloon on the left, the lead-shielded radiation monitor detector in the centre and the liquid-nitrogen cooled traps 
in an insulated dewar flask on the right. 
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Production of Strontium-82 and Preparation of the 
Rubidium-82 Generator 
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Institute of Biophysics 
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123182 Moscow, Russia, C.I.S. 

Production of 82Sr 

At the present day the problem of MSr production 
cannot ba regarded as decided. Large amounts of 
radioactive waste during Mo-target processing and low 
yields at irradiation of gaseous Kr-targets stimulate the 
further research of the alternatives of the production of 
this nuclide. Last time the 85Rb(p,4n)82Sr reaction is 
under consideration, but, however, the problems of 
radioactive waste (MMRb) arise from its application 
too. We have irradiated the targets both from natural 
and enriched RbCI and from natural metallic Rb with a 
proton beam having the energy of about 65 MeV and 
current of 1-5 uA for 10-50 hours. The irradiated RbCI 
was dissolved in water and Sr was adsorbed at a 
column with activated charcoal at pH 9-11. After wash
ing the column with a 0.2 MKOH solution and waterthe 
radioactive Sr was desorbed by a 0.2 M HCl solution. 
Theyield of Srwas quantitative. At irradiationof natural 
Rbtheratio^Sr/^SrwasO^I :1 bytheend of bombard
ment. In enriched target of [85Rb]RbCI (99.7%) the 
concentration of ^Sr impurity decreased to < 1%. For 
the target from ["RbJRbCI with thickness 65 -• 45 MeV 
the yield of ̂ Srwas equal to 0.45 mCi/uAh (16.6 MBq/ 
uAh) by the end of bombardment. 

In a future we intend to irradiate the targets from 
metallic Rb, placed into a stainless steel capsule. The 
similar targets have been used traditionally in our 
department for the production of ^Sr since 1964. This 

processing method can be used for the targets with MSr 
without changes. The irradiated metallic Rb is dis
solved in methanol (CH3OH) after opening under inert 
atmosphere. Then water is added to transfer the rubid
ium alkoxide into Ms hydroxide and the resulting solu
tion is passed through the column with activated char
coal where Sr is sorbed. The column washing and the 
Sr desorption is made in the same way as for the 
processing of RbCI. Radiochemical yield of Sris quan
titative. 

sooo -i 
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/ 
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Figure 1: Excitation Function of^Srfp.Sn)+"Srfp^n) 
reactions 

Table 1: Nuclear reactions for the ^Sr production and reaction yields 

Reaction 

KrpHcxn) 
Kr(a,xn) 

85Rb(p,4n) 
S4Sr(p,3n) 
s6Sr(p,5n) 
S9Y(p,x) 
Zr(p,x) 
Mo(p,x) 

Target 

Natural Kr 
Natural Kr 

85RbCl 
84SrC03 
86SrC03 

YA 
ZrOCl2 

Natural Mo 
Mo(39 g/cm2) 
Mo(3 g/cm2) 

AE (MeV) 

90->20 
120-*20 
65->45 
50->30 
70->55 

100-*65 
120 -* 95 

500-> 
600-> 
800-> 

Yield of S2Sr 
from the pointed 

Target (mCi/uAh) 

17x10-3 
50x10-3 

0.45 
1.0 
0.3 
0.1 
0.05 

0.061 
0.7 
0.1 
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We have investigated the proton reactions on enriched 
isotopes MSr (68.7%) and wSr (95.8%) and natural Y-
and Zr-targets as well with the production of MSr. 
Maximum of the summary cross-section of the reac
tions 84Sr(p,3n)82Y(l2.3 min)MSr and ^Srtp.pZn^Sr, 
measured by means of proton bombardment of the 
[84Sr]SrCO3-targets(68.7%84Sr)wasabout900mbams 
at energy of 44 MeV. The yields of saSr for the target 
from [MSr]SrC03 (in the case of 100% MSr) at the 
thickness 50 - • 30 MeV, for the [86Sr]SrC03-target 
(95.8% ̂ Sr) in the interval 70 - • 55 MeV and for other 
reactions as well as given in Table 1. It follows from it 
that the yield may be about 2 mCi/nAh (74 MBq/^Ah) 
at irradiation of metallic 100 % MSr - targets. Therefore 
the specific activity may be 1 -10 mCi (37-370 MBq) ̂ Sr 
per mg Sr, i.e. the appropriate meaning for the prepa
ration of a conditional generator (of total activity 100-
150 mCi (3.7-5.55 GBq)). 

Preparation of the 82Rb Generator 

The research works on the ^Sr/^Rb generator devel
opment were begun in Institute of Biophysics (Mos
cow) in 1982. Alumina and zirconium modified stannum 
dioxide were taken from the large number of the 
potential sorbents investigated. In the first case, how
ever, the wSr breakthrough was rather high: in the 
initial 500 ml it was equal to 10-3%/ml, and then it 
increased. The generator consisting of two steel col
umns (working and protective ones) filled with modified 
stannum dioxide, had appropriate characteristics. The 
82Rb yield into eluate at an eluent flow rate of 10 ml/min 
was equal to 40-60% at a bolus washing-out and 25%/ 
ml at constant washing-out. During 1.5 months exploi

tation of the generator (10 I of eluent was passed 
through it) the MSr breakthrough did not exceed 
5«l0-*%/ml. The elution was carried out with a saline 
solution with pH 6-8. No impurities of stannum and 
zirconium were found in the eluate, detection limits 
being 0.1 and 0.25 jig/ml respectively. 
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Theoretical and Experimental Physics (Moscow) and 
I nstitute of Nuclear Research of Ukrainian Academy of 
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Four Years Experience with a Polyvalent 72 MeV Target Station 

Robert Maag and Regin Weinreich 
Paul Scherrer Institut 

5232 Villigen-PSI, Switzerland 

Introduction 

Since 1974, 13.3-h 123l has been produced at the 
Injector I cyclotron of Paul Scherrer Institute (PSI, 
formerly SIN cyclotron) by the (p,5n) process in large 
quantities, for commercial purposes. With the time, an 
experimentally-graded production program was added 
f or4.6-h81 Rb, 25.5-d ̂ Sr, 109-m 18F and 8.3-h KFe [1 ]. 

From the beginning of planning and construction of the 
Injector II cyclotron (a fixed-energy 72 MeV proton 
source with an expected beam current of 2 mA, today 
1.2 mA achieved) a new isotope production facility („IP 
II") has been considered. An electrostatically sepa
rated side-beam of maximum beam current of 100 uA 
was split away from the main beam line [2] into a 
specialized isotope production area. By this way, more 
than 90 % of the main beam can be post-accelerated 
in the ring cyclotron during isotope production runs. As 
a first purpose, the program of isotope production at 
Injector I should be transferred onto Injector II. As a 
second step, a regular production program for short
lived PET nuclides should be established at Injector II. 

General Design of Isotope Production Facility 
IP II 

It consists of two parts as can be seen in the diagram 
of Fig. 1. The hig h-energy (72 M eV) consu ming f rontside 
part consists of a movable target holder which is 
transported from the hot cell to the target station by a 

monorail system. It is handled in a remotely controlled 
way and couples automatically to the beamtube. We 
were orientated by target stations in Chiba [3] and 
Groningen [4], whose beam energy conditions are 
similar. However, we had to design a technical upgrad
ing which has been requested by an around-the-clock 
use of a beam current of 100 uA. The target itself is 
encapsuled and co/isists either of a pressed pellet or of 
a liquid, respectively. After EOB, the target holder is 
transported into the hot cell and is opened there. In the 
backside of the target station a gas target system has 
been installed which uses the waste beam for the 
production of 20-m 11C and other short-lived positron 
emitters [5]. 

SIDE VIEW 

BEAM 
DIAGNOSTICS 

T T 
p72Mev-

HOT CELL 

LOCAL 
'SHIELDING 

MOVABLE TARGET 
(MOSTLY SOLIDS) 

STATIONARY TARGET 
(LIQUIDS AND GASES) 

Figure 1: Diagram of the Target Station IP II at the Paul 
Scherrer Institute (side view). 

Figure 2: Target and target holder of the station IP II. 
Front view (above) and back view (below). 
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The Movable Target 

Fig. 2 shows a photograph of both front view and back 
view of the target and the target holder, Fig. 3 shows 
the coupling onto the beamtube. Because of the high 
neutron density in the target vault, all rubber and plastic 
parts are located on the movable holder; they can be 
renewed easily in the hot cell. The beam itself is 
directed by a system of collimators in front view, a 
separate measurement of the beam current by aFARA-
DAY cup, however, is not foreseen. The target capsule 
is cooled by water of a separated circuit from both 
sides. The coupling and de-coupling of the target 
holder onto the beamtube is performed by a massive 
mechanical linkage without air-pressure couplings to 
avoid destruction of tubes. The change of a target 
including transportation from hot cell to hot cell needs 
15 minutes. The target is operated by a classical switch 
system without microprocessor control, from a sepa
rated switchboard. The movement of the target holder 
is observed by a special neutron resistent TV system. 

Production of Isotopes 

lodine-123. 13.3-h 123l is produced by the nuclear 
reaction 

127l (p,5n)123Xe (2 h) -> 1 2 3 l . 

After irradiation, the capsule is dissolved in hydrochlo

ric acid, and the formed 123Xe is drived out by a helium 
stream into two cooling traps. The yield is about 12 
mCi/uAh at 80 uA In an 1-hr run normally 1 Ci 123l is 
produced. 

Fluorine-18. 109-m 18F is produced by the nuclear 
reaction 

1sO (p,n) 18F. 

95 % e nriched [180]H20 is irradiated in an opencapsule 
of massive silver [6]. In front of the capsule, an alu
minium degrader is mounted, so that the incident 
energy of the proton beam into the target water is 15 ± 
2 MeV. After EOB, the capsule is transported into the 
hot cell, and the 18F solution is sucked into a lead 
shielded glass vessel, for further treatment. The prac
tical yield is 35 mCi/|iAh at 25 uA In an 1-hr run, 
normally 0.8 Ci 18F is produced. 

Strontium-82.25.5-d MSr is produced by the nuclear 
reaction 

na,Rb(p,xn)82Sr. 

Rubidium chloride RbCI is pressed in a pellet and is 
irradiated in an aluminium capsule, in the identical 
technology as used for 1Z3I [7]. The practical yield is 100 
u,Ci/uAh at 60 uA. In higher beam currents, we found 
decomposition of the pellet. In a typical 5000 uAh run 
(some accumulated part-runs), we obtain about 0.5 Ci 
MSr. 

Other radionuclides. For experimental purposes, a 
few other radionuclides are produced in amounts be
low 1 mCi. Table 1 shows some results. 

Results 

The production of 1Z3I which was the first nuclide 
produced at IP II, has been started in August, 1986. 
From 1987 onwards, real production runs, also for 
commercial purposes, are carried out by a fixed time 
scheduling. The target station was formally transferred 
to the PSI production department in August, 1987. It 
has to be considered that, in the first phase, the Injector 
cyclotrons I and II were used for production in a 
complementary way. With the time, more and more 
production runs were performed at Injector II; at Injec
tor I the frequency decreased. Table 2 shows the 
results in figures. 

Figure 3: Coupling of the movable target holder of IP II 
onto the beamtube. 

Table 1: Production of small-amount radionuclides at the target station IP II using 72 MeV protons 

Nuclide 

5 2 F e 

73Se 

Half-life 

8.3 h 

7.1 h 

Reaction 

«'Ni (p,x) 

75 As (p,3n) 

Target 

Ni metal 

Cu3As 

Yield 

0.6 mCi/uAh 

30 mCi/uAh 

Ref. 

[8] 

[9] 
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Table 2: Number of production runs at IP II from 1986 to 1991 

Year 

1987 

1988 

1989 

1990 

1991 

Nuclide 

123| 

123| 

KSr 
18F 

123| 

82Sr 
18F 

123] 

«Sr 
ieF 

12J| 

82Sr 
18p 

Number of 
irradiated targets 

51 

165 
14 
6 

174 
9 

12 

117 
10 
84 

112 
9 

84 

Integrated 
beam current 

ftiAh) 

4225 

22000 
27000 

230 

23771 
14407 

467 

15618 
15989 
2486 

17960 
47543 

2136 

Discussion 

From the very beginning of its use in 1986, the target 
station IP II proved to be an useful tool for routine 
productionofcyclotronradioisotopes.The rate of avail
ability is 96 %. Failures were observed practically 
exclusively in beam diagnostics: in a few times the local 
beam density was very high and caused disruptions of 
the target capsule or evaporation of the liquid target 
material in production of 18F. Coupling and transporta
tion of the target holder, however, up to now had 
absolutely no failure. The operation of the target holder 
is carried out by classical electronics, a processor is not 
missed. 

The beam diagnostics, however, could be improved by 
introduction of useful scanners or shutters. We found 
also a natural influence between the mean beamline 
and the side beam after the splitter. Here, corrections 
were made by computer control. 
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Studies for the Production of lodine-123 at the CV-28 Cyclotron 
of IPEN-CNEN/SP 

Sönia A. Cammarosano Mestnikand Jair Mengatti 
Instituto de Pesquisas Energeticas e Nucleares 

Comissäo Nacional de Energia Nuclear - SP 
P.O. Box 11049 

05488 Säo Paulo, SP, Brazil 

Summary. The ideal conditions to produce 123l via the 124Te(p,2n)123l reaction at the CV-28 cyclotron of IPEN-
CNEN/SP (protons, Emax = 24 MeV) were studied in this work. Two target materials were tested: pure Te02 and 
TeOz with 2 % Al203. The chemical separation of 123I was carried out by a dry distillation process with a high 
frequency induction furnace. The results obtained up to now show the best separation yields (80 %) in the 
following conditions: 1) Target: pure TeOz; 2) Furnace temperature: 760 ± 5°C; 3) Diffusion time: 2 min; 4) 
Oxygen flux rate: 60 ml/min. 

Introduction 
123l is one of the most used radioisotopes in nuclear 
medicine due to its nuclear properties which are the 
most suitable among the radioisotopes of iodine for in 
vivo studies (absence of ß- particle emission, the short 
half-life T1/2 = 13.3 h, and the emission of a y-ray w'rth a 
suitable energy E = 159 keV). It substitutes 131l in 
diagnostic procedures with the advantage of reducing 
the radiation dose given to the patient. 

The methods for123l production involve various nuclear 
reactions, which can produce 123l with p, d, 3He or cc-
particle beams. These reactions lead to 123l formation 

directly, or indirectly via the decay of 123Xe. 

The characteristics of the CV-28 cyclotron of IPEN-
CNEN/SP (protons, Emax = 24 MeV) are suitable to 
produce 123l by the direct method via the reaction 
124Te(p,2n)123l, and for 123l production with high 
radionuclidic purity level it is necessary to use enriched 
124Te target material. 

Objective of the Work 

To establish the optimum conditions to produce 123l at 
the CV-28 cyclotron of IPEN-CNEN/Säo Paulo by the 
dry distillation method using an induction furnace. 

Q>-

(D-

® 

OftQ W7Z hsA 

© J 

-© 

SsS-— 

L 
Figure 1: Schematic diagram of remotely controlled automated apparatus for dry distillation ofradioiodine from 
irradiated Te02 target: 1. Outer quartz tube (fixed). 2. Inner quartz tube (movable). 3. Platinum support with TeOT 

4. Induction coil. 5. Pt tube 0 = 22 mm. 6. Thermocouple. 7.02 flow (60 ml/min). 8. Heating ribbon. 9. Electrical 
resistance. 10. NaOH solution. 11. Cooling liquid circulation. 
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In these preliminary studies were determined: 

• The influence of Al203 (added to theTe02 target) in 
the release of radioiodine during distillation, and 

• The loss of Te02 (gravimetrically) during irradia
tions at different beam currents (up to 10 uA with a 
wobbling system) and different lengths of time (10 
min - 2 h). 

Experimental 

Two target materials were tested: pure Te02 and Te02 

+ 2% ALp2 (277 mg/cm2). 

To prepare the targets, the materials were placed on an 
0.78 cm2 recess of platinum support and melted above 
736°C. The targets were proton-irradiated with beam 
currents up to 10 |iA (with wobbling system) during 
various lengths of time (10 min - 2 h). 

The chemical separation of iodine was carried out by 
the dry distillation process in an oxygen atmosphere 
using a high-frequency induction furnace (Model „I", 
8.0 kW, supplied by POLITRON). The iodine distilled 
was collected into a 0.01 N NaOH solution. 

Results and Conclusions 

When Al203 was added to the Te02 target, about 40% 
of iodine activity was retained in the target during 

distillation and when pure Te02 target was used, only 
5%. 

With beam currents up to 10 uA there was practically 
no mass loss even in long irradiations (2 h) what agrees 
with the results of MICHAEL and collaborators [1 ]. The 
physical resistance of the melted pure Te02target was 
satisfactory. 

The loss of Te02 during distillation was less than 0.5%. 
This small mass loss confirms the advantage to use an 
induction heating system instead of conventional heat
ing in agreement with OBERDORFER and collabora
tors [2]. 

The chemical form of the radioiodine collected in 0.01 N 
NaOH solution was 100% iodide. 
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Table 1: Separation yield of radioiodine from TeOz and TeOz + 2% Al203 targets by the 
dry distillation method using an induction furnace. Furnace temperature = (760 ± 5fC. 
Diffusion time = 2 min. Oxygen flow rate = 60 ml/min. 

TARGETS 

Release of 

radioiodine from 

the target. <%> 

Radioiodine 

collected in .OIN 

NaOH solution <.%"> 

Pure Te0 0 Te0 0 + 2% A1 00 0 

Target 1 Target 2 Target 1 Target 2 

92.1+2.9 97.112.0 50.7±2.2 47.2+4.4 

73.2+8.2 73.2 + 8.0 40.116.3 38.9+1.9 

Number of exper i m e n t s : 6 
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A Study of Irradiation Conditions of Mercury Target with 
Protons to Obtain Thallium-201 
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Introduction 

The radionuclide "'Tl is used in Nuclear Medicine to 
identify myocardial ischemia or myocardial infarct. It is 
a cyclotron-produced radioisotope, obtained indirectly 
from the decay of ^'Pb or directly by irradiating mer
cury with deuterons or protons. 

The usual technique to prepare a iTI makes use of the 
nuclear reaction «^(p.Sn^Pb -» ^'Tl, which re
quires proton energy of around 28 MeV. Due to the 
limited proton energy of IPEN's CV-28 cyclotron (24 
MeV), studies on the irradiation conditions of natural 
mercury oxide pellets and drops of natural metallic 
mercury were mado in the energy range of 24 to 19 
MeV. 

Experimental Techniques 

Targets of natural mercury oxide pellets with thickness 
of 815 mg/cm2, 509 mg/cm2 and 445 mg/cm2, and 
drops of natural metallic mercury with 445 mg/crrfwere 
used in the studies. 

The targets of 815 mg/cm2 and 509 mg/cm2 were 
irradiated with incident proton beam energy of 24 MeV 
and 20 MeV, respectively, using a steel target holder 
with back water cooling. 

For the thin target irradiation (HgO: 445 mg/cm2 and 
Hg°: 445 mg/cm2) a target holder made of aluminum 
was fabricated and it was water-cooled in the front and 
in the back of the target (Fig. 1). 

The incident beam energy on the target was reduced 
to 19 MeV due to the water layer and the target 
windows. 

The target thickness (445 mg/cm2) and the incident 
proton beam energy (19 MeV) were chosen to mini
mize the production of other radioisotopes of thallium, 
which could lead to impurities in the "'Tl product. 

The range calculations of protons in the targets and in 
the materials used to degrade the proton beam energy 
were made using the data tables of WILLIAMSON et 
al. [1]. 

Table 1: Production yields (EOB) of200?!, ™T\andxzTl in the irradiation of natural mercury 
oxide pellets with protons. 

Target 

Thickness 

(mg/cm2) 

HgO (815) 

HgO (509) 

Incident 

Proton 

Energy (MeV) 

24 

20 

Final 

Proton 

Energy (MeV) 

14 

14 

Yield (EOB) 
(MBq/U.Ah) 

200X1 201T1 202T1 

20,2 14,5 0,36 

12,0 9,5 0,19 

Table 2: Production yields (EOB) of*°°TI, m Tl and^TI of thin natural mercury target (445 mgl 
cm2) irradiated with protons of 19 MeV. 

Thickness 

(mg/cm2) 

HgO (445) 

Hg (445) 

Incident 
Proton 

Energy (MeV) 

19 

19 

Final 
Proton 

Energy (MeV) 

13 

13 

Yield (EOB) 
(MBq/nAh) 

20071 20175 20271 

11.8 9,5 0,19 

11.9 9,5 0,19 
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Figure 1: Aluminum target holder with water cooling in the front and the back of the target. 
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Results 

Table 1 and Table 2, respectively, give the production 
yields of »T l , M,TI and M2TI at the end of bombardment 
for the HgO thick target and the HgO, Hg thin targets. 

Conclusions 

The results showed that M1TI had a high level of 
radionuclide impurities. This is due to the fact that only 
natural mercury targets were used: ̂ H g (7%), ^ H g 
(30%), a iHg («"^.»»Hg (23%), ,99Hg (17%) and 19flHg 
(10%). 

At the end of the bombardment of a 445 mg/cm2 

thickness (6 MeV thickness) target of natural metallic 
mercury with 19 MeV protons provide a yield of around 
lOMBq^TI/uAh. 

If one employsa 98.6% enriched ̂ H g target under the 
irradiation conditions mentioned above, the *°1TI yield 
will be around 33 MBq/uAh. This yield value is smaller 
than the one obtained by BIRATTARI et al. [2]: 51 MBq/ 
uAh (after the decay time of 60 h from the EOB for a 
98.6% enriched ̂ H g , 6 MeV target thickness) and by 
DMITRIEV [3]: 46 MBq/uAh (at the end of the bom

bardment of a 95 % enriched ^ H g , 4 MeV target 
thickness). 

The EOB yield of ""Tl obtained in this work shows the 
necessity of improvement in the target support so that 
all the mercury target is focused by the proton beam. 
This work was useful for learning more about cyclotron 
irradiation techniques with respect to target, target 
holder fabrication and cooling system. 
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Introduction 

The use of 124l (T1/2 = 4.2 d, ß+ = 25%) and positron 
emission tomography (PET) has gained considerable 
interest in the last few years [1,2]. At our institution 124l 
has been used to label monoclonal antibodies (MAbs) 
amongst other compounds. The demand for a high 
quality label has stimulated work into the production of 
no-carrier added 124l using the 126Te(p,3n) reaction. The 
1J4I has been successfully used to label ICR12 MAb 
and the product is currently undergoing clinical trials. 

Methods 

Excitation Functions: In orderto optimize production 
conditions, the excitation functions of proton induced 
reactions in natural tellurium have been measured up 
to 59 MeV using the stacked foil technique. The stacks 
were irradiated at the MRC Clatterbridge cyclotron for 
10-30 minutes at 0.2 - 0.5 uA. The foil's activities were 
assayed by y-ray spectroscopy using a calibrated 
germanium detector. The cross sections were calcu
lated by the usual activation formula. 

Production Runs: Enriched [126Te]Te02 (98.7 %) tar
gets were prepared by melting and solidifying the 
powder into a platinum boat. The boat was placed into 
a recess of a coppertarget holder and the beam energy 
was degraded with a top cover foil. The target assem
bly was cooled at a rate of > 4 l/min and irradiated in 
vacuum. 

Radiochemical Separation of 1ZAI: After irradiation 
the 124l was recovered from the target by dry distillation. 
The procedure was optimized by studying the param
eters of temperature, time and oxygen flow rate. The 
amount of [126Te]Te02 loss was also monitored using 
both Y and atomic absorption spectroscopy. 

Labelling of ICR12 MAb: The no-carrier added 124l 
was used to label ICR12 MAb using N-bromosucci-
nimide (NBS) as oxidizing agent. 

Results and Discussions 

Cross Section Data: Figs. 1 and 2 show the excitation 
functions of (p,xn) reactions on natural tellurium lead
ing to the formation of , a l , 1 2 4 l , 12SI, 126l and 1 3 0 l . The 
shapes of the excitation functions show that only 130l is 
formed by a pure (p,n) reaction. The other radioiodines 
are produced by more than one reaction on various 
tellurium stable isotopes. Generally the cross section 
measurements below 20 MeV are in good agreement 
with values reported by SCHÖLTEN er a\. [3]. 

Thick Target Yield:The calculatedthick target yield of 
124l at an energy window of 36.8 - 33.6 is 1.8 mCi /uAh. 
The experimental yield of 124l amounts to 40 - 50% of 
the theoretical value calculated from excitation func
tions. The loss due to chemical processing is minimal 
and the lower experimental yield is due mainly to 
factors such as radiation damage and beam inhomo-
geneity. 

"* / Recovery: In the distillation of 1 2 4 l , the following 
parameters were found optimum: distillation tempera
ture of (770 ± 5)°C, oxygen flow rate 24 ml/min and a 
distillation time of 20 minutes. The distillation efficiency 
was > 95% with 85 - 90% of 124l recovered in 0.001 M 
NaOH. The 124l solution was found free of any radioac
tive or stable tellurium. Although there was a minimal 
loss of [126Te]Te02 (< 0.01 %) from the target material, 
this was found adsorbed on the inner walls of the 
distillation tube rather than in the NaOH trap. The 
concentration of the no-carrier added 124l was 6 - 8 mCi/ 
ml. 
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Labelling Results: The labelling of ICR12 MAb with 
the 124l was successful with an efficiency of > 90% and 
the labelled antibody retained an immunoreactivity of 
80 - 85%. 
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This paper describes the measurements of experi
mental yields of some medical radionuclides and the 
use of nuclear data in cyclotron targetry. 

Proton accelerators are the most widely used ma
chines for production of radionuclides in large quanti
ties. Choosing the proper target nuclei and the energy 
range one provides the optimal conditions for produc
tion of required nuclides in terms of both the yield and 
the radionuclide purity. 

Most papers dealing with investigation of conditions for 
radionuclide production concentrate on determination 
of cross sections for formation reactions. There are 
thorough measurements of reaction excitation func
tions both lor the investigated nuclide and for by
products aimed at determining the conditions for maxi
mal yield and purity of the nuclides. 

The production cross sections and yields have been 

determined for some radionuclides used in nuclear 
medicine by bombardment of targets with protons of 
energy < 100 MeV (Tables 1, 2). The experimental 
cross sections are compared with the excitation func
tion calculated by the code ALICE in the energy range 
from the threshold to 100 MeV. Comparison of the 
calculated excitation functions with the experimental 
results shows satisfactory agreement in some cases 
and discrepancy both in the energy position of the 
maxima and in the values of cross sections in other 
cases. It should be mentioned that other ALICE users 
observed it as well. 

The results obtained are useful in choosing the condi
tions for production of the investigated radionuclides 
by irradiation of targets with protons of energy < 100 
MeV (the optimal energy interval, the yield of the 
radionuclide, the contamination with other isotopes) 
and in estimating the activity which can be achieved 
under the specific conditions (Table 3). 

'Present address: Soltan Institute for Nuclear Research, Swierk, 
Warsaw, Poland 
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Table 1: Decay data of some cyclotron-produced radionuclides 

Nuclide 

«Ti(47.3y) 

*Sc(3.93h) 

HFe(8.27h) 

K".Mn(21.1m) 

"Kr(1.24h) 

"Br(57h) 

KSr(25.5d) 

KRb(1.27m) 

«Ru(2.9d) 

i»In(2.83d) 

i23Xe(2.08h) 

I231(13.2h) 

•"Xc(36.4d) 

iMBa(2.43d) 

i«Cs(3.92m) 

a"Tl(73.5h) 

Mode of decay 
(% branching) 

EC(IOO) 

EC(5),P'(95) 

P»(56),EC(44) 

P*(98),EC(2) 

EC(99.9),P*(1) 

EC(99.3),P*(0.7) 

EC(IOO) 

P*(95),EC(5) 

EC(IOO) 

EC(IOO) 

EC(87),P*(13) 

EC(IOO) 

EC(IOO) 

EC(100) 

p*(51),EC(49) 

EC(IOO) 

Main y-rays 
E rkeV(I r%) 

67.8(88.0);78.4(94.5) 

511(190);1157(99.9) 

168.7(99.2)^11(113) 

511(196),1434(98.3) 

129.7(80);146.4(37.6) 

239(23.9)^21(23.2) 

511(192),776(13.4) 

216(85.8),324(10.2) 

171(90.3)^45(94) 

149(48.6) 

159(83.3) 

172(25.5)^03(68.3) 

273(14.5) 

443(25.8)^11(132) 

167(10.6) 

Application 

Study of bone 
disease 

Myocardial 
perfusion 

Physiological 
and pharmacolo
gical studies 

Myocardial 
perfusion 

Diagnostic and 
radioimmuno-
therapy 

Cisternography, 
lymphatic system 

Myocardial meta
bolism. Brain 
perfusion 

Lung ventilation 
and perfusion 

Myocardial per
fusion 

Myocardial per
fusion 

Table 2: Production cross sections and yields of radionuclides in irradiation of targets with protons ofE<100 
MeV 

Nuclide 

«Ti 

«Fe 

"Kr 

KSr 

97RU 

»'In 

>*Xe 

i«Xe 

•28Ba 

201T1 

Target 
Chemical 
form 

metV 

m"Mn 

KBr 

RbCl 

metJc 

moQd 

Nal 

CsCl 

CsCl • 

mcipb 

Isotope 
abundance (%) 

JiV(99.75) 

«Mn(lOO) 

7».8iBr(50.69;49.31) 

*WRb02.n-,27.m 

Tc(100) 

>»Cd(95.8) 

»'Cd+iuCd 

'21(100) 

i»Cs(100) 

i"Cs(100) 

a>6Pb(94.0) 
=o7Pb(89.0) 
20»Pb(97.5) 
208pbHJO7pbHJ06pb 

Nuclear 
reaction 

(p,xpyn) 

(p.4n) 

(p,3n)+(p,5n) 

(p,4n)+(p,6n) 

(p,3n) 

(p.3n) 
(p,4n) 

(p,5n) 

(p,xpyn) 

(p,6n) 

(p,6n) 
(p,7n) 

. (p,8n) 

Investigated 
energy range 
(MeV) 

100-37 

100-36 

100-22 

100-36 

100-20 

63-25 
63-20 
(63-36M36-25) 

100-48 

100-59 

100-43 

57-49 
68-57 
76 -68 
7 6 - 4 9 

a max (mb) 
atEp(MeV) 

0.63(75) 

1.3(53) 

107(35) 

180(52) 

440(32) 

682(32) 
500(42) 

350(57) 

250(88) 

322(63) 

Experimental 
thick target 
yield 
(mCi/uAh) 

1.4-10-3 

0.8 

313 

0.43 

10.5 

16.5 
15.6 
24.0 

270 

0.47 

8.4 

3.5 
3.0 
1.5 
8.0 
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Table 3: Accelerators and production rates of radionuclides in a target per run (mCi) 

Accelerator 

Data 

Projectile 
energy (MeV) 

Beam 

Institute, 
place 

Nuclide. 

"Ti 

»Fe 

"Br 

aSr 

"TRu 

»»In 

«231 

™Xc 

•28Ba 

LINAC-100 

100 

15 

external 

IPhHE, 
Protvino 

run duration yield 
(h) (mCi) 

1000 0.2 

15 180 

2+7 EOB 185 

100 600 

100 15750 

100 247503) 

2+7 EOB 825 

100 700 

24 -3000 

10+32 EOB 525") 

"F" facility 
(fasotron) 

4S2> 

6 

internal 

JINR, 
Dubna 

run duration yield 
(h) (mCi) 

10 360 

U-1201» 

32 

200 

internal 

nNR, 
Dubna 

run duration yield 
(h) (mCi) 

20 24000 

20 44000 

10 14005-« 

')The U-1201 cyclotron can be developed, manufactured, assembled and adjusted at the customer's 
place during not more than 3 years on condition that there is a building ready to house the 
cyclotron. 
2>forR = 68cm 
3> from'"Cd 
<>from2°«Pb 
«32 harter EOB 
6> from 203T1 
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Plutonium-237 Production by Irradiation of Highly Enriched 
Uranium Targets 

A.D. Gedeonov, L.A. Pelevin, V.l. Kucheruk, L.P. Bakushkinaand V.Yu. Shkroev 
V.G. Khlopin Radium Institute 

Roentgen Street 1 
197022 St. Petersburg, Russia, C.I.S. 

A.E. Antropov, A.V. Smirnovand V.P. Gusev 
Institute of Physics, 

St. Petersburg State University, Petrodvoretz 
198904 St. Petersburg, Russia, C.I.S. 

237Pu decays principally by electron capture with a half-
life of 45.2 d [1, 2]. Electromagnetic emission accom
panying decay of the radionuclide ̂ P u (E=59.54 keV 
(3.29%),97.08 (13.7%), 101.07(21.8%), etc. [1]) makes 
it possible to monitor directly the behaviorof plutonium 
in various processes. Because of such nuclear charac
teristics, this radionuclide is a suitable radioactive 
tracer for the study of the behavior of low plutonium 
concentrations in physico-chemical processes and in 
natural and biological samples. This stimulated ex
tensive work on the production and application of 237Pu 
[3-5]. 

The purpose of this work was to compare isotopic 
purity and yield of ^ P u obtainable by different nuclear 
reactions and to study the scopes of its application as 
a radioactive tracer in radiochemical processes for 
plutonium analysis in environmental samples. 

237Pu was produced by irradiating 235U targets by 4He 
and 3He ions at the 120 cm (St. Petersburg University) 
and 200 cm (Dubna) cyclotrons. From the irradiated 
targets the plutonium fraction was isolated by chroma
tographic separation or by coprecipitation with lantha
num fluoride and extraction with TTA in xylene. The 
source preparation for the a-spectrometric measure
ments was obtained by electrolysis from NH4CI solu
tion. The measurements were made on an a-
spectrometer consisting of a gas grid a-chamber and 
a multichannel pulse analyzer. The amount of 237Pu on 
the target and its radiochemical purity was determined 
by a HPGe serniconductordetectorw'rth a resolution of 
0.9 keV at 122.06 keV. 

The very high enrichment of a 5U (Table 1) and a 
minimum content of other chemical elements in this 
material (Table 2) made it possible to produce the 
isotopic pure 237Pu. 

The cross sections of the reaction 235LI(3He,n)237Pu was 
measured preliminary [6] from 17.0 to 41.6 MeV. For 
this purpose the stack consisting of five targets was 
irradiated by the 3He beam. Aluminium foils covered 
w'rth^U layer (10.2 mg/cm2) were used as targets. The 
incident 3He ion energy was 43.0 MeV. The intensity of 
3He beam was measured by "Cu^He^n^Co and 

Table 1: Isotopic content of enriched nsU targets 

Nuclide Content (%) 

Uranium-234 0.0020 ± 0.0005 
Uranium-235 99.9920 ± 0.0005 
Uranium-238 0.0020 ± 0.0005 

Table 2: The main chemical impurity in enriched ,Z35U 

Element 

F 
Na 
AI 
K 

Content (%) 

< 0.004 
< 0.001 

0.001 
< 0.001 

Element 

Fe 
Ni 
Ba 
REE 

Content (%) 

0.0003 
0.0002 

< 0.001 
< 0.00001 

65Cu(3He,2a)60Co reactions in copper monitor foils 
placed between uranium targets. 

Atthe same time the highest cross section value of the 
reaction ^ U ^ n p P u is (17 ± 2) mb at 25 MeV [3]. 
The comparison of obtained cross sections of the 
reactions 235U(3He,n)237Pu (Table 3) with the 
Z3S\}{a.,2rifi7P\} cross section enables us to conclude 
the following: 

• It is preferable to use the 235U(a,2n) reaction for the 
production of large amounts of 237Pu; 

• The nuclear reaction 3 H e + ^ U has good prospects 
for production of the traditionally used a-tracer 
^ P u . In this case ̂ P u will be marked by y-emitting 
radionuclide ̂ P u . The advantage of this is evident. 

In Table 4 the isotopic purity of the ^ P u preparations, 
that were separated from the irradiated cyclotron tar
gets is cited. The radionuclides concentrations are 
given at the moment of completion of irradiation. 

As can be seen from Table 4, ^ P u of maximum 
isotopic purity can be obtained by irradiating a thin 
uranium target (99.99% 235U) by 4He particles with an 
energy of 24 MeV. The isotopic purity attained by such 
irradiation is 99.99%. The ̂ P u yield at the moment of 
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Table 3: Cross sections of the nsU +3He reactions [6] 

3He 
energy 
(MeV) 

41.6 
36.8 
31.4 
25.5 
17.2 

c(mb) 

235U(3He,n)237pu 

0.13 ±0.02 
0.12 ±0.02 
0.09 ±0.01 

0.036 ±0.004 
0.0042 ±0.0006 

235U(3He,2nP6Pu + 
235U(3He,pn)236mNp -> 236pu 

10.6 ±1.4 
11.5 ±1.4 
11.5 ±1.8 
7.8 ±0.9 

0.17 ±0.02 

Table 4: Content of cc-emitting radionuclides in a7Pu obtained from nsU targets [7] 

Target 

235U (99.99%) 
235U(90%) 
235U (99.99%) 

Uranium 

layer 

(mg/cm2) 

10 
300 
10 

Beam 

3He 
"He 
4He 

Particle 

energy 

(MeV) 

42 
24 
24 

236pu/237pu 

(Bq/Bq) 

3.3 
2.4 • 10̂ » 
1.7 • 10-5 

238pu/237pu 

(Bq/Bq) 

3-KM 
1 • 10^ 

239^40pu/237pu 

(Bq/Bq) 

2.5 • 10-3* 
3.8 • 10-3 
2.3-10-Ö 

* 239,24opu w a s present in the target material. 

completion of irradiation is 35 kBq/100 uAh. The y-
spectrum (Fig. 1) of the a7Pu preparation showed no 
trace of y-emitting nuclides with a sensitivity of 8 • 10'2 

%. 

In addition to nuclear reactions on a sU leading to a7Pu 
we started the work on a7Pu production by 23*U(a,n)237Pu 
reaction. In this work highly enriched a5U target was 
used (Table 5). Irradiation of a target (0.66 mg/cm2 234U) 
was done by 120 cm cyclotron at Ea = 18.7 MeV. The 
total integrated dose was 92 uAh. 

Table 5: Isotopic content ofa*U enriched target 

Nuclide 

Uranium-234 
Uranium-235 
Uranium-238 

Content (%) 

93.43 
6.44 
0.13 

Aplanartype HPGe detector (Riga Scientific Research 
Institute for Radioisotope Apparatus, Lettland) with 
energy resolution of 200 eV at 5.9 keV and sensitivity 
area 25 mm2 was used to measure low energy y- and X-
rays of irradiated target after 64 and 106 days cooling. 
These spectra are given in Figs. 2 and 3. 

As can be seen from Figs. 2 and 3, the non-destructive 
spectrometry measurement cannot attribute the peak 
101.1 keV to ̂ P u (T i a = 45.5 d) for certain = 10 Bq of 
this radionuclide in the irradiated23^ target. Therefore, 
at the present time, we are planning the radiochemical 

separation of plutonium fraction from this target fol
lowed by y-, X-ray and a-spectrometric measure
ments. 

z^Pu, obtained by ^Ufa^n) reaction (Table 4), was 
used as the radioactive tracer for the study of plutonium 
isolation, concentration and purification processes in 
environmental research [7]. Use of 237Pu for this study 
has several advantages over the traditionally used oc-
tracers aBPu and 242Pu: 

• First, the possibility of direct measurement of pluto-
niumcontents by intense X-radiation (101.1 keV) of 
M7Pu in different samples makes it possible to 
disclose quickly the stages in which the major part 
of the plutonium is lost and to determine and elimi
nate the causes of the losses. The advantages of 
M7Pu in rapid solution of this problem over the two 
a-emitting tracers of plutonium [8, p.68] are obvi
ous. 

• Second, X-radiation allows us to determine quickly 
the location of the plutonium being isolated in the 
analysis chain and, if necessary, to stop the proc
ess before the creation of a-spectrometric target 
and to rectify the conditions. 

• Third, the possibility of direct monitoring of transi
tion of plutonium from one phase to another allows 
us to determine quickly the kinetic parameters of 
the separation processes and the redox reaction 
and, accordingly, to select the optimum time of 
execution of the analysis operations. 
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Fig. 1: Spectrum of radioisotopic pure n7Pu with 150 cm3 HPGe detector. Energy interval 29 ...219 keV. 
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Fig. 2: Spectrum of the irradiated,Z3*Utarget after64 days cooling. Energy interval 46... 113 keV. Life time 
172800 s. 
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Fig. 3: Spectrum of the irradiated mU target after 106 days cooling. Energy interval 49... 118 keV. Life time 
162136S. 

Production of isotopically pure ̂ P u containing »««»Pu 
<103 % (Table 4) opens up the possibility for its use for 
the determination of the total chemical yield of the 
Plutonium being separated from samples with a global 
contamination level. Such a possibility has not yet 
been realized and was refuted [8, p.20] under the 
assumption of interference from the a-radiation of 
237Pu and impurity plutonium isotopes. However, sim
ple calculation shows that introduction of 50 Bq of 
isotopically pure ^ P u (Table 4, line 3) into a 10 g 
analysis soil sample does not vitiate determination of 
239.a«pu j n a n a m o Unt of 6• 10s Bq/g which is 5 times 
lower than the global »««"Pu content [8] in soil. 

In our view, a combination of high isotopic purity and 
advantages of the y-emitting radioactive tracer 237Pu 
can be used successfully for the study of the physico-
chemical state and behavior of plutonium in ultramicro 
concentrations in the environment and in laboratory 
processes. 
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Separation of Radionuclides from Cyclotron Targets Using 
Phosphonic Acid Cation Exchanger 

A.A. Razbash and Yu.G. Sevastyanov 
Enterprise „Cyclotron" 

Institute of Physics and Power Engineering 
Obninsk, Russia, C.I.S. 

Introduction 

An important feature of isolation of cyclotro n produced 
radionuclides is a necessity of the separation of their 
microamounts from the macroamounts of the target 
material. The most often used methods are extraction, 
ion exchange, coprecipitation and their combinations. 
In our opinion from the point of view of simplicity of the 
technique the preference should be given to the method 
of ion exchange chromatography. And it is better to 
carry out the process of the separation when a chroma
tographic column works in a regime of the filtration in 
attention to the macrocomponent or when the 
macrocomponent is not or weakly adsorbed and the 
microcomponent (the radionuclide) is strongly retained 
by the resin. But it is not always possible on the 
traditional sorbents (the strongly acidic cation exchanger 
and the strongly basic anion exchanger) using simple 
eluents (solutions of mineral acids). So it is interesting 
to use selective sorbents among them phosphonic acid 
cation exchangers which have selectivity for heavy 
metal ions. 

We determined weight distribution coefficients of a 
number of elements between the macroporous phos
phonic acid cation exchanger KRP-20t-60 which rep
resents a phosphorylated copolymer of styrene and 
divinylbenzene with a functional group -PH(OH)2 and 
solutions of nitric and hydrochloric acids. Some of 
these dates are presented in Tables 1 and 2. This 
allowed to develop simple and reliable techniques of 
separation of some radionuclides from irradiated cy
clotron targets. Below the techniques of separation 
based on the dates from Tables 1 and 2 are described. 

Separation of 111ln 

Radionuclide '" In is produced by proton or deuteron 
bombardment of cadmium. An industrial target repre
sents acopper block with electroplating cadmium on it. 
Now in order to increase a yield of product enriched 
isotopes of n iCd and ,12Cd are used. Thus a problem 
of1111n isolation consists in separation of its microamou nt 
from the macroamount of cadmium and also from 
copper and ^Zn which is formed by irradiation of 
copper. 

From dates presented in Tables 1 and 2 one can see 
that this problem can be realized using solutions of 
both nitric and hydrochloric acids. 

The technique can be carried out in the following way. 
The irradiated target is dissolved in nitric or hydrochlo
ric acid. The solution is made up to concentration of 0.1 
-1.0mol/lbyHNO3or0.1-0.2mol/lbyHCIandpassed 
through a chromatographic column with the cation 
exchanger KRP-20t-60. Cadmium, copper and MZn 
are removed by washing out the column with the same 
acid. And finally1111n is eluted with 1 - 2 mol/l hydrochlo
ric acid. 

The separation of indium and cadmium was tried using 
a solution of the following composition: cadmium-
40 mg/ml, indium - 0.02 mg/ml. The volume of the 
starting solution was 100 ml,the acidity wasl mol/l by 
HN03. The experiments were carried out on the col
umn with 2 g of the cation exchanger KRP-20t-60. After 
passing the starting solution the column was washed 
out with 1 mol/l HN03,then with water, and indium was 
eluted with 1-2 mol/l hydrochloric acid. These experi
ments showed, that the washing of the column with 100 
ml of 1 mol/l nitric acid ensured practically complete 
removing of cadmium. The elution of indium with the 
solutions of 1.0, 1.5 and 2.0 mol/l HCl ensured a 
recovery from the sorbent more than 90 % of indium in 
50 ml of the acid. The content of cadmium did not 
exceed 20 - 30 u.g in the fraction of indium. 

Separation of 87Y and preparation of generator of 
87msr 

Up to last time f orthe production of 87Y on the cyclotron 
of Institute of Physics and Power Engineering the 
targets for external beam have been used. These 
targets represented a nickel container which contained 
a metallic strontium covered with a nickel foil with 
thickness of 50 p.m. 

For the production of carrier-free 87Y it is necessary to 
isolate it from the macroamount of strontium and also 
from nickel and radionuclides of cobalt and rubidium 
which are obtained during the irradiation. The dates 
from Tables 1 and 2 say about the reality of the decision 
of this problem. The technique can be realized by the 
following way. 

The nickel foil of the irradiated target is opened and 
strontium is dissolved in 2 - 4 mol/l hydrochloric acid. 
The utilization of hydrochloric acid for the dissolving is 
preferable since in this case a small quantity of nickel 
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Table 1: Distribution coefficients in nitric acid (P= 0.95, n = 3) 

Element 

Ga ( I I I ) 

y ( i n ) 
In ( I I I ) 

Co ( I I ) 
Ui ( I I ) 
Cu ( I I ) 
Zn ( I I ) 

3 r ( I I ) 
Cd ( I I ) 
Rb ( I ) 

Concen t ra t ion of a c i d , mol/1 

0,1 

3900*1220 
6300*21 40 
5800*3300 

14 ,8*0 ,5 
11 ,3*1 ,4 
22,8*0,9 
15,5*0,9 

12 ,8*0 ,3 
24,5*1,1 

3 , 7 - 0 , 9 

0 ,2 

1060*70 
770*80 

16400*2400 

4 ,2*0 ,3 
4 ,3*0,6 
8 ,7*2,0 

3 ,7*1,5 
1,5*0,2 

6*3 
-

0 ,5 

195*5 

172*14 
6200*5700 

1,2*0,3 
4 1 

4 ,1*1 ,2 
4 1 

4 1 

1,5*1,4 
41 

1,0 

»5.9-1.1 
31*4 

!000*800 

0 ,8*0 ,7 
4 1 

3 ,0*1 ,7 

<1 
4 1 
<1 

41 

2,0 

6 ,4*0,9 
8 ,5*0 ,4 
1100*400 
41 
41 
<1 
41 

<1 
41 

4 1 

Table 2. Distribution coefficients in hydrochloric acid (P = 0.95, n = 3) 

Element 

Ga ( I I I ) 

Y ( I I I } 
I n ( I I I ) 

Co ( I I ) 
Ni ( I I ) 

Cu ( I I ) 
Zn ( I I ) 
Sr ( I I ) 

Cd ( I I ) 
Sb ( I ) 

Concen t ra t ion of a c i d , mo l /1 

0 ,1 

5280*550 
11470*6600 

2630C+7300 

12 ,2*1 ,6 

10 ,4*0 ,4 
17 ,9*1,9 

16',2±1,3 
13 ,8*1 ,8 
5 , 5 - 1 , 8 

4 ,9*1 ,4 

0 ,2 

1710*220 

2350*114 
3090*820 

2 ,8*1,5 
2 ,1*1,6 

5 ,3*0,3 
2 ,7*1,2 

2 ,8*0,3 
0 ,9*0,5 

— 

0 ,5 

103*5 
139*16 

110*4 
4 1 

0 ,7*0 ,3 
1,4*1,0 
0 ,9*0 ,2 

4 1 

4 1 
41 

1,0 

8 ,3*0,5 

20 ,3*1 ,3 
7 ,2*0 ,4 

4 1 
4 1 
4 1 

41 
41 

<1 
4 1 

2 , 0 

2 ,0*0 ,3 
3 ,1*0,1 

4 1 

4 1 

4 1 
4 1 
<1 

41 
4 1 
41 

will be present in the solution. The acid is taken in such 
amount that the acidity of the solution diluted up to 100 
ml will be in range of 0.1 - 0.2 mol/l. The obtained 
solution is passed through the chromatographic col
umn with the cation exchanger KRP-20t-60 in H* form. 
Already during the passage of the starting solution 
strontium, nickel and also radionuclides of cobalt and 
rubidium pass the eluate. Forcomplete removing stron
tium and other impurities the column is washed with 0.1 
- 0.2 mol/l hydrochloric acid. 87Y can be eluted with 2 
mol/l HCl. This column with adsorbed 87Y may be used 
as a generator of 87mSr eluting them after the definite 
intervals of the time. 

An experimental test of the technique suggested for 
the preparation of the generator was carried out. With 
this aim in view the real industrial strontium target was 
bombarded by protons in the cyclotron. The mass of 
strontium was 5.7 g. Afterthe irradiation the target was 
held-up within 92 hours. By this ̂ Y decayed practically 
completely. The decay of ̂ Y and ̂ Y in long-lived ̂ Sr 
was also ensured and this allowed to isolate ^Sr from 

87Y during the purification from the target material and 
so to exclude its appearance in fractions of 87mSr. 

Irradiated strontium was dissolved in 50 ml of 3 mol/l 
hydrochloric acid and passed through the chromato
graphic column with 4 g of the cation exchanger KRP-
20t-60. The diameter of the column was 10 mm and the 
height of the sorbent bed was 106 mm. After passing 
of the starting solution the column was washed with 60 
ml of 0.2 mol/l hydrochloric acid. The yttrium radionucli
des were remained only in the column. They were 
adsorbed in the top part of the column. This column 
was used later as a generator of 87Sr. An activity of8> Y 
retained in the column by the time of the end of the 
generator preparation or by the time of the beginning of 
the 87mSr growing was 2.22 GBq. 

Afterthe definite intervals of the time 87mSr was eluted 
passing 0.2 mol/l hydrochloric acid at flow rate of (1.1 
± 0.2) ml/min. Within more than 254 hours ten „milkings" 
were carried out. All the fractions of 87Sr were analyzed 
on the presence of 87mSr and radioactive and chemical 
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impurities. The activity of 87mSr in each fraction was 
more than 85% from the calculated value, the content 
of 87Y was less than 1 «10-4 %. 

^Sr was not found. Content of copper was 0.96 and 
0.15 u.g/ml in two first fractions respectively. In the first 
fraction 0.48 u.g/ml of strontium carrier was found. In 
otherf ractions the content of copper and strontiu m was 
as it was pointed in Table 3, where the content of the 
other chemical impurities in 87mSr fractions was pre
sented. The volumes of the fractions were changed in 
range of 18.9 -21.5 ml. 

As can be seen from Table 3, the prepared generator 
had good working characteristics. Suggested tech
nique of the separation of 87Y and the preparation of 
87mSrgenerator is simple and ensuresthe production of 
B7mSr of high chemical and radionuclidic purity. 

Table 3: Content of inactive impurities in B7mSr fractions 

Element 

Cd, Pb 

Kn 

Al 

Co 

Cr, N i , T i , 

I n , Mo, Zn 

Content , 
yns/ral 

« 0 , 3 
« 0 ,1 

< 0 , 3 
« 3 , 0 

<C<1,0 

Element 

Ca 

Mg 
Fc 

Cu 

Content , 
yXg/ml 

< 1 ,0 

0 , 0 5 - 0 , 2 9 

0 , 0 5 - 0 , 3 8 
« 0 , 0 2 

Separation of 67Ga 

Radionuclide 67Ga is produced by proton ordeuteron 
bombardment of zinc. An industrial target used at 
present represents a copper block covered by thin bed 
of nickel. The enriched isotopes of 672n and MZn are 
electroplated on the nickel bed. 

Thus, the solution obtained by chemical treatment of 
the irradiated target contains 67Ga, macroamount of 
zinc and also nickel, copper, MZn and 57Co. A problem 
of the production of carrier-free 67Ga consists in its 
separation from this mixture. 

Analysis of the distribution coefficient values of the 
elements (Tables 1 and 2) allows to suggest the 
following technique of the separation of 67Ga from 
cyclotron irradiated zinc target. 

Irradiated zinc is dissolved in nitric or hydrochloric acid, 
the acidity is adjusted to 0.1 - 0.2 mol/l and the obtained 
solution is passed through a chromatographic column 
with the cation exchanger KRP-20t-60. In order to 
remove the impurities completely the column iswashed 
with the acid of the same concentration. 67Ga can be 
eluted with the acid of concentration 1 mol/l. 

This technique was tested using a real industrial target 
irradiated by cyclotron. The mass of zinc was 5.46 g. 
Zinc was dissolved in a hot dilute hydrochloric acid and 
the volume was adjusted to 150 ml. The acidity of the 
solution was about 0.1 mol/l. The solution was passed 
through the column with 2 g of the cation exchanger 
KRP-20t-60 and zinc passed into the eluate. It could be 
seen observing MZn activity in the eluate. Then the 
column was washed with 80 ml of 0.2 mol/l HCl. And 
finally 67Ga was eluted with 100 ml of 1.15 mol/l HCl. 
The yield of 67Ga was about 90%. 

The obtained radionuclide was measured on the con
tent of chemical impurities by means of the atomic 
absorption spectrophotometry and the emission spec
tral analysis. The results are presented in Table 4. 

Table 4: Content of inactive impurities in e7Ga 

Element 

Zn 

Fe 

MS 
Al 
Ca 

Ni 

Content , 

_/Mg/ml 

0 , 1 8 

0 , 7 
0 , 6 

1,5 

0 , 2 
0 , 2 

Element 

Kn 
Cr, Cd, 3b 

Cu, T i , As 

Ln, Co, S i , 
?b, Sn 

Content , 

yW6/ml 

< 0 ,01 

< 0 , 3 
< o , 0 3 

< 0 ,1 

Thus, a technique of the isolation of 67Ga from zinc 
target based on ion exchange separation of elements 
using phosphonic acid cation exchanger allows to 
obtain a product of a good quality. 

In conclusion it should be noted that the techniques of 
the separation of l11ln, 87Y and 67Ga from cyclotron 
irradiated targets on the cation exchanger KRP-20t-60 
are simple, universal (similar to each other) and allow 
to obtain the radionuclides with the high chemical and 
radionuclidic purity. 
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Introduction 

Target heating usually represents a major problem in 
radionuclide production, where high beam currents are 
employed in order to optimize the production process. 
There are cases, however, in which the heat dissipated 
by the beam in the target is exploited to recover the 
radioisotope produced. A numerical method was de
veloped to predict the temperature profile in a stack of 
thin metallic targets undertypical irradiation conditions 
in radionuclide production. A typical application of the 
method is represented by the evaluation of the produc
tion rate of the radioisotope 195smHg from a stack of thin 
Au foils by the 197Au(p,3n) reaction [1,2], when 19S9mHg 
undergoes thermal sublimation during the production 
process [3]. To this purpose a computer code, SUPERP, 
has been written in Fortran 77 to run on a MicroVAX 
3600. The code consists of two main sections, MSCT 
and HEAT [4]. 

The MSCT routine is a Monte Carlo code predicting the 
effect of Coulomb multiscattering undergone by the 
beam while crossing the foils. The code calculates the 
beam profile on any set of metallic foils as a function of 
incident beam energy Ein and profile J^x.y), thickness 
S( of the i-th foil and interfoil distances D.. Different 
beam cross sections (cylindrical, elliptical or generic) 
and particle distributions inthe beam (uniform, Gaussian 
or generic) are allowed. The code can work with any 
given multiscattering function [5,6] and any type of 
incident ion and energy range allowed by the scattering 
function chosen. 

The HEAT routine evaluates the temperature profile on 
the various foils from a knowledge of the correspond
ing beam profile J((x,y). This is done taking into ac
count: 1) radial heat conduction (1 st FOURIER law); 2) 
thermal radiation (STEFAN-BOLTZMANN law); 3) 
convection with external fluids (NEWTON law). The 
temperature dependence on the physical parameters 

' also affiliated at Istituto Nazionale di Fisica Nudeare (I.N.F.N.), 
Sezione di Milano, Milano, Italy. 

involved (thermal conductivity, emissivity, viscosity, 
density) is also considered. 

Program Upgrades 

The present version of the MSCT code includes the 
following extensions: 
• the emittance of the beam incident to the first foil 

[7,8] is taken into account. The particle density 
within the emittance diagram can be either given as 
an analytical function or as a point-by-point matrix 
according to the experimental conditions; 

• the code can be used to evaluate multiscattering of 
the beam while crossing a single thick target. In this 
case the target is made up of several thin foils with 
zero interfoil distances. The thickness of the target 
can be chosen on the basis of the desired energy 
loss. The scattering of the beam can be monitored 
at any point of the target; 

• non-normal incidence of the beam onto the target is 
included. Although the commonest case is repre
sented by a stack of parallel foils, the possibility that 
the beam impinges on each foil at a different angle 
is allowed. 

Applications and Results 

A number of numerical simulations have been con
ducted in orderto provide some theoretical predictions 
for different experimental conditions. Preliminary re-
sultswere presented attheThirdWorkshoponTargetry 
and Target Chemistry held in Vancouver in June 1989. 
Here we will give some brief accounts of the results 
obtained with the upgradings outlined in the previous 
section. All calculations are for protons, using the 
ROSSI and GREISEN multiscattering formula [5]. 

First, tests were made to compare the variation in the 
beam profile on the different foils of the multitarget 
introduced by keeping constant either the foils thick-
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Figure 1: FWHM of a cylindrical beam profile as a function of foil number 

ness S, or the energy loss AE, in each foil. Uniform and 
Gaussian beam profiles in a cylindrical geometry were 
considered. Figs. 1a and 1b show the FWHM of the 
beam profile as a function of foil number in the two 
cases for S, or AE, = constant: the difference is negligi
ble, always below 0.1%. 

To test the effect of the emittance of the beam on the 
muttiscattering process, an emittance of 50 mm x mrad 
in both transverse planes has been used, along with a 
Gaussian profile for the particle density. Fig. 2 shows 

the emittance ellipse and the corresponding particle 
density in the (x,9x) phase space. Tests were made for 
an Au multiple thin target, for uniform and Gaussian 
beam profiles and with S. or AE. kept constant. Little 
differences were found in the beam profile on each foil 
taking or not into account the emittance of the incident 
beam. Figs. 3a-3d show the percentage difference in 
the beam profiles on the 1st, 5th, 10th and 15th foil, for 
a Gaussian beam, S, = 50 urn, normal incidence, 
incident energy E^=33.3 MeV, output energy Eout=20 
MeV and D, = 0.3 cm. 
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Figure 2: Theoretical beam emittance (50 mm x mrad, 
phase space (right). 

A comparison between the multiscattering resulting 
from an Au multitarget consisting of 15 foils and a thick 
Au target inducing the same energy loss is shown in 
Figs. 4a-4d and 5a-5d. The thick target has been 
subdivided into 14 adjacent layers, with the 15th foil 
placed at the same distance from the 1st as in the 
multitarget, in order to monitor the beam profile at the 
same distance from the target entrance in the two 
cases. Results are reported for the 1st, 5th, 10th and 
15th laye r. At the 15th layer of the thick target the beam 
shows a larger dispersion than at the corresponding 
foil of the multitarget, while the situation is reversed in 
correspondence to all other layers. 

The multiscattering undergone by a 18 MeV proton 
beam completely stopped in a N2 gaseous target (10 
atm, 40 °C) was also studied. Fig. 6a shows the particle 
distribution versus beam radius at different depths in 
the target. As before, the target has been subdivided 
into 15 layers and results are given for the 1 st, 5th, 10th 
and 15th layer. The dispersion of the beam is shown in 
Fig. 6b, where the dimension of the beam (expressed 
by its radius) containing 90%, 95% and 99% of the total 
number of particles is plotted as a function of target 
thickness. 

Conclusions 

SUPERP is a general purpose computer code predict
ing the beam profile and temperature distribution on 
any target bombarded by a beam of light ions for a wide 
range of incident energies. Some novel features of the 
program have been described. The code is structured 
in such a way that any combination of the options 
available can be given as input parameters to the 
program, in order to reproduce the required experi-

left) and corresponding particle density in the (x,6J 

mental conditions. 

FurtherdevelopmentsoftheMSCTand HEAT routines 
are in progress. The effect is being considered of non-
normal incidence of the beam (30°, 45° or 60° between 
direction of the incoming beam and target surface) in 
the case of an Au multitarget, under the same condi
tions described for Fig. 4. Some tests are also being 
made for targets of different materials and for different 
energy losses of the incident protons, in the course of 
the design of an automated multi-target multi-sample 
irradiation chamber to be used for high energy XSQR 
(the technique of PIXE-induced XRF) [9,10]. 
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A Mathematical Method for Evaluating Experimental Radionuclide 
Activation Yield Data in Charged Particle Induced Reactions 
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Bucharest, Romania 

Abstract. A method for evaluating experimental Radionuclide Activation Yield Data (RAY) for thick targets, 
effectively characterizing the target body properties, applicable to any type of target materials, in light charged 
particle induced reactions, is presented. The RAY data are obtained by solving a set of theoretical equations and 
using measured values of the induced radioactivities of the generated isotopes, without employing nuclear 
microscopic cross section, or other reference data. Preliminary experiments, using pure and compound samples 
irradiated by 12 -13 MeV accelerated deuterons, furtherly analyzed by the y-ray spectroscopy technique provided 
encouraging results. 

Introduction 

The RAY data for thick targets in light charged particle 
induced reactions at low to medium energies are useful 
quantities in evaluating the induced radioactivities of 
the generated isotopes. 

However, some aspects are to be taken into account 
when using the so far summarized published data: 
• The precision giving the limits of the data availabil

ity; thus, the accuracy is either globally indicated 
w'rt h large limits of 8 -16% [1,2] o r up to approx. 20% 
even larger for experimental data [3] and within a 
factor of 2 for data calculated by computer codes [3] 
or it is not quoted [3,4]; the main contribution is own 
to the microscopic nuclearcross section data[2,3,5]. 

• The differences between the specific working con
ditions of the experiment under study, including the 
target properties and the conditions in which the 
RAY published data have been estimated, taking 
into account the wide variety of the uncertainty 
sources possibly to influence the experimental re
sults, either related to the target body, or to other 
external factors. 

Detailed aspects concerning the first category of prob
lems have been extensively treated in Ref s. [6,8]; other 
influencing factors stemmingfromthe current ion beam 
monitoring (when monitor reaction presenting discrep
ancies [9] are employed), from the chemical and radio
chemical target processing, or effects provided by the 
target handling engineering have been extensively 
treated in Refs. [10,12]. 

The availability of some of the RAY data given in the 
DMITRIEV's tables [1] was proved in an experiment in 
which metallic samples were used, in conditions of a 
reduced number of influencing factors (no use of 
standards, of absolute ion beam monitoring, no chemi
cal treatment of the target, or use of reference data) 
[13]. 

However, the usefulness of the tabulated RAY data for 
any type of sample material andforvariousexperimen-
tal irradiation and processing conditions remains still 
questioning. 

This work presents a new method for determining 
experimental RAY values effectively characterizing 
the sample properties for any type of sample material 
with an increased accuracy, by avoiding the need of 
standards and of the microscopic nuclearcross section 
data; it operates in a „self-consistent" mode, independ
ently of any reference factors, whether the elemental 
composition of the sample to be irradiated is known, as 
usually happens in the radioisotope production (RPI) 
field without any restrictions concerning the energy 
range, or type of particle inducing reactions. 

Theoretical Considerations 

Sample Composed from n Elements. In a previous 
paper [13] it was demonstrated that in charged particle 
induced reactions, for a thick target whose body mate
rial is composed by n elements, having the masses m,, 
the following equation correlates the weight fraction 
(W-f) of a pair of two elements, defined 

with the radioactivity values Ar]. taken at the EOB 
moment, of the corresponding radioisotopes gener
ated through the nuclear reaction r.Jiannels i-i', andj-j': 

where: 

g. p . u r e [g/cm3] is the density of the element i(j) 
in its pure (natural) physical 
state; 
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YK i-r 
[Bq/uAh] is the experimental radionuclide 

activation yield parameter in pro
ducing the isotopes i,j, through 
the reaction channels i-i', j - j ' . 

The general definition ofYis given by DMITRIEV[1] as: 

Y = 
Q (3) 

where A is the activity of the radioisotope at the End of 
Bombardment Moment (EOB); eq. (3) is valid when the 
half-life of the generated isotope T1ffl < tirT where t^ is the 
irradiation duration and Q [uAh] is the integral of the 
current beam. 

The eq. (2) may be re-written, as: 

(4) 

In case the radioactivities of all components may be 
experimentally determined - most easily when the 
elemental composition is initially known, as usually 
happens in the radioisotope production field - then, by 
adding the relation: 

X Yw ~ X Q1 
(5) 

as one may deduce from eq. (3), a complete set of n 
equations of the n unknown parameters YH, is formed. 
So, all the RAY values will be obtained as the math
ematical solution of the system of eqs. (4) - (5). 

Sample Composed by Chemical Compounds. Ge n-
erally, the sample materials are composedfrom chemi
cal compounds so that the following suitable relations 
are to be considered: 

M. = % Mj (6) 

where: 

Mr [g] 

i(1...n) 
is the mol value of the compound i; 
is the number of types of chemical 
compounds. 

If the proportion of each of them in the total mass of the 
sample Ms is denoted by: 

wr = 
Mr 
Ms 

(7) 

and the mass of one of its elemental components that 
will activate into the isotope i' is: 

m, = M?h- k, (8) 

where: 

k.[%] is the atomic ratio, i.e. the proportion of 
the atomic weight of the element (i) in the 
mass of the corresponding mol of the 

chemical compound i. 

So, the weight fraction of the element i in the total mass 
of the sample is given by: 

, _ m, Mfn 

Ms Ms 

or 
f, = W f • ki 

The eqs. (4),(5) will become: 

y» 

0) 

(9') 

i=1 ** 

(101) 

The system (10)-(10') also realize a complete set of n 
eqs., that could be mathematically solved if the chemi
cal composition is known, as in the radioisotope pro
duction field. 

Therefore, the RAY data characterizing the irradiated 
material will depend only on the measured activities of 
the generated nuclides (one for each of the n chemical 
compounds) and on the weight fractions of the consti
tuting elements, without any use of nuclear micro
scopic cross section, or reference, or tabulated data. 

There is an advantage of using eqs. (10)-(10') by 
comparing with the previous case of eqs. (4)-(5): it is 
not more necessary to evaluate the radioactivity of 
each element composing the sample, but only one of 
each chemical compound, that may be selected on a 
basis of some practical criteria (as are the decay 
constants, etc.). 

The method for determining the RAY values by solving 
the system of eqs. (10)-{10') may be considered as 
„self-consistent". 

Reduced Equation. In the case that (at least) two 
radioisotopes a', b' will be generated from the same 
element i by two different reaction channels a-a', b-b\ 
the following relations are valid: 

f a = fb ka = k„ § a = Sb T * = T" K a = Kb ( 1 1 ) 

so that eq. (4) will have a reduced expression: 

Y« A„ 
By re-arranging the terms: 

(£)-(&r-1 

(12) 

(12') 
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characterize the effective sample properties, in
cluding its (eventual) chemical and/or engineering 
processing; 

• The expression of the reduced eq. (14) looks like a 
law, i.e. it will be necessarily fulfilled using tabulated 
RAY data [1], if the target material is natural, or 
similarto that used for their estimation; conversely, 
if the condition stated by the eq. (14) is not realized 
within the experimental uncertainty limits, addi
tional effects probably interfered, either due to the 
target body properties influence (including the pres
ence of impurities), or to other external factors. 

Preliminary Experiments for the Method Assess
ment 

The availability of the proposed model was verified by 
several runs of experiments conducted at the cyclotron 
of the Institute of Atomic Physics in Bucharest, using a 
deuteron beam of particles accelerated at 13.0 -13.8 
MeV bombarding energy. 

Some of the performance specifications concerning 
our Y-120 Cyclotron Facility are mentioned in another 
place of these proceedings [14]. 

Targets. Thick targets as pellets (with a diameter of 9 
mm) have been prepared from metallic foils of Fe and 
Cu, compressed metallic powder of Fe and of Cu + AI 
alloy (purity > 99.5%); a simple chemical cleaning 
procedure was applied on the surface of the solid 
samples. Each of the samples was individually mounted 
onto a Duralumin holder: a circular plate of Duralumin 
with a central orifice (4 mm diameter), put in a Teflon 
support (of 2.7 mm thickness) in order to assure the 
electrical insulation was placed in front of each target 
to guarantee a reproducible and well-defined irradia
tion surface (Fig. 1). 

Figure 1: Target support and collimator and target assembly mounted for irradiation in the plexiglass set-up. 

9 8 Paul Scherrer Institut 

or, by denoting 

one obtains: 

The eqs. (12)-(12") are valid independently of the 
complexity of the sample composition. In a more gen
eralized form by denoting: 

r ( x , J =-Jk<L (13) 
1 a-a'. D-d' 

The eq. (12") may be written in a restricted form; they 
will become: 

z » • % $ " ' ( , 4 ) 

The eqs. (14) and (10') again achieves a complete set 
of equations. 

Comments. 
• The precision of the RAY data are mainly depend

ing on the accuracy in determining the activities A,, 
and the integral charge of the current beam during 
the irradiation Q; 

• Norestrictionisevidentintheapplicationof the eqs. 
(4)-(5), (10)-(10"), or of the reduced form as regard
ing the energy range and type of the incident 
particle, provided that a careful analysis of the 
competitive channel reactions leading to the same 
final products should be carried out; 

• The RAY values - as solution of the mathematical 
set of the eqs. (4)-(5), (10)-(10'), (14)-(10') will 
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Irradiation. Each target assembly was successively 
put into a set-up made from plexiglass, which was 
mounted upon the end of the ion pipe, at 6 cm distance 
in air from the vacuum - air AI extraction foil. The 
cooling during the irradiation (at 0.3 - 0,5 uA beam 
current) was carried out by air under pression flowing 
onto the opposite part of the target; the ion current was 
measured directly from the target holder (Fig. 1). 

Spectrometry Analysis. The analysis of the delayed 
y-ray spectra emitted by the irradiated targets was 
carried out using a y-ray spectrometer which includes 
a HPGe ORTEC detector and a TENNELEC Spectrum 
88 MCA (energy resolution: 1.8 keV at 1.332 MeV of 
MCo). The energy and the absolute efficiency cali
bration of the detector were obtained using a 152Eu 
reference source with an activity of 50 kBq. This y-ray 
standard was especially prepared so that the radioac
tive surface should be similar to that of the irradiated 
surface (0 = 4 mm) of the samples. 

The radioactive targets, get-out from their irradiation 
supports were mounted in similar, but clean holders 
subsequently placed in front of the detector end-cap in 
a reproducible geometry (Fig. 2) and the standard 152Eu 
source was identically mounted and measured. 

The method was verified by checking the validity of eq. 
(14) applied forthe isotopes of Cu in pure samples and 
in alloy of Cu + AI samples, and forthe isotopes of Fe, 
in metallic foil and metallic powder targets, using 
tabulated values of the RAYs [1 ] and measured values 
of the radioactivities, corrected forthe decay during the 
measurement and decay times; all of the decay data 
were taken from [1] and [15]. 

The energy depletion of the bombarding particles, 
through passing the vacuum - air extraction AI foil 
thickness and the length in air was evaluated by using 
the tables of WILLIAMSON et al. [16]. 

Results 

Pure Cu Samples. In several runs of deuteron activa
tion experiments, conducted at 12.2 MeV, 12.4 MeV 
and 12.6 MeV incident energy, on pure, thick metallic 
foils of Cu, including at least 5 runs of measurements 
in each case, at a cooling time more than 24 h, the 
validity of eq. (14) was checked by evaluating the Zmp 

values, as Zexp=r(MCu)/r(65Zn). The allowed reactions, 
the main analyzed y-rays are presented in Table 1. 

Table 1: Deuteron activation of Cu 

Nuclear Reaction 

"Cufd.ap) MCu 
65Cu(d,2n) MZn 

ET(keV) 

1345.8 
115.6 

T,„ 

12.71 h(MCu) 
15.02 h (KZn) 

In all cases the results were comprised between 0.97 
and 1.02. 

Cu and AI Alloy Samples. Five types of these alloy 
samples (A-E) with various concentrations of Cu (from 
34% to 93%) have been irradiated with 12.4 MeV 
incident deuteron energy [13]; the targets have been 
measured at a cooling time > 24 h. The Z values 
have been calculated as previously describee! and are 
presented in Table 2. 

h . f « >•»• * * 

NwAWtaÄ 

Figure 2: Target support placed in front of the detector in the measurement device. 
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Table 2: Experimental values ofZ= rf^Cuj/r^Zn) 

Target 

A 
B 
C* 
D* 
E 

<xp 

0.98 
0.95 
1.00 
0.99 
1.02 

Average values of 5 samples of type C and of 2 
samples of type D, labelled as *, are indicated. 

In another set of experiments samples of type C have 
been measured at a shorter cooling time, approx. 5-7 
h; the calculated Z values varied between 0.80 and 
0.84, very far from the theoretical value. 

The only explanation of the inadequacy of eq. (14) 
consists in the additional contribution of the y-ray of ET 

= 1115.5 keV emitted by the isotope KNi, simultane
ously generated by the nuclear reaction 65Cu(d,2p) 65Ni 
and stillpresent inthe target becausethehalf-lifeof^Ni 
is 2.52 h. 

By considering eq. (12) as valuable the contribution of 
the ^Ni RAY value may be extracted from the ratio 

Y ( 6 5 N j ) / Y ( 6 5 Z n ) = A ( 6 5 N j ) / A ( 6 5 Z n ) 

The obtained result varied between 2.36 and 2.42 x 
10* MBq/uA, i.e. between 10 and 6% relative differ
ence by comparison with the tabulated RAY value of 
2.19x102MBq/|iAh[1]. 

This result is within the overall experimental uncer
tainty on the Y parameter calculated according with a 
simple propagation law in association with the RAY 
formula from eq. (12); the final values are comprised 
between 5 and 13%, the statistical and systematical 
contribution have been taken into account only as 
independent variances and the theoretical formula 
was the following [17, 18], according to the BIPM 
recommendation: 

tomaa -f 2£221_|_2<r 2 
IUI 

Significative uncertainty contributions taken into ac
count: 
- e energy value of the incident particles - 5%; 
- e tabulated RAY values - 8-15%; 
- e statistical uncertainty on the net peak areas of the 

analyzed 7-rays - 1 -3%; 
- e radioactivity of the calibrated standard source 

152Eu-3%. 

Metallic Fe Foil Samples. Thick metallic foils of Fe 
were irradiated by a 12.8 MeV deuteron incident en
ergy, and were measured at a cooling time > 24 h. 

The allowed reactions, the main analyzed y-rays and 
the calculated experimental values of Z (eq. (14)) for 
different pairs of isotopes are presented in Tables 3 
and 4. 

Table 3: Deuteron activation of Fe 

Nuclear Reactions 

56Fe(d,n)57Co 
^Fefd.SnpCo 
^Fefd.ct^Mn 
56Fe(d,2n)56Co 
57Fe(d,n)MCo 

E (keV) 

122.1 
931.5;1408.0 
834.8 
1038; 1238.0 
810.0 

Table 4: Experimental values ofZ 

Ratio of the isotopes 
(X,/X2) 

(MMn)/(57Co) 

rcoypco) 
(55Co(/(54Mn) 
("Mny^Co) 
(5SCo)/(56Co) 

o p = r(X,)/r(X2) 

1.02 
0.92 
1.07 
0.91 
0.97 

The experimental results confirmthe validity of eq. (14) 
within the experimental overall uncertainty limits of 5 -
13%. 

Compressed Metallic Powder of Fe Samples. The 
target was realized by slightly compressing the powder 
into a cavity whose geometry was identical to that 
employed for positioning the solid thick target; a blank 
was also realized by irradiating a solid Fe source and 
getting it out and by measuring its duralumin holderfor 
correctingthey-ray measured spectrum of the powder 
sample from the possible additional effects due to the 
holder activation. 

The irradiation conditions were identical as previously 
and the measurements and calculations were also 
similarly conducted. The calculated Z8xpvalues for the 
same pairs of isotopes showed that the „law" - eq. (14) 
is not more fulfilled, excepting for the ratio Z. 
r(57Co)/r(MMn) = 1.07. 

8Xp 

The quite normal inadequacy of the law Z,h = 1 for this 
type of targets results from the inadequacy of the RAY 
tabulated values for the target powder. Consequently, 
the application of eq. (14) in any experiment, for the 
pairs of isotopes simultaneously activated from the 
same element might be furtherly employed for evi
dencing and controlling such target effects. 

Discussion and Conclusions 

It was theoretically demonstrated that it is possible to 
determine the radionuclide activation yield (RAY) data 
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for thick targets in charged particle induced reactions 
as the mathematical solution of a self-consistent sys
tem of equations, without using microscopic nuclear 
cross section data or tabulated reference data if the 
elemental composition of the irradiated sample mate
rial (made from pure and/or chemical compounds) is 
known (as usually happens in the radioisotope produc
tion field). 

Therefore, the method may be used for evaluating the 
RAY data for materials in various physical and chemi
cal states for which the tabulated data are not valuable, 
or are lacking. 

The reduced equation deduced for the isotopes pro
vided by activation from the same „target" element, as 
eq. (14) may be a simple and etficienttool for checking 
eventual „target" effects, either due to additional con
tributions induced by under-considered competitive 
reactions or by additional contribution of some y-rays 
with similar/or near energy as those analyzed, or due 
to some changes in the physical, or in the chemical 
properties of the target under investigation. 

The preliminary experimental results obtained using 
various types of thick targets (of pure Cu, Fe and 
alloys) in deuteron induced reactions at medium ener
gies 12-13 MeV proved the validity of the established 
equations and are encouraging in developing the 
method. 

The theoretical sets of eqs. (4)-(5), (10)-(10'), or (14)-
(10') do not put in evidence any dependence, or special 
restriction as regarding the energy range, orthe type of 
the accelerated particles. 

In conclusion, this method combining a mathematical 
procedure with experimental values for the radioactiv
ity of the generated isotopes during activation may be 
applied overa large range of the bombarding energies 
and for all types of the light charged particles for 
completing the RAY data existing in the literature, 
provided that all the competing reactions should be 
carefully taken into account; the experimental RAY 
results may be indirectly used for the microscopic 
nuclear reaction cross section data evaluations with a 
high accuracy. 
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Introduction: The Changing Face of Accelerator Target Physics 
and Chemistry 

John J. Sunderland 
Center for Metabolic Imaging 

Creighton University 
Omaha, NE 68108, U.S.A. 

Introduction 

The explosive growth of the small accelerator industry, 
an offshoot of the expansion of both clinical and re
search PET imaging, is driving a changing perspective 
in the field of accelerator targetry. To meet the new 
demands placed on targetry by the increasingly active 
and demanding PET institutions it has become neces
sary to design targets capable of producing absurdly 
large amounts of the four common positron-emitting 
radionuclides (150,13N, 11C, 1BF) with unfailing reliability 
and simplicity. The economic clinical and research 
survival of PET absolutely relies upon these capabili
ties. In response to this perceived need, the lion's 
share of the effort in the field of target physics and 
chemistry is being directed toward the profuse produc
tion of these fourcommon radioisotopes in their myriad 
chemical forms. 

The attendance at this year's workshop has demon
strated the means by which these targetry needs are 
being met: through a shifting population of targetry 
scientists into the ranks of industry. Thus far, the 
addition of economic incentive coupled with an influx of 
newphysicists and chemists with different backgrou nds 
is serving to add new perspective to old problems. 
Among other things, these fresh minds are preventing 
the stag nation which inevitably results from intellectual 
inbreeding among a small group of people. The indus
trial component of targetry research will certainly con
tinue to be a boon to the field as long as they continue 
to display their refreshing openness and propensity for 
sharing of ideas and results. 

With the increased emphasis on medical application, 
not only is yield of critical importance, but so is reliability 
and simplicity. Designing these properties into targetry 
systems is a relatively new theme in target design, but 
is becoming necessary due to the fact that the populari
zation of PET is creating a new breed of non-technical 
results oriented accelerator and targetry users. This 
fact is necessarily changing the way some targetry 
scientists (particularly those in industry) seem to be 
viewing our evolving field. Discussion during this ses
sion evidenced a trend among users to design "smart-
targets equipped with detectors and transducers de
signed to monitor parameters such as temperature, 
pressure, and target thickness in an attempt to in
crease reliability. 

The new pressures which the accelerator targetry field 

is feeling are driving the engineering of targetry sys
tems into uncharted and incompletely understood re
gions, making this a particularly exciting field at this 
time. Infusion of fresh minds and ideas from the small 
accelerator industry is further stimulating targetry de
velopment to the new heights necessary to meet these 
new demands. In fact, so many new and exciting 
approaches to old design issues are being forwarded 
that we are, in all likelihood, in the midst of a true 
targetry renaissance. 

Topical Targetry Issues 

The gradual acceptance of modestly complex in-target 
chemistry as an appropriate and economically viable 
means to synthesize simple PET radiopharmaceuticals 
and precursors is driving a trend toward more sophis
ticated targetry systems. These systems manipulate 
and harness conditions of heat, pressure, light, X-rays, 
and natural and nucleogenic atomic and molecular 
species under irradiation condition to drive desired 
chemical reactio ns. Although this is certainly not a new 
idea, the extent to which it is being both used and 
investigated is on the rise. Many of the results pre
sented during the workshop directly and indirectly 
expounded upon this theme. 

The target design presented which most notably dem
onstrated the use of "designer" in-target chemistry was 
the /ns/toproductionof[13N]ammonia by proton irradia
tion of dilute aqueous ethanol (=10 mM). Production of 
greater than 100 mCi of [13N]ammonia was reported 
consistentlyfrom several prototype targets [MORELLE, 
WIELAND]. Enhancement of [13N]ammonia production 
in these target systems is proposed to result from 
ethanol scavenging of hydroxyl radicals generated 
during bombardment. However, there remains the 
very remote possibility that other hot-atom induced 
free radicals may produce undesired products in unac
ceptable quantities in the ethanol targets, although 
preliminary data supports the conclusion that the prod
uct is safe for human use. The impact of a high yield 
[13N]ammonia target on clinical PET operation is po
tentially large. If >160 mCi can be routinely produced, 
then clinically useful quantities can be delivered from a 
centrally located cyclotron to imaging sites as far as 25-
30 minutes away. 

The potential for [13N]ammonia production from ultra-
low energy accelerators was also discussed at some 
length. Success of such systems appears to hinge 
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upon the availability of appropriately tiny carbon beads 
from which recoil 13N atoms can escape for subsequent 
in situ [13N]ammonia production. Promising prelimi
nary results were advanced by two groups [ZIPPI, 
MORELLE]. 

Both new and old [18F]fluoride targetry issues were 
discussed at great length. A method for the production 
of Curie quantities of [18F]fluoride in a low volume 
[180]water target was presented and discussed. The 
salient feature of this target system being a stable 
enriched water/natural water interface through which a 
high pressure condition is imposed on the target during 
irradiation [WIELAND]. The design an implementation 
of an [180]water target with interchangeable silver and 
nickel target body inserts was also presented 
[ROPCHAN]. Many old, unresolved, [18F]fluoride pro
duction issues resurfaced for lively discussion. These 
topics included the mysteries of inconsistent 1BF- pro
duction from [180]water targets. Although silvertargets 
appeared to be the target body material of choice due 
to robustness of subsequent chemistries and generally 
higher 18F" yields, some users (mostly non-technical 
clinically oriented users) have apparently reported 
inconsistent yields. The adverse effects of inadvert
ently irradiating an empty [180]water target were also 
discussed. The consensus for silver targets was that 
although target yields drop for several runs following 
irradiation of an empty target, yields would eventually 

return to normal levels without invasive intervention. 

This year's workshop also featured some startling new 
developments in [1BF]F2 production methods. Aluminum, 
as a target body material, was surprisingly used suc
cessfully in both single and double [180]02 irradiation 
protocols [BIDA]. Success with more traditional target 
body materials for the production of [18F]F2 were re
ported from other laboratories using (d,a), (p,n), and 
(p,xn) reactions [WAGNER, FIRNAU, RUTH]. 

The effects of beam optics on target yields was yet 
another area of general interest discussed. It appears 
that in some target systems beam optics impacts target 
performance in unexpected and nonint'.iftive ways -
well beyond what one might expect from simple target 
thinning effects. In one study, beam focussing strongly 
influenced recovery of an [18F]F2 target in a not well 
understood, but well characterized manner [RUTH]. 
[13N]Ammonia production in the ethanol target was 
also reported to be dramatically impacted by beam 
diameter, a more focussed beam resulting in greater 
yields [WIELAND]. Although no concrete explanations 
of the underlying mechanisms were advanced, a po
tential for drastic impact on yields in situations where it 
might not otherwise be predicted was demonstrated. 
There is clearly a need for further systematic investiga
tion into this phenomenon. 
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Report on the Posters for Chapter 3 

Sven Johan Heselius 
Abo Akademi 

20500 Turku, Finland 

David J. Schlyer 
Brookhaven National Laboratory 

Upton, NY 11973, U.SA 

The papers in this chapter can be divided into 3 
categories. The first is target physics which includes 
reports on multiple scattering, the effect of target length 
on yields, the calculation of shielding for a target 
station, and the effect of beam focusing on the yield of 
1BF from the neon gas target. The second group is the 
production of 18F both in the chemical form of fluoride 
and in the chemical form of fluorine gas. The third and 
final category is the production of 13N in a liquid target. 
In this group are the effects of hydrogen overpressure 
and the effects of additives to the water target. 

Target Physics 

The first paper in the target physics section was con
cerned with a theoretical model of multiple scattering in 
the beam using a Monte Carlo approach and a heat 
dissipation model for a series of stacked foils. The work 
was presented by M. BONARDI of the University of 
Milan, Italy. These computer codes allow the predic
tion of the temperature and multiple scattering in a 
series of stacked foils. The codes are written in Fortran 
77 and are available from the authors in Milan. The 
problem was the computer time required to carry out 
the calculations. 

An empirical approach to the scattering in the foils was 
presented by D. SCHLYER of Brookhaven National 
Lab. in the United States as a report to the meeting. 
The data were taken from an earlier paper [1 ] and gave 
a simple relationship for the Sigma of the Gaussian 
function of the multiple scattering. 

The effect of target length on the pressure rise in the 
target when beam was on was carried out by H. 
HELMEKE of the Medizinische Hochschule in 
Hannover, Germany. The purpose of this study was to 
determine the pressure at which the target stopped the 
beam. The experiments showed that it was difficult 
using this technique to determine the exact length 
where the target became thick to the beam but that it 
could be done with care. 

The effects of beam focusing on the yield of the neon 
target for the production of F2 was described by T. 
RUTH from TRIUMF in Vancouver, Canada. The ef
fects of focusing on yield were dramatic in that if the 
beam hit the wall, there was a significant reduction in 
yield as would be expected. If the beam strike area 

remained in the gas volume, the yield was not grossly 
effected, but minor variation could be seen. The best 
yield seem to be obtained with the beam focal point 
slightly beyond the target. This could be a result of 
counteracting the multiple scattering. 

18F Production 

The second series of posters were concerned with the 
production of 18F either as the fluoride ion or as Fz gas. 
With regard to the production of fluoride ion, the first 
poster was by B. WIELAND of CTI in Berkeley, 
California and concerned the use of natural water to 
push the isotopically enriched water out of the target. 
This design resulted in a considerable saving of 
[180]water inventory without appreciable loss in the 
isotopic purity of the enriched water. 

The second poster regarding the production of [18F]F-
was with a new target design using either nickel or 
silver inserts presented by J. ROPCHAN of the Veter
ans Administration Hospital in Los Angeles, California. 
These inserts allow the target chamber to be removed 
easily for cleaning or for replacement with a smaller or 
larger chamber as production requirements dictate. 
This allows for target maintenance without taking the 
target out of service for extended periods or having the 
operator receive high radiation doses. 

J. NICKLES of the University of Wisconsin gave a short 
report on the differences in yield of [18F]fluorode-
oxyglucose from [180]H20 obtained from different 
sources. There seemed to be a correlation with the 
purity of the water although this correlation was not 
strong. 

The first poster on the production of [18F]F2 was con
cerned with the target system produced by 
SCANDITRONIX and was reported by R. WAGNER of 
Max-Planck Institute in Köln, Germany. This target 
uses 8.5 MeV deuterons to produce [18F]F2. Improve
ments in the target system allows the production of 300 
mCi of 18F with a 110 minutes irradiation and a beam 
current of 25 uA 

The second poster in this section was the report by G. 
BIDA of CTI who a target system had been developed 
to irradiate [180]Oz gas with 1% F2 present for the 
production of [18F]F2. The target system uses an alu-
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minum target body and a Havar entrance foil. The 
yields from this target are 60 - 75% of the theoretical 
yield. The chemical form of the radioisotope was in part 
[18F]OF2. 

G. FIRNAU of McMaster University in Hamilton, On
tario, Canada also reported that the „two shot" method 
of [18F]F2 production from the [180]02 has been utilized 
in his laboratory with results similar to those obtained 
by at CTI. 

Production of 13N 

The first target described was by B. WIELAND of CTI 
which produced ammonia with the addition of ethanol 
or acetic acid to the water. This target gave a good 
production of [13N]ammonia directly without the use of 
DEVARDA's alloy. The question arose as to the fate of 
the solutes in this type of target since there is no 
distillation step. 

R. FERRIERI of Brookhaven National Lab. reported 
that experiments had been carried out which showed 
that the only products after bombardment of the natural 
water target with added ethanol were carbon dioxide 
and ethanol. 

The second type of target was described by E. ZIPPI of 
Lawrence Berkeley Lab. in Berkeley, California. This 
target utilizes carbonized polymer beads in the water 

target to produce [13N]ammonia. The size and porosity 
of the beads seem to have an effect of the production 
of the ammonia. 

There were several comments concerning the use of a 
hydrogen overpressure on the water target to produce 
[13N]ammonia directly in the target. M. BERRIDGE of 
University Hospitals of Cleveland, Ohio, stated that he 
had obtained good yields of [13N]ammonia with the use 
of only hydrogen overpressure. R. IWATA of Tohoku 
University in Sendai, Japan also stated that he had also 
obtained good yields of [13N]ammonia with a similar 
target. R. DAHL of North Shore University Hospital in 
Manhasset, New York, pointed out that in order to be 
useful to amino acid synthesis, at least 500 mCi of 13N 
would be required. 

The last poster in the session was concerned with the 
production of 13N f rom a3.5 MeV deuteron beam. It was 
reported by J.-L. MORELLE of IBA in Louvain-la-
Neuve, Belgium, that sufficient quantities of 13N could 
be made. 

Reference 

[1] D.J. Schlyer and P.S. Plascjak, Small angle 
multiple scattering of charged particles in cyclotron 
target foils - a comparison of experiment with simple 
theory. Nucl. Instr. Meth. B 56/57, 464-468 (1991). 
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Target Length Measurement and the Reconstructed Target System 

H.-J. Helmeke 
Abteilung Nuklearmedizin und Spezielle Biophysik 

Medizinische Hochschule Hannover 
3000 Hannover 61, Germany 

Target with Variable Length 

Our MC 35 (SCANDITRONIX) went into operation in 
1978. The production of radionuclides for ra
diopharmaceutical applications in nuclear medicine 
diagnostics started in 1979. 

At that time there was no idea about the true length of 
a thick gas target under beam for currents up to 55 uA 
Consequently the length should be measured anyway. 
A box-like target with variable length was constructed 
with an electrically isolated beam stop. The target body 
and the beam stop were completely water cooled. The 
beam stop could be moved in and out to achieve target 
length within 10 to 95 cm. The target profile measured 
3.2 and 7.2 cm and allowed for beam sweep. 

Because of the restricted permission of the authorities 
for cyclotron operation we started the first measure
ments with a helium filled target (over-pressure 1E5 
Pa, deuterons 5 MeV at the target entrance). Table S 
gives the currents (nA range) on the movable beam 
stop for two initial beam currents. 

In the following text theoretical range will mean the 
range of the incident particles in the target gas at room 
temperature without beam, beam range will mean the 
length for a thick target under beam. Calculating the 
ratio of beam range to theoretical range gives 1.1 for 
the 25 uA and 1.26 for the 40 uA beam on the helium 
filled target. 

The same was done for a nitrogen filled gas target for 
different pressures, particles, energies and beam cur
rents. Some results are listed in Table 2. 

Table 1: Beam Currents in a Helium Filled Target vs. 
Length 

25 nA 

rel. current 
on beam stop 

8.8 
8.7 
8.8 
8.7 
8.3 
7.7 
6.2 
0.2 

length 
cm 

26 
37 
42 
47 
52 
57 
62 
67 

40 uA 

rel. current length 
on beam stop cm 

11.5 52 
11 57 
11 62 

10.5 64.5 
10 67 
9.5 69.5 
8 72 
4 74.5 
0.1 77 

The targets for isotope production based on these 
measurements. They were operated with higher pres
sure than the variable target but reduced in length to a 
corresponding value. These targets were in use until 
1989 with good success. 

Reconstructed Target System 

To get higher specif ic radioactivity smallertargets were 
built and installed in the beginning of 1990. 

With respect to our workshop cylindrical and not coni
cal shaped volumes were used. The gas targets look 
nearly all the same in principle. Length, pressure and 

Table 2: Beam Range and Theoretical Range in a Nitrogen Filled Target 

produced 
nuclide 

1sO 

11C 

entrance energy 
(MeV) 

6.2 d 

13.1 p 

15.2 p 

beam current 
(PA) 

42 
42 
55 
20 
50 
20 
50 

over-pressure 
(Pa) 

1.5 E 5 
2 E5 
2 E5 
3 E5 

3 E5 

length * 
(cm) 

32 
29 
30.5 
64 

70.5 
83 
91 

length 
beam/theo. 

2.51 
2.73 
2.87 
1.25 
1.37 
1.24 
1.36 

*rel. current on beam stop equals 0.1 
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Table 3: Size and Irradiation Conditions for Gas Targets Used for Production of Radionuclides 

nuclide particle length over-pressure foil max. current 
energy no beam due to foils 
(MeV) (cm) (Pa) (mm) (uA) * 

11C 19 p 20.5 22 E 5 0.05 Havar 51 
150 8.5 d 10.5 7.5 E 5 0.025 Havar 30 
1flF 14 d 11 19 E 5 0.05 Havar 22 
81Rb 26 p 20 16 E 5 0.05 S S " 68 
13N 19 p 0.55 15 E5 0.05 S S " 12 

current for foil life times >1700 \iA firs 

stainless steel 

limit due to gas bubbles in the target water 

target entrance foil are different. All targets and the 
ground-platesfor mounting the target are watercooled, 
the inner diameter is 16 mm and the material is nickel. 
The target for 13N (water) is machined from a nickel 
block and has 18 mm inner diameter. This target is 
placed too in the gas target system. 

All targets with their ground-plates are fixed in a ladder 
with 6 positions. The system is completely controlled 
and monitored by the operator of the cyclotron. The 
targets can be exchanged with the ones in reserve 
within 1.5 to 3 minutes, depending on the more or less 
use of quick connectors. Table 3 gives the data of the 
targets. 

Helium cooling of the foils was increased for the new 
target system. The helium flow from a compressor is 
balanced to give 163 l/min to the target foil and 57 l/min 
to the beam line foil (0.025 mm titanium) by several 
jets. 

Power dissipation in the foils was checked with 8.5 
MeV deuterons on 0.05 / 0.025 mm stainless steel / 
titanium. After 15 to 20 minutes of beamtime the foils 
had to be free of any bu ming points or changes in color. 
These tests showed, that 36 W can be put onto the 
target foil and 19 W on the beamline foil. 

Maximum currents given in Table 3 base on these 
values for the power dissipation. In contrary to the old 
targets with a sweep of up to ± 2.5 cm with approxi
mately 9 Hz we now have only a weak sweep to protect 
the foils from hot spots in the beam if any. 

Target length and pressure for the new targets were 
estimated on the basis of the target length measure
ments described above. 

After installation loading pressure (no beam) was ad
justed for several beam currents according to the 
measured pressure ratio of target under beam to no 
beam. Table 4 gives loading pressure values for differ
ent beam currents to keep the target thick under beam. 

Table 4: Over-Pressure (Without Beam) to Keep the 
Target Thick under Beam (Pa) 

current 
(uA) 

0 
5 
10 
15 
20 
25 

1 8 F 

12.3 
15.4 
16.8 
17.7 
18.2 

11C 

12.8 
16.7 
18 
18.7 
19.1 
19.4 

150 

3 
4.2 
4.9 
5.4 
5.7 
6 

(all pressure values to be multiplied by 1 E 5) 

For routine production the beam passes a collimator 
(14 m m in diameter) and can be visually monitored by 
TV when going through the helium. A fixed beam 
current on the collimator and the target is given to the 
operator. So we have nearly identical irradiation condi
tions and the desired amount of radioactivity is chosen 
by variations in beamtime. A Coulomb-meter signals 
the end of bombardment. Normal irradiation conditions 
and yields are listed in Table 5. 

Water Target for [' 8F]FDG 

For this target the solid target transport system [1] is 
used. The target consists of a standard shape alu
minium block, two valves and the target chamber 
inside the block. Dimensions, materials, irradiation and 
yield are listed in Table 6. 

The yield for this target is very constant. Radiochemi
cal synthesis is under development now. If the chemi
cal part will work routinely, proton energies for the 
bombardment of 11C and 13N targets wiii be reduced to 
17 MeV too to avoid changing the cyclotron settings 
more than necessary. 

Reference 

[1] H.J. Helmeke, Proc. 2nd Int. Workshop on 
Targetry and Target Chemistry, Heidelberg 1987, p.94. 
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Table 5: Irradiation Conditions and Yields for Routine Use 

Radionuclide 
(target) 

"C(N*gas) 

KO(N2gas) 
, 8F (neon) 

"F (water 91 % » 0 ) 

«RbfKrgas) 

"N (water) 

Beam current Beam time 
(fiA) (min) 

30 15 

20 10 

20 30 * 2 

12 46 

25 20 

10 15 

Yield 
(GBq) 

40.i (EOB) [>iqco2 

5.4(EOS)['50]H/) 

7.1 (EOB) i«F2 

1.4(EOS)['8FJFDG 

18.1 (EOB) «F-

1.6 (EOS) «lmKrgenerat. 
4.1(EOS)[»N]NH3 

Table 6: Target and Irradiation Conditions for Production ofpaF]FDG 

dimensions 

volumes 

tubing 

pressure 

foils 

energy (cycl.) 

irradiation time 

beam current 

enrichment in l sO 

batch yield (EOB) 

thickness of cavity 

seal (2*PTFE foil) 

total thickness (midpoint 7E5 Pa) 

diameter target area 

diameter beam entrance 

target 

reflux area 

syringe to target entrance 

recovery loss (per batch) 

1/16" stainless steel, 0,5 mm inner diameter 

capable to withstand 30E5 Pa 

front foil 0.025 mm Havar 

rear foil 0.075 mm Ni + 0.025 mm Al 

17 MeV p 

collimator (10 mm diameter) 

target 

2.2 mm 

.5 mm 

2.8 mm 

12 mm 

10 mm 

410 fil 

170 fil 

70 fil 

20 Hi 

45 min 

10 HA 

12JIA 

9 1 / 9 8 % 

18.1. ..19.5 GBq 
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The Effect on Yields Due to Beam Focusing on an [Fluorine-1G]F2 Target 

Thomas J. Ruth, Michael J. Adam, Salma Jivan and Jeff Lofvendahl 
UBC/TRIUMF PET Program 

Vancouver, BC, Canada 

Introduction 

Anecdotal experience has led researchers involved in 
radioisotope production to believe that yields from 
accelerator produced nuclear reactions are operator 
dependent. Recent evidence in our lab has shown a 
direct relationship between beam optics and yields for 
our [18F]F2 produci i jn target which uses the 
ra,Ne(p,2pxn)18F reaction [1]. 

A wide range of focusing parameters can give the 
same beam split between target and collimator, the 
one parameter that is generally specified for what was 
thought to be a uniform beam on target window. 
However, the beam optics in our system which in
cludes quadrupole and switching magnets can in fact 
focus the beam anywhere from a few centimeters from 
in front of the target to a corresponding distance 
beyond the target and achieve the same collimator/ 
target split. 

Preliminary evidence indicates that the highest yields 
result from a set-up which focuses the beam beyond 
the target. 

Experimental 

All irradiations were performed on the CP 42 cyclotron 
attheTRIUMF lacility. Yieldsfromthena,Ne(p,2pxn)18F 
reaction were investigated as a function of the focusing 

current on the beamline quadrupole and the beam 
profile for the conditions was determined via an in-line 
wire scanner. In order to minimize any in situ target 
chemistry effects, irradiations were performed for 5 or 
10 minutes at 15 uA The target gas consisted of 
approximately 100 u.moles of F2 (0.1 %) in Ne at a total 
pressure of about 330 psig. The target has been 
described in the literature [1]. 

The target is located on a beamline of the TRIUMF CP 
42 cyclotron. There are focusing quadrupole magnets 
and a switching magnet on the beamline. The arrange
ment is schematically illustrated in Fig. 1. 

The yields were determined by emptying the target 
through a solution of Kl and measuring the total amount 
of [18F]F2 produced [2]. 

Results 

Typical results using two extreme conditions are illus
trated in Table 1. 

The high settings for the horizontal quadrupole and 
vertical quadrupole represent a situation where the 
beam is focused before the target and the lower 
settings are for case where the focus point is beyond 
the target. 

Figure 1: Schematic of beamline for the P8F]F2 target. The cyclotron chamber is on the left, the quadrupoles 
are just to the right of the cyclotron, the switching magnet at the right center with the target on the extreme 
right. 
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Table 1: Yields as a Function of the Horizontal (HQ) 
and Vertical (VQ) Quadrupole Settings. 

Magnet Current (A) 
HQ VQ 

15.90 
15.90 

12.66 
13.02 

12.56 

17.28 
17.28 

14.08 
14.42 

14.39 

Yield 
(mCi/uAJ 

64.0 
67.6 

73.3 
79.1 

76.9 

Discussion 

These preliminary results indicate that the location of 
the focus point can affect the yield from the fluorine 
target. This affect may be more severe for conditions 
where the irradiation is of a longer duration. 

The exact cause of this phenomenon is not clear 
although there is reason to believe that the interaction 
of the beam with the target chamber walls may be a 
major factor. 

These results demonstrate the importance of having 
proper alignment of the target on the beamline in order 
to maximize the yield. This is especially true for con
figurations that do not have focusing magnets to adjust 
the beam, for example in the newer small accelerators 
with targets near or on the accelerator itself. 
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Nigel STEVENSON, Tamara HURTADO and the 
TRIUMF Isotope Production Group for helpful sugges
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Development of a Mini-Size Six-Target Revolver for a Low-Energy 
Dual Beam H- Cyclotron 

Sven-Johan Heselius 
Accelerator Laboratory 

Äbo Akademi 
Porthansgatan 3 

20500 Turku, Finland 

Introduction 

Tha choice of the optimum particle energy for a baby-
cyclotron is a compromise between conflicting goals: 
optimizing production yields requires high particle en
ergies, whereas the amount of material required for the 
radiation shielding around the cyclotron strongly de
pends on the energies of the photons and neutrons 
emitted from the production facility, and thus on the 
energy of the primary particle beam. In a negative-ion 
cyclotron with a beam extraction proximating 100 % 
the radiation shielding problems are concentrated to 
the targets. Asmall-size multi-target system minimizes 
the amount of material required for shielding the tar
gets and thus the weight, space and costs of the 
radiation shielding around the machine. 

Nuclear Reactions in the Six-Target Revolver 

The purpose of this work was to develop a mini-size 
multi-target system suitable for the production of the 
short-lived positron emitters 11C, " N , 150 and 18F with a 
low-energy negative-ion cyclotron. A prototype four-
target revolver arrangement was developed and in
stalled on the beamline of the Abo Akademi 103 cm 
MGC-20 cyclotron (Fig. 1). The target cylinder (diam
eter 11 cm) is driven by an electrical motor (24 V DC) 
and position-controlled by microswttches. The target 
system was used for studying the production yields of 
the short-lived positron-emitters 11C, 13N, , 50 and 18F 
from the nuclear reactions 14N(p,a)11C, 160(p,a)13N, 
15N(p,n)150 and 180(p,n)18F, respectively, for 8.5 - 9.0 
MeV protons (extracted beam energy). The irradia
tions were carried out at beam currents of 10 uA. 

Due to the energy loss of the proton beam in the two 
target entrance foils (7.5 urn stainless steel or Havar 
foil against the cyclotron vacuum and 12.5 u.m stain
less steel or Havar foil against the target medium) an 
extracted beam energy of 9.0 MeV results in a beam 
energy of about 8.5 MeV incident on the target me
dium. 

The calculated and estimated practical yields of the 
short-lived positron emitters for an 8.5 MeV proton 
beam incident on thick targets are summarized in 
Table 1. The yields indicate that 150- and 18F-labelled 
precursors can be produced in quantities sufficient for 
the preparation of labelled compounds for clinical PET 
studies. The yields were calculated and estimated for 

irradiations of 20 - 25 uA beam currents on the targets 
and 10-30 min duration. 

[11C]C02 can be produced from dual targets with an H" 
cyclotron operating with two extracted beams simulta
neously. The estimated practical yield of [11C]C02 for a 
2 x 25 uA x 30 min irradiation (simultaneous irradiation 
of two targets) is about 37 GBq (1000 mCi, at EOB, 
Table 1). 

Despite the low yield of the 160(p,a)13N reaction at 
proton energies below9 MeV clinically useful amounts 
of [13N]ammonia can be produced through the simulta
neous irradiation of two [160]water targets (Table 1) 
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Table 1: Estimated yields of precursors with an 8.5 MeV proton beam incident on thick targets 
(corresponding to 9.0 MeV extracted beam energy). 

Target 
Product 

[uC]C02 . 

["N]NOx-

fI50]02 

[lspjF-

Nuclear 
Reaction 

"N(p,a)iiC 

i«0(p,a)«N 

»SNGMO'SO 

i80(p,n)i8F 

Energy 
on Target 

(MeV) 

8.5 

8.5 

8.5 

8.5 

Beam Current 
x Irr. Time 

(uA x min.) 

2 x 25 x 30 

2 x 2 0 x 1 0 

20x10 

20x30 

Calculated 
EOB Yield 
(Ref. 1-4) 

(mCi) 

1435 

77 

929 

333 

Estimated 
Practical 

EOB Yield 
(mCi/GBq) 

1000/37 

20/0.743) 

700/26b) 

250/9.3 

a) [,3N]NH3 yield at one half-life after EOB and after chemical reduction of the labelled oxides 
of nitrogen. 

b) Batch production. 

and the subsequent chemical reduction of the labelled 
oxides of nitrogen using DEVARDA's alloy or TiCI3 as 
reductant. The synthesis yields [13N]ammonia in quan
tities of about 740 MBq (20 mCi). The yield can be 
doubled using the technique of in-target production of 
[13N]ammoniavia proton irradiation of adilute aqueous 
ethanol mixture (B.W. WIELAND et a/., these proceed
ings). 

Conclusion 
An H- cyclotron with an extracted beam energy of 9.0 
MeV is suggested for the production of the short-lived 
positron emitters "C, 13N, 15Oand 18F for clinical PET. 
The cyclotron should be equipped with two stripping 
foils and should work reliably in the simultaneous dual-
beam extraction mode. A six-target revolver arrange-

H"IONS 

l\ J 

Figure 2: A schematic view of a six-target revolver (o.d. 
11 cm) planned for simultaneous dual-beam irradia
tions with a low-energy'H-cyclotron.'' C and 13N can be 
produced from dual targets, whereas 'sO and 1BF can 
be produced from single targets. 

ment (Fig. 2, revolver diameter 11 cm x 12 cm length) 
allows for the simultaneous dual-target production of 
both [11C]C02 and [13N]NCy (alternatively direct in-
target production of [13N]NH3) and the single-target 
production of [150]02 and [1BF]Pfrom [15N]N2+ 1% 0 2 

and [180]H20, respectively. The small-size six-target 
system in a revolver arrangement minimizesthe amount 
of material required f orthe construction of the radiation 
shielding around the targets. 
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New Liquid Target Systems for the Production of [Fluorine-18]Fluoride 
Ion and [Nitrogen-13]Ammonium Ion with 11 MeV Protons 

B.W. Wieland, C.W. Alvord, G.T. BidaandG.O. Hendry 
CTI Cyclotron Systems Inc. 

Berkeley, California USA 

J.-L. Moreiie 
Ion Beam Applications S.A. 
Louvain-la-Neuve, Belgium 

Introduction 

We have recently reported on the design and perform
ance of target systems currently used with the SIE
MENS RDS 112 for the production of [16F]fluoride ion 
and [13N]ammonium ion [1]. This paper presents pre
liminary information on two new prototype target sys
tems which are candidates forintroduction as standard 
products in the near future to replace the former 
systems. The first system described utilizes a sub-
millil'rter volume of [180]water interfaced with natural 
water during loading, irradiation, and recovery of the 
[18F]fluoride product. The second system utilizes a 
dilute mixture of ethanol and natural water (99.98%) to 
produce in-target [13N]ammonium ion and recover it. 
Both systems are all liquid, and behave in ways com
patible with the hydrostatic interfaces used to transfer 

and pressurize the target fluids. The new targets gen
erate about twice the 18F and five times the 13N activity 
using the same bombardment times as the current 
standard targets. 

Production of [18F]FluorIde Ion 

A method for the production of Curie quantities of 
[18F]fluoride in a low-volume[180]watertarget has been 
developed for use with a 40 pA beam of 11 MeV 
protons from the SIEMENS RDS 112 cyclotron. Target 
loading and recovery are accomplished by a new 
method which uses a stable interface between natural 
and enriched waterto load, pressurize, and unload the 
target. This system, using 180(p,n)18F, is capable of 
producing two Curies of 18F product at the end of a 120 
min bombardment of 0.4 ml of [,8Ojwater. An economy 
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TRANSDUCER 

PRESSURE VENT RECOVER |"" 

» 4 • 

LOAD 
— • — 

VENT 
VALVE 

Hxi—i 

3 W A Y ABLIEF 

MILLIPORE L2*?.l'i(3 Y V A L V E 

FILTER V * ! ^ E 

400 psi 
RELIEF 
VALVE IO-181H20 

0.5mL/m 
HPLC 
PUMP 

CAVRO 
SYRINGE 

PUMP 

TARGET 

RECOVER <-

L PC r 
1 CONTROL' 

J 

n 
DELIVERY 
VALVE 

3-VAY 
PINCH 
VALVE 

TARGET SUPPORT UNIT (TSU) 

18F- WASTE 

I I 

RECOVERY AREA 

Figure 1: Schematic of Target System for Production of ['"F]Fluoride Ion. 
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option available w'rth the system is a partial target load 
of enriched water with the remaining space occupied 
by natural water. 

The silver target body is 10 mm in diameter and 5 mm 
deep, with a 25 micron annealed Havar target window 
preceded by a 25 micron aluminum vacuum window 
(helium cooling between windows). The collimator is of 
10 mm diameter and the energy on the target water is 
10.2 MeV. 

Referring to the schematic in Fig. 1, the all liquid 
system is raised to 400 psia by the HPLC pump and the 
nearby relief valve during bombardment (delivery valve 
and relief valve in the load line block flow). At EOB, the 
delivery is opened and the pump flows natural water 
into the top of the target at 0.5 ml/min. PEEK tubing (0.5 
mm bore) is used on the top supply side and the bottom 
recovery line. We have established experimentally that 
the natural water pushes the 10% more dense en
riched water down and out of the target with almost no 
mixing at the interface, thus allowing a remarkably well 
defined delivery of the 0.4 ml radioactive bolus with 
non-radioactive natural water ahead and behind. This 
was initially studied by dyeing the natural water and 
watching the natural/enriched interface inside a one ml 
syringe proceed smoothly down with negligible mixing 
(the interface could be cycled both up and down). If a 
dyed natural water over clear natural water interface 
was used, the very slightly more dense dyed water 
above fell through the clear water and mixed with it. If 
the lower water was dyed, it quickly mixed during any 
movement up or down of the interface. Beam tests 
verifying these observations will be presented follow
ing completion of the schematic description. 

The recovery area has the provision of a low pressure 
3-way pinch valve just after the high pressure delivery 
valve. This permits diverting the non-radioactive lead
ing natural water to waste, and then diverting the 
radioactive bolus of 18F- to collect it. The delivery valve 
is closed afterthe 18F- is delivered, and the pinch valve 
is returned to the normally-off waste position ready for 
the next run. 

The [180]water loading operation following delivery 
proceeds as follows. The vent valve nearthe sw'rtched-
off HPLC pump is opened and the pre-loaded CAVRO 
syringe pump works against the 10 psi relief valve to 
force [180]water through the 0.25 mm bore PEEK load 
line to fill the target from the bottom. The target can be 
fully or partially filled with enriched water (remainder of 
partially filled target is natural water above interface). 
The CAVRO 3-way load valve is then switched to allow 
a new batch of enriched waterto be pre-loaded for the 
next run. Following loading, the vent valve is closed 
and the HPLC pump is started to pressurize the system 
which is held at 400 by the psi relief valve opening to by
pass water to waste. The system is now ready for 
beam. If the target is partially loaded, the natural and 
enriched water will mix in the beam strike. This will be 

discussed later. 

The two pumps, vent valve, loading valve, delivery 
valve, and pinch valve are PC controlled, and their 
status and the system pressure are displayed on the 
RDS112 control monitor. Partial loading or full loading, 
beam current, bombardment time, and the recovery 
operation are all programmed for automatic operation. 
This completes the discussion of a full cycle of 
[18F]fluoride ion production. 

We are currently assessing two methods of separating 
the radioactive product from the preceding/following 
natural water. Operation of the 3-way pinch valve that 
accomplishes this task can be controlled by timing, or 
with a radiation detector. The minimum length of recov
ery line will be 5 meters if the recovered activity is 
dispensed to a synthesis unit adjacent to the cyclotron. 
The problem of switching may become more difficult if 
the recovery area is quite remote from the cyclotron, 
and an intermediate transfer system may be required. 

Time > EOB (sec) 

Figure 2: Recovered , aP Activity vs. Time for Three 
Flow Rates. 

The graph in Fig. 2 shows the time histories of recov
ered activity at different HPLC pump flows for a fully 
loaded target. This data is from tests using UCLA RDS 
112 cyclotron time provided by N. SATYAMURTHY. 
The experimental separation time windows for a 95% 
recovery are about 135,75 and 26 sec for recovery flow 
rates of 0.20,0.36 and 1.00 ml/min. These time win
dows are all about 10% above those calculated for a 
model ignoring interface mixing and parabolic velocity 
distribution spreading of the nose and tail of the bolus. 
The volume of the 95% recovery product will thus be 
about 0.44 ml compared to the 0.40 ml target volume. 

The graph in Fig. 3 shows the result of partial loading. 
The upper curve is the same data as from the preced
ing graph, plotted against a different time scale. The 
lower curve is for an equal mix of enriched and natural 
water and shows a recovered activity 50% that of the 
full target at 2 min > EOB. The lower curve does not 
include 13N activity produced by 160(p.a) from the 
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Figure 3: Recovered , a P Activity vs. Time for Full and 
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Figure 4: Sat. Yield vs. Energy for '"Fand 13N. 

natural water content of the beam strike. The time 
window for a 95% recovery of the equal mix curve is 
about 40 sec as compared to 26 sec for the full load 
curve. This is probably due to mixing at the interface 
between the radioactive and non-radioactive liquids 
which are now only 5% different in densities. Thus to 
obtain the advantage of a lower loading of enriched 
water (and accepting the low yield), one must tolerate 
a higher dispensed volume. 

The RUTH and WOLF (1979) excitation function for 
190(p,n)18F and the SAJJAD et al. (1986) excitation 
function for 160(p,a)13N are shown in Fig. 5. These 
were used with the proton range vs. energy data of 
JANNI (1966) to compute the saturation yields of 18F 
and 13N resulting from the proton bombardment of 
[180]water and [160]water as shown on Fig. 4. Using 
this data we calculated EOB values of 13N and 18Ffrom 
an equal mix of natural and fully enriched water bom
bardment w'rth 40 uA of 10.2 MeV protons for 110 min. 
The result is 1430 mCi of 18F (92%) and 126 mCi of 13N 
(8%). 

A tabular comparison of the 18F activity recovered from 
short and long bombardment times is shown in Table 
1 for two different target geometries. The 25 micron 
Havar target window and 25 micron aluminum vacuum 
window result in 10.2 MeV protons on the target water. 
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Figure 5: Cross Sections for 1B0(p,n) and 160 (p,a). 

All runs were done at 400 psig. 

We notethatourexperimentalyieldsat40jiA are about 
80 % of our calculated values at 10.2 MeV. However, 
if we do short bombardments at low currents (5 jiA or 
less), we obtain saturation yields approaching the 142 
mCi/jiA calculated value. We suspect that the yield 
changes rapidly in our small volume targets between 5 
\iA and 20 uA and plan to explore this range of beam 
currents experimentally. 

Table 1: Yield of 1BF for different target sizes 

Target Size (mm) 
Target Vol. (ml) 

mm Collimator Dia. 
Transmission % 
HAxmin 

mCiEOB 
mCi/nA 

7 Dia. x 10 Deep 
0.384 

5 5 
78 77 

20 x 10 40 x 10 

143 283 
103 113 

10 Dia x 5 Deep 
0.392 

9 10 
56 62 

40 x 10 40 x 120 

298 2294 
116 112 
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We have demonstrated a new method of loading 
[180]water and recovering [,8F]fluoride ion from high-
pressure, low-volume liquid targets. The method is 
based on an all liquid system which takes advantage of 
a mobile, stable interface between enriched and natu
ral water. This technique has proved useful for the 
efficient recovery of [18F]fluoride produced in intense 
proton bombardment, permittingtheproductionof Curie-
level product delivered in sub-millilrter volumes. The 
first two systems of this type are currently being accept
ance tested for St. Thomas Hospital in London and the 
University of Tennessee Hospital in Knoxville. 

Production of [13N]Ammonium Ion 

A reliable and reproducible method for in-target pro
duction of [13N]ammonia has been developed for use 
with a 40 uA beam of 11 MeV protons from the 
SIEMENS RDS112 cyclotron. For use as a synthesis 
precursor, or where long delivery distance is a factor, 
up to 190 mCi of [13N]ammonia is available 4 min after 
the end of a 30 min beam. For demanding clinical 
applications such as two tomographs and frequent 
repeat cycles, every 13 min for example, about 100 
mCi is available 3 min after the end of a 10 min beam. 

Our target material is a dilute aqueous solution of 
ethanol (5 mM) which is a mixture of C2H5OH and 
99.977% by weight natural water (one molecule of 
ethanol per 11 '111 molecules of water). A description 
of prior experiments (using 10 -18 MeV proton beams) 
leading us to this choice is the subject of a recent 
journal article [2]. This article also discusses preceding 
research by ourselves and others who have observed 
in-target production of [13N]ammonia using various 
methods, and addresses the radiochemical mecha
nisms of ammonia formation. The authors acknowl
edge the work by investigators who have reported in-
target ammonia as a major or minor component in their 
studies. They include: WELCH and STRAATMANN 
(1973), PARKS and KROHN (1978), MACDONALD et 
al. (1979), TILBURY and DAHL (1979), ROOT and 
KROHN (1981), BIDA era/. (1986), MULHOLLAND et 
a/. (1990), WIELAND era/. (1990), MORELLE (1991), 
PATTera/. (1991) andZIPPI era/. (1991). 

The nuclear reaction used in our new system is 
160(p,a)13N. The 2.8 ml aluminum target is 11 mm in 
dia. and 30 mm deep, with a 25 micron titaniu m window 
preceded by a 25 micron aluminum vacuum window 
(helium cooling jets between windows). Energy on 
target is 10.5 MeV. The negative ion internal beam is 
stripped by a one micron carbon extractor before 
passing through a 7 mm collimator. This insu res that no 
scattered protons are lost to the 10 mm window open
ings or the target walls. 

Referring to Fig. 6, the 5 mM EtOH is raised to a 
pressure of 400 psi by the relief valve during bombard
ment (recovery valve closed). At EOB, the recovery 
valve is opened and the pump flows fresh solution into 

the target for3 min at 1.5 ml/min. Teflon tubing (0.5 mm 
bore) is used into and out of the target. Although mixing 
of the radioactive and fresh liquid occurs, 95% of the 
maximum possible recovered [,3N]ammonia is ob
tained at 3 min > EOB in a 4.5 ml volume. An anion 
cartridge (ALLTECH Maxi-Clean ICOH) removes [13N] 
oxides. Typical product distribution is 2% oxides and 
98% ammonia as determined by measuring the ra
dioactivity of the anion cartridge and the post-cartridge 
liquid. This differs from the HPLC anion/cation analysis 
of IBA which shows < 0.5% nitrate plus nitrite and > 
99% ammonia under similar beam conditions. 

The pump and recovery valve are PC controlled, and 
their status along with the post-pump pressure are 
displayed on the RDS 112 control monitor. One or 
more ways of running beam and implementing recov
ery can be programmed for automatic operation. 

Tests were made of a different principle of loading and 
unloading than the TSU shown in the schematic. This 
work was done by WIELAND and MORELLE (1990) 
using the IBA Cyclotron CYCLONE-30 at Louvain-la-
Neuve with up to 25 uA of the extracted proton beam 
degraded to 10 MeV. Minimum molarity and pressure 
conditions were found to be 1 mM EtOH and 200 psig 
for the radially uniform (low transmission) beam optics. 
The target was loaded by a CAVRO programmable 
syringe pump against a vented helium gas interface, 
pressurized with helium and bombarded. The CAVRO 
pump then withdrew the vented 13N product liquid into 
a holding loop, and dispensed it through a diverter 
valve into a product vial. This wet/dry system may 
eventually become an option to the wet/wet system in 
the schematic if furtherexperiments demonstrate it has 
advantages in some applications. 

Returning to the system which is the topic of this poster, 
refer to the activity vs. time graph at Fig. 7. Note that 
the „actual" curve shows that the recovered activity 
peaks are just under four minutes. This is in accord
ance with the time predicted by a mathematical model 
assuming complete, instantaneous mixing of the liquid 
entering the target at 1.5 ml/min. At 3 min (marked on 
graph) the actual activity recovered is 72% of the EOB 
activity and is 95% of the maximum actual recovered at 
4 min. Thus the 3 min collection time is a good combi
nation of low collected volume (4.5 ml) and high recov
ered activity. 

Fig. 8 presents our experimental data showing the 
small variation of specific yield with beam currents up 
to 40 uA using the transmission and pressure condition 
shown. 

Fig. 9 indicates a relatively constant yield above 150 
psig and a drop in yield below that value. Use of 
different collimator sizes in these experiments contrib
utes to the data scatter. We could not do experiments 
below 100 psi because of vapor/liquid interfaces in the 

120 Paul Scherrer Institut 



TARGETRY'91 

l ~ MILLIPORE 
FILTER 

5mMEtOH 

OH 
PRESSURE 

TRANSDUCER 

PRESSURE 

• 

400 psl 
Ra iEF 
VALVE 

I .SmL/m 

HPLCPUMP 

WASTE 

RECOVER 

» 

RECOVER- • 

L PC _ . 
'CONTROL' 

I I 

'RECOVERY 
i VALVE 

ANION 
COLUMN 

I I 

TARGET SUPPORT UNIT (TSU) 

[ I 3 N ] N H 4
+ 

I I 

RECOVERY AREA 
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Figure 9: '3N Sat. Yield vs. Pressure. 

recovery linecausing excessive pressure requirements 
to recover the activity. We could explore this low 
pressure region in the future by directly recovering out 
of the target, but the information has little practical 
value. 

Consider Fig. 10 where we explore the effect of trans
mission through a 10 mm collimator by using extractor 
thicknesses of 1, 5 and 25 microns to obtain the 
transmissionparameterstudy shown. Wesuspect that 
the increase in yield with transmission is due to a 
reduction in protons scattered by the vacuum and 
target windows into the 10 mm helium cooling spacer 
and the target walls. Another experiment was con
ducted using a 7 mm collimator with a 1 micron extrac-
torto give the high specificyieldindicatedonthe graph. 
This configuration will be used routinely pending the 
availability of beamtime to evaluate 8 mm and 9 mm 
collimator sizes. 

Using the 7 mm collimator, we studied the comparison 
of calculated and experimental yields as shown in Fig. 
11. Our calculations are based on proton range vs. 
energyforwaterfromthe compilation of JANNI (1966), 
and the excitation function of SAJJAD (1986). 

High current proton bombardment of pressurized di
lute mixtures of ethanol and natural water provides a 
new method for in-target production of large amounts 
of [13N]ammoniafor medical imaging applications. The 
University of Wisconsin has been using our original 
proof of principal target with their RDS112 for more 
than one year (NICKLES and MARTIN, private 
communication). Clinical PET studies have been in 
progress for about one year using this production 
method with IBA Cyclotron CYCLONE-30's located at 
Erasme Hospital in Brussels (LUXEN, private 
communication) and at Louvain-la-Neuve (MORELLE, 
private communication). The UCLA PET center has 
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Figure 10:'3NSat. Yield vs. % Transmission. 
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Figure 11: "N EOB Activity vs. Bombardment Time. 

just begun routine clinical use on their RDS 112 
(SATYAMURTHY, private communication), and the 
University of Tennessee Medical Research Center 
(Knoxville) has recently received a target of this type of 
evaluation. 
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New [Oxygen-18]Water Target Design with Removable Nickel and Silver 
Inserts for Routine Production of [Fluorine-18]Fluoride Anion 

J . Ropchan, M. Mandelkern, A. Jehlar and W. Bland 
Veterans Administration Medical Center 

Wadsworth Division 
Los Angeles, California 90073, U.S.A. 

Introduction 

Radioisotopes for Positron Emission Tomography 
(PET) are produced at the Veterans Administration 
Medical Center, Wadsworth Hospital Cyclotron Center 
employing aCTI negative ion (H) cyclotron. The ma
chine has the capacity to accelerate protons at 45 MeV 
and deuterons at 22 MeV. 

We have developed an 180 enriched watertarget (Fig. 
1) for the production of 18F anion for the preparation of 
[18F]FDG for patient use. The target design is focused 
on three areas: 
• Flexibility of the target; 
• Cost Effectiveness; and 
• Radiation Exposure Reduction when handling the 

target. 

Flexibility 

Although today more 18F anion targets are being fabri
cated from different forms of silver, many are still 
nickel-plated copper targets which pose several prob
lems with time. One such problem involves the altera
tion of the nickel-plated surface (i.e. chipping of plating) 
resulting in an ultimate reduction in yield of 18F anion. 
Currentlythis problem isovercome by one of two ways: 
• Replacing the damaged target with a newly fabri

cated nickel target; or 
• By stripping the nickel and replating the target. 
Both result in additional costs, radiation exposure 
during change, replating and possible downtime. 

Our new design overcomes both of these problems. 
The design employs a removable Nior Ag insert (Fig. 1, 
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Figure 1:Assemblydrawingdepictingnew[">0]watertargetfori8Fanionproduction: 1) F-101 copper target body, 
2) F-102 insert body showing Ni orAg insert already in place, 3) F-103 solid nickel or silver insert, 4) F-104 Mycor 
insulator, 5) F-105 copper spacer, 6) F-106 aluminum collimator. 

Paul Scherrer Institut 123 



TARGETRY '91 

F-102). The solid Ni (Ni-200, 99.6% pure Ni) and Ag 
(99.999% Ag) inserts (Fig. 1, F-103) are press-fitted 
into a copper body and silver soldered to ensure no 
cooling water leakage into the insert. The insert (F-
103) is filled and emptied through stainless steal tubing 
(0.031 ID x 0.062 OD) as shown in Fig. 1 (18F Target 
Assembly Drawings). 

Although we have only preliminary results to report at 
this time, our initial testing of the target has resulted in 
favorable production yields. There are several small 
modifications that we are presently testing to further 
improve the yield outputs of the target which will be 
presented at a later date. There are no problems in 
cooling the inserts. 

Some important features of our design are: 1) inserts 
(F-102) can easily be replaced with new ones without 
fabricating the entire target; 2) inserts can be shell 
items; 3) a variety of insert types (i.e. Ni, Ag, etc.) and 
volume sizes (i.e. 0.3 -> 3.0 ml, etc.) can be fabricated 
depending on the beam energy, intensity and quantity 
of 18F anion needed. 

For PET centers employing cyclotrons with varying 
energies, one could determine the quantity of 18F anion 
needed and then use the appropriate energy, target 
insert size (volume) and intensity to achieve this de
sired outcome. 

Cost Effectiveness 

Cost is a major concern of all PET centers. Certainly 
the need to replace non-productive targets is not cost 
effective. Our target requires only one part that may 
ever need replacement, that being the insert (Fig. 1, F-
102). This part is very easy to fabricate and allows the 
cyclotron facility to stock many different types and 
sizes of inserts for use, and for backup if necessary, 
without interrupting isotope production. 

Radiation Exposure 

In addressing the radiation exposure issue due to 

target handling, we found that the time required to 
disassemble the target, change the insert and foil, and 
reassemble the target, was less than three minutes. 

Results 

Research and development continues on the present 
target. Results to date are listed below. 

Table 1: Results of Development of New paO]Water 
Target 

1. Radionuclide produced: 

Reaction: 

Target Material: 

Target Insert Material: 

Total Number of Irradiations: 

Typical Current on Target: 

Average Length of Irradiarions: 

Typical Activity per Irradiation: 

2. Radionuclide produced: 

Reacdon: 

Target Material: 

Target Insert Material: 

Total Number of Irradiadons: 

Typical Current on Target: 

Average Length of Irradiations: 

Typical Activity per Irradiation: 

Activity produced from 20 jiA for 1 hour: 

Euorine-18(llF anion) 

"KD(prf"F 

"O enriched water (95+ %) 

Ni-200 

15 

15 (1A 

60 minutes 

360-425 mD 

Fluorine-18("F anion) 

"0<p,n)!«F 

"O enriched water (95 %) 

Ag (99599 %) 

10 

15 (1A 

60 minutes 

380 m a 

500-600mO 

Presently, the Ni insert target is employed daily in the 
production of 18F- for the preparation of [,8F]FDG for 
patient use. Research and development continues on 
the present target. Data analysis continues on the Ag 
and Ni inserts, with target volumes ranging from 0.45 
- 0.9 ml employing beam energies ranging from 11 -16 
MeV on target and with intensities of 15 - 20 uA This 
data along with a more detailed description of the new 
target will be published at a later date. 

Figure 2: Photograph of the New[aO]Water Target. 
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Enriched Oxygen-18: Testing the Waters 

J. Jegge, K. Zimmermann, R. Schwarzbach, G. Reddy, R.J. Nickles 
and P.A. Schubiger 
Paul Scherrer Institut 

5232 Villigen/PSI, Switzerland 

B. Christian and E. Baker 
University of Wisconsin 

Madison, Wisconsin, 53706, USA 

The exponential growth of PET has strained the world 
access to isotopically enriched [180]water. Delivery 
times in the US now reach six months and prices are 
increasing with a six-year doubling time. The cyclotron 
beam emfttance governs the irradiation geometry, with 
negative ion accelerators favored, since they allow 
thick target volumes of less than 300 ul. This volume 
(= $ 40 US) acts as a dividing line between single shot 
or recycling the [180]H20 inventory. 

The worsening [180]H20 situation suggests three com
mon sense maxims: 

• Low-enrichment (eg. 10% [1flO]H20: tens of mCi 
18P) or no-enrichment ( [na,0]H20: = 1 mCi ,BP). 
[180]H20 should be used for low-level, develop
mental chemistry. 

• Low-enrichment [180]H20 should be purchased as 
such, ratherthan back-diluted with the concomittant 
T A S » 0.014 RT. 

• Alternative sources of [180]H20 should be sought. 

Following this last precept, four separate sources cf 
[180]H20 were studied, tracking losses through each 
step of the original, published [1] synthesis of l18F]2-
FDG. This SN2 reaction was chosen as the model due 
to its obvious practical importance, and its sensitivity to 
„hard cation" impurities in the starting materials. Ide
ally, a complete elemental analysis (atomic absorp
tion, PIXE) and ionic analysis (ion exchange HPLC) 
would unambiguously characterize each water sam
ple. Until such exhaustive assays can be completed, 

this work simply monitored the electrical conductivity 
(WESCAN Instr. Model #215100), the taste, the pres
ence of floaters on delivery, and the [18F]2-FDG yields 
(decay corrected) from representative samples of the 
four waters. While hundreds of doses of [18F]2-FDG 
have been synthesized at the above labs with better 
yields using automated equipment, this comparative 
study employed the simplest manual synthesis stress
ing constant reagents, technique and tedious meas
urement to ensure activity balance at each separative 
step. Clearly 18F7[180]H20 separation by distillation, 
electrochemistry or ion exchange would render these 
differences moot, yet the need for such „front-end" 
gymnastics is undesirable. The initial results of this 
continuing study are compiled in the matrix below. 

Conclusions 

With two centers testing waters from four sources, the 
results agree in that: 
• Simple tests (eg. conductivity) do not predict prob

lems in [18F]2-FDG yields. 
• The untreated Russian water [5] approached other 

sources [2,3,4] in [18F]2-FDG yields w'rth practice 
(n=2; UVV). 

• With distillation, the Russian water improved (n=1; 
PSI). 

• With passage through a deionizing column (AG 50 
X-8,100-200 mesh),the Russianwaterimprovedto 
a [18F]2-FDG yield equal to the other sources of 
enriched [180]H20 (36-38 %, n=10, PSI). 

Table 1: Enriched Waters Used for FDG Test Syntheses 

Water Source 

[ra,0]H20 [2] 

10%[18O]H2O[3] 

95 % [180]H20 [4] 

80%[18O]H2O[5] 

P 

-•18MQ-cm 

40 kfl-cm 

29 kfi-cm 

40 kfl-cm 

Taste 

none 

none 

si sweet 

none 

Floaters? 

none 

yes 

sometimes 

yes 

Yield 

35% 

34% 

...48 %, 55 % 

14%, 3 1 % . . . 
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In conclusion, the appearance of an alternative source 
of [180]H20 is welcome. The practice of positron emis
sion tomography worldwide will benefit enormously 
from this consequence of lessening international ten
sions. 
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[Fluorine-18]F2 Production with 8.5 MeV Deuterons 

Rainer Wagner 
PET-Labor 

Max-Planck-lnstitut für Neurologische Forschung 
Gleueler Str. 50 

5000 Köln 41 , Germany 

Abstract. Recent improvements in production yields of [18F]F2 using the (d.a)-reaction at our MC 16 cyclotron are 
shown, together with some modifications of the original sealing and cooling of the target. The change from a Ni-
plated to a pure Ni target gave about 35% higher and more reproducible yields. The reduction of the thickness 
of the first entrance foil from 25 to 10 micron HAVAR improved yields by another 15% without reduction of foil 
lifetime. Over300 mCi of [1BF]F2

 c a n n ° w be produced routinely at a beam current of 25 \iA with 110 min irradiation 
time. 

Introduction 

The MC 16 cyclotron at the Neurological University 
Clinic in Cologne started operation in August 1987. 
Since then, the machine has served reliably for the 
routine production of positron emitters for our PET 
program on a 5 day/week basis. For service, two two-
week periods per year and, since 1990, every second 
monday are scheduled. 

Our fluorine gas target was built by SCANDITRONIX 
according to our specifications and design considera
tions, modified from an earlier model [1]. 

The [18F]F2 Target 

Target dimensions, materials and some other param
eters are given in Table 1. 

Improvements 

During the first phase of operation, beam currents did 

not exceed 20 fiA. Nevertheless foil lifetime was short, 
and some complete foil ruptures occurred. Foils had to 
be changed in about three week intervals. We attrib
uted this to insufficient definition of beam shape and 
position, because we only used a ring collimatorof the 
same size as the target opening. In May '88, a four 
sector collimator replaced the old type, resulting in 
much better beam control and significantly longer foil 
lifetime. For safety and reliability, foils were stillchanged 
monthly. 

I n Ju ne '89, the original SCX Al-rings were replaced by 
the new silver-plated Cu-rings (see Table 1), which 
proved very reliable in the future. 

Inspection of the burn marks on used foils led to the 
conclusion, that the cooling via a slit blowing mainly on 
the periphery of the foil was not optimal. Consequently, 
a new target (built from pure Ni) had a round cooling jet 
w'rth 2 mm diameter, directed to the middle of the foil. 

Table 1: Specifications of the PBF]F target. 

Target dim.: 
Body: 
Head: 
Foils: 

Sealing: 

Transmission lines: 
Connectors: 
Valves: 

Cooling: 

Gases: 
Target Pressure: 
Gas mixture: 

100 mm long, i.d. 20 - 30 mm, vol. 50 ml 
Ni-plated copper, new target pure nickel 
AI 
Front: Havar 25 urn, 12.5 urn, 10 u.m 
Back: Havar 25 urn 
SCX Al-ring, now gas-filled silver-plated copper O-ring 
(Busak+Luyken) 
Stainless steel (Dockweiler) 
Swagelok 
Nupro bellows sealed (Filling manifold) 
General valve miniature solenoid (target shut off) 
Foils with recirculating He at ca. 50 l/min 
Body with compressed air 
Neon / 1 % fluorine (Ucar); neon 5.0 (Linde) 
10 bar (90 mg/cm2) 
0.35 % fluorine in neon 
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Figure 1: Pure Ni Fluorine Target. Front Flange and Front Foil are Removed, Air Cooling Jacket ist Removed to 
Show Target Body with Cooling Fins. 

Figure 2: Cooling Flange Displaying Round He-Cool- Figure 3: Cooling Flange Showing He Outlet, 
ing Jets. 

The newtarget was deliveredwithanAI-frontfoil.lt was 
used without any further cleaning or special condition
ing. After two short preirradiations with the normal 
target gas mixture, the target at once yielded 35% more 
activity than the old one under the same irradiation 
conditions as estimated by the increase in FDG yield. 
The AI front foil was replaced by a 25 u.m Havarfoil four 
weeks later, because the Al foil was very much bent to 
the vacuum side. This led to an about 15% decrease of 
yield, showing that the first increase was due to a 
combined effect of less beam degradation and the new 
target material. For mechanical stability reasons we 

then tried to use thinner Havar foils instead of AI. Fig. 
4 shows the dose dependence of the produced FDG 
activity for the different targets and foil combinations. 
Target 1 had two 25 u.m foils only, in target 2 the back 
foil was kept at 25 u.m as well. Beam currents were 
normally 25-28 uA 

Conclusion 

Some modifications of the original target were made to 
improve yield and reliability. First, change of sealing 
rings reduced leakage problems. Change of the cool-
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Figure 4: Practical FDG-Productbn Yields as Function of Total Dose on Target for Two 
Different Targets and Three Different Front Foil Thicknesses. Front Foil Thickness in 
Target 1 was 25\im, Back Foil Thickness was Always 25\im. 

ing jet design increased foil lifetime very much, the last 
foil change was in February '91. Pure Ni as target 
material gave better recovery of [18F]F2. Use of thinner 
front foils increased the on-gas deuteron energy by 
about 0.7 MeV. From this effect alone, a yield rise of 
about 30% could have been expected, because the 
excitation function rises quite steeply between 6 and 9 
MeV [2]. In practice, the FDG yield at EOS could be 
nearly doubled by these improvements. The total [SF\F2 

yield of 300 mCi at EOB (110 min, 25 uA) corresponds 
to 66% of the theoretical yield, somewhat higher than 
the 40% found earlier [3]. 

Total carrier amount in the 0.35 % F2 in Ne mixture is 
with 80 umole only 30% higher than in the 0.18% 
mixture due to the lower total pressure. Due to restric
tions posed by our tight routine production schedule, 
comparisons of the old and the new target with similar 
foils could not be performed up to now. Possible 
temperature differences caused by the different heat 
conductivity of Cu and Ni were not yet tested. The 
irradiation conditions used routinely are shown in Ta
ble 2. 
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Introduction 

We have previously reported results forthe production 
of 18F labeled electrophilically reactive fluorine from the 
180(p,n)18F nuclear reaction [1]. More recently, we 
have provided spectroscopic identification of the reac
tive fluorine components generated in various target 
environments using 11 MeV protons [2]. The informa
tion presented below summarizes these results and 
communicates the following recent developments: 

• The „classic" two-step irradiation protocol devel
oped by NICKLES ef al. [3] was modified in an 
attempt to control the post-irradiation product spec
trum; 

• Target bodies made of 6061 T6 aluminum have 
been in use at both UCLAand CTI forthe production 
of electrophilically reactive fluorine. 18F yields in the 
range of 60-75% of the calculated EOB activities [4] 
are routinely observed with no apparent corrosion 
of the metal after more than 100 irradiations; 

• 19F-NMR and Residual Gas Analysis (RGA) data 
have shown that, forthe single-step (1S) and mo
dified two-step (M2S) methods, the post-irradiation 
reactive fluorine fraction is composed of [18F]F2 and 
[1BF]OF2 in a ratio of F2: OF2 > 4:1 , whereas only 
[18F]F2 is produced in the classic two-step (2S) 
method. 

The results presented herein demonstrate that proton 
irradiation of dilute fluorine in [180]02 mixtures pro
duces 1BF labeled elect rophilic fluorine in two forms, i.e. 
F2 and OF2. Further, given that 18F production is not 
limited to proton and deuteron irradiations, the use of 
oxygen (02) as a target material for electrophilic fluo
rine production can be extended to other accelerator 
environments. 

Materials and Methods 

Target Bodies. Target bodies of essentially similar 
dimensions were fabricated from Nickel-200,6061 T6 
aluminum and OFHC copper. The beam strike volume 
of the copper body was subsequently gold plated. The 

conically shaped beam strike volume was, nominally, 
11.4 cm3. The aluminum target was a s ;indard CTI 
three-valve gas target normally used for -O and 11C 
production [1]. None of these targets were subjectedto 
an aggressive fluorine passivation protocol prior to 
use. 

Target Cases. Forthe 1S method, >98%180 enriched 
oxygen gas was added to the desired amount of 5% 
fluorine in helium, 15% fluorine in helium or 7.5% 
fluorine in argon. Forthe 2S and M2S methods, neat 
[180]Ozwas irradiated, followed by a second irradiation 
of dilute fluorine in argon (1S) or [180]Oz plus fluorine in 
argon (M2S). Mixing of the gases was done in the 
beam strike. 

Cyclotron/irradiation Parameters. All irradiations 
were performed on a CTI RDS 112 cyclotron or the 
UCLA CS-22 cyclotron. The emergent 22 MeV proton 
beam of the UCLA cyclotron was degraded to 11 MeV. 
The 11 MeVbeamswerefurtherdegradedto 10.3 MeV 
on gas by the 0.025 mm aluminum (vacuum isolation) 
and Havar (target body) foils. The single-step and two-
step irradiation methods have been previously de
scribed [1,3]. For the modified two-step method, a 
target charge of [180]02 (typically, 200 psia) is irradi
ated at the desired conditions of beam current and 
time. Then, at the end of the irradiation, rather than 
eliminating the charge of [180]02, the appropriate 
amount of fluorine (in argon) is added to the oxygen 
and a second irradiation is conducted under milder 
irradiation conditions as per the 2S method [3]. 

Product Identification/Activity Assay. Pre- and 
post-irradiation gas analysis methods included NMR 
(19F, 170,15N), Mass Spectroscopy, and Residual Gas 
Analysis. NMR chemical shifts were in agreement with 
authentic samples and literature values. Carrier fluo
rine (as F2) concentrations were determined by 
iodometrictitration. Fluorine concentrations used were 
in the range of 20-200 umoles per target charge. The 
18F activity was assayed by trapping in soda lime and/ 
or Kl solutions, followed by activated charcoal at 77 K 
or a gas sampling bag. 
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Results and Discussion 

Identification of the Products. The following post-
irradiation products have been identified: 

• 1Smethod:Thebisperoxide,(CH3)2C(00)2C(CH3)2, 
from the reaction of ozone (03) with tetra-
methylethylene has been identified via fast-atom 
bombardment mass spectroscopy. Fluorine (F2) 
was identified via 19F-NMR, oxygen difluoride (OF2) 
via 170- and 19F-NMR and fluorine nitrate (FON02) 
via 15N- and 19F-NMR (see NMR 1); 

• 2S method: Fluorine (F2) was identified via 19F-
NMR (see NMR 2); 

• M2S method: As for the 1S method, F2, OF2 and 
FON02 have been identified. 

• Forthe 1S and M2S methods, [18F]F2 comprised 80-
90% of the recovered reactive 18Ffraction, [18F]OF2 

= 10-20%, and for those cases where it was ob
served, [18F]FON02 was observed to be no greater 
than 5% of the reactive 18F recovered. 

Observations. I n addition to product identification, the 
following observations have been made: 

• Neither '8F recovery or product distribution is a 
strong function of the target body materials we have 
investigated, i.e. gold-plated copper, nickel and 
aluminum; 

• As previously reported [1], the 18F labeled inert gas 
fraction is generally no greater than 10% of the total 
recovered "F and is independent of irradiation 
conditions. Further, the inert gas has been identi
fied by "F-NMR as [18F]CFA. We have demon
strated that, lor the 1S and M2S methods, the major 
impurity in the target gas mixture, air, leads to the 
formation of N02 and the electrophilic species 
FON02. In view of the reactions of halogen monox
ide free radicals that affect the stratospheric ozone 
balance [5], the formation of FON02 is not com
pletely unexpected; 

• Results for recovery of 18F reactive fluorine from an 
aluminum target body for the 1S and 2S methods 
are graphically summarized in Fig. 2. The recov
ered activity was in the range of 60-75% of the 
calculated activity produced forthe various condi
tions investigated and did not vary significantly 
between the two methods; 

• The post-irradiation product spectrum was found to 
be the same whether the carrier F2 was part of the 
original irradiated gas mixture (1S) or added after 
irradiation of neat [180]02 (M2S). 

Summary 

• 18F electrophilic fluorine production alternatives can 
provide the userwfth [18F]F2 via the 2S method or as 
the major reactive fluorine component from a sin
gle-step irradiation; 

• The 1S method provides high yields of 18F 
electrophilic fluorine and eliminates complications 
that can accompany cryo-recovery of the [180]02; 

• The consequences of 18F labeled species other 
than F2 in subsequent radiochemical syntheses is 
currently being evaluated. The unconverted 18F 
labeled electrophilic fluorine from a 1S irradiation 
has been used to synthesize 6-[18F]fluoro-L-dopa 
[7]. In addition, [18F]OF2 has been shown by us to 
be a viable alternative electrophilicf luorinating agent 
[2]; 

• Aluminum has been shown to be a suitable target 
body material with yields comparable to nickel-200 
and gold-plated copper; however, aluminum has 
the advantages of high thermal conductivity, easy 
machinability, minimal activation and negligible 
chemical corrosion; 
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NMR 1:19F NMR for 1S method 

Conditions: 
1. 200 u,moies F2 + 100 psia He + 200 psia 1 802; 

2. 10 uA x 10 min irradiation at 10.3 MeV H+; 

3. Aluminum target body; 
4. Chemical shifts referenced to CFCI3. 
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NMR 2: 19F NMR for 2S method 

Conditions: 

1. 1st irradiation = 25 \iA x 45 min; 10.3 MeV H+; 200 psia 1 8 02 ; 

2nd irradiation = 15 |iA x 10 min; 150 u,moles F2 in 200 psia argon; 

2. Aluminum target body. 
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Figure 1: l9F-NMR Analyses of the Irradiation Products from the Reaction 1B0 (+">F)(p,n). 
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1S METHOD; REACTIVE FLUORINE YIELDS 
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Figure 2: Reactive Fluorine Yields vs. Beam Current. 
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Introduction 

The Radioisotope Delivery System RDS-112 incorpo
rates a cyclotron that is designed to produce a proton 
beam of 10.5 MeV. Traditionally, [18F]F2 has been 
produced by the (d.a)-reaction on neon using deutero n 
beams. The possibility to produce [18F]fluorine gas 
from a proton-only cyclotron has been demonstrated 
by NICKLES etal. as early as 1983 [1]. In their method, 
known as the two shoot-method', [180]02 gas is irradi
ated in a passivated nickel target (first shoot). The 
efficient (p,n) reaction on 180 (150 mCi/|iA at satura
tion) creates hot 18F which migrates to the internal wall 
of the target where it exchanges with the nickel fluoride 
on the surface. The [180]02 is removed from the target 
by cryotrapping it into the reservoir. Thus, [180]02 can 
be reused. For the second shoot, the recovery shoot, 
the target is filled with a noble gas that contains some 
micromoles of fluorine gas. The target is then irradiated 
for a shorter duration. The beam provides the energy 
to facilitate the exchange between 18F on the wall and 
fluorine in the gas phase. The gas mixture of [18F]F2 in 
a noble gas is, thus, available for radiochemical syn
thesis. 

We have implemented this method to produce [18F]F2 

in amounts large enough for radiochemical synthesis. 

The Production System 

The Production System is described in Tables 1 and 2, 
and in Fig. 1 as well. [18F]F2 in neon is recovered from 
the target by programmed unloading into a stream of 
sweep gas, neon, which helps to transport the gas 70 
feet away to the hot cell. 

Performance of the System 

The operating parameters and the results can be seen 
in Table 3. 

The production system is robust. So far, there have 
been only two failures. Both have been traced back to 
an operator error and, thus, could be eliminated. 

The system produces reproducibly. Table 4 shows that 
for the production shoot of 30 pA for 30 minutes and a 

Table 1: Technical Description of the Production Sys
tem 

Table 2: Operating conditions: 

Production 
Shoot: 

Recovery 
Shoot: 

• 250 psi [180]02,98 % 180, Isotech Inc. 
• 10 to 30 nA for 5 to 60 minutes 
• Cryotrap [180]02 

• Evacuate target 
• Pressurize target with 50 to 100 psi of 

1% F2 in neon 
• In addition, pressurize target up to 
350 psi with pure neon. 

• 350 psi neon with 20 to 50 nmol F2 

• 5 to 15 nA for 1 to 20 minutes 

Target Specifications: 

Material: 
Length: 
Window 0 : 
Internal shape: 
Target Volume: 
Inlet/Outlet: 
Pressure Gauge: 
Window material: 
Window 
O-ring seal: 

Window cooling: 
Target gases: 

Target Support: 

Gas Transfer 
lines: 

Solenoid Valves: 
Outline: 

Nickel-200, solid 
10 cm 
1 cm 
Conical, 5 % taper 
14,9 cm3 

One only 
Kulite Transducer 
Havar 0.001" 

Polyethylene-polypropylene 
polymer, size 2-114 
Helium 
[180]02 for the production shoot 
and neon with 0.5% F2 for the 
recovery shoot 

Stainless steel 1/16" o.d.; 
0.020" i.d. 

Figure 1 
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Table 3: Experimental Data for the First Production Runs of the P8F]F Target 

Date 

1991 

13 Aug 
14 Aug a 
U Aug b 
15 Aug a 
15 Aug b 
15 Aug 
17 Aug 
19 Aug a 
19 Augb 
20 Aug a 
20 Aug b 
21 Aug 
23 Aug 
27 Aug 
26 Aug 

Production Run 

pA minutes 

10 
25 
30 
25 
30 
30 
30 
26 
30 
30 
30 
30 
30 
30 
30 

10 
10 
30 
10 
10 

' 10 
30 
26 
30 
30 
60 
30 
30 
30 
30 

loaded 
vmoles 

4 7 
4 6 
5 1 
6 5 
4 9 
2 4 
4 6 
8 5 
4 6 
4 7 
4 7 
7 0 
5 3 
5 2 
4 5 

Carrier F2 
out In 
hand 

umoles' 
24 
22 
30 
42 
34 
9 

. 
47 
31 
29 
26 
46 

-
-
-

Recovery Run 

uA minutes 

10 10 
10 10 
10 10 
10 15 
15 5 
5 5 

15 5 
19 13 
18 10 
10 10 
10 10 
10 10 
10 10 
10 10 
10 10 

« F out 

mCi@ 

37 
80 

264 
101 
104 

51 
218 
218 
217 
242 
390 
275 
260 
244 
230 

SpecAct. 

Ci/mmol 

1.6 
3.6 
8.6 
2.4 
3.1 
5.4 

-
4.6 
7.0 
8.4 
13.3 
6.0 

• 
-
-

Extracted 
18F 

'A 

51 
45 
43 
57 
48 
24 
3 6 
5 0 
3 7 
41 
3 0 
45 
4 2 
40 
3 7 

Fraction 
F2 

5 1 
48 
60 
65 
69 
3 9 

. 
5 5 
67 
61 
5 6 
66 

• 
-
• 

Cryotrap 
18F 

% 

0.5 
0.7 
0.9 
0.4 
1.6 
1.0 
0.6 
0.6 
1.2 
0.7 
1.0 
0.6 

• 
• 
• 

determined lodometrlcally. 
not corrected for decay. That Is 18F available lor synthesis. 

"The percentages Involving 18F have been calculated by taking the theocatically 
produced 18F In the target (150 mCi/pA) as 100%. 

Table 4: Figures for the Reproducibility of the PBF]F Target 

Date 
1991 

Auq27 
Aug 28 
Sept 11 
Sept 12 
Sept 13 
Sept 17 
Sept 18 
Sept 20 
Sept 24 
Sept 25 

Production 
MA 

3 0 
30 
30 
3 0 
3 0 
3 0 
3 0 
3 0 
30 
3 0 

minutes 

3 0 
3 0 
3 0 
3 0 
3 0 
3 0 
3 0 
3 0 
3 0 
30 

Run 
18o2 

psi 
2 5 6 

• 2 7 1 
2 6 0 
266 
2 5 0 
2 5 1 
2 5 7 
2 4 4 
2 4 2 
2 5 0 

Recovery Run 
pA 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

minutes 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

F2t 
nmol 

5 2 
45 
52 
49 
51 
54 
50 
53 
56 
56 

Result 
18p# 

©EC©! 
312 
2 9 2 
333 
309 
316 
306 
3 4 4 
3 6 4 
3 2 2 
330 

18p* 

40 
3 7 
4 3 
4 0 
4 0 
3 9 
4 4 
4 7 
4 2 
4 3 

The amount of F2 loaded into the target was calculated from the pressure of 1 % 
F2 in neon and the target volume. Under these irradiation conditions 60% of that 
is extracted from the target. 
calculated back to the EOB of the production run. Typically, [18F]F2 >s available 
35 minutes after the end of the production run. 

The theoretically produced amount of 18F under these condidtions is 775 mCi at 
the end of the production run. This amount was taken as 100 %. 

recovery shoot for 10 uA for 10 minutes (323 ±30) mCi 
of [18F]F2 have been produced (n=10). 

The de-loading afterthe recovery shoot from 350 psi to 
30 psi takes 14 minutes. The flow rate of the neon 
sweep gas is 100 ml/min. The gas needs to be very dry 
otherwise 18F will stick to the wall of the transfer lines. 
The loss of 1B0 gas is low, approximately 6% of a target 
filling. 

Under the conditions used the specific activity of the 

[18F]F2 is 5 to 10 Ci/umol. Higher specific activities can 
be achieved by irradiating longerand with higherbeam 
currents and by loweringthe amount of carrier fluorine. 

Usesof[18F]F2Gas 

To date, three 18F labelled compounds have been 
synthesized with the [18F]F2from the McMaster RDS, 

• 6-[18F]Fluoro-L-dopa 
• 6-[18F]Fluoro-L-me/a-tyrosine 
• 6-[18F]Fluoro-dopamine. 
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Hardware 
Target: 
Material: Nickel-200 
Design : J. Bida 
Volume : 20 ml including 

line to r95 
Plumbing: 
All tubing in target support 
are 1/16* O.D. stainless steel 
Line from Target to Cryotrap 
is approx. 20 (eet. 
Line to Hot Cell 70 (eet. 

Figure 1: Fz Target Support 

Our General Electrophilic Radiofluorination Process 
has been used for the radiofluorination [2,3,4]. This 
process involves the dissolution of the non-f luorinated 
parent compound in anhydrous hydrogen fluoride and 
the passage of the [18F]F2 in neon from the target 
through the solution at -70°C. For a production run of 
30 uAfor30 minutes clinically useful quantities (approx. 
10 mCi) of each compound have been obtained aftera 
synthesis time of 2.5 hours that includes the isomer 
separation with high pressure liquid chromatography. 
No special precursor is needed. The specific activity is 
approx. 2 Ci/mmol at the end of the synthesis. All three 
compounds have been identified by their 19F-NMR 
spectra and by mass spectroscopy. 

During the synthesisthe [18F]F2from the RDS behaved 
like that made from the (d,a) reaction of deuteron 
accelerators. 
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Richard A. Ferrieri, David L. Alexoff, David J. Schlyer and Alfred P. Wolf 
Department of Chemistry 

Brookhaven National Laboratory 
Upton, New York 11973, U.S.A. 

General Features 

This report describes our universal water target load
ing system that serves both 18F and "N production 
targets, and a radionuclide delivery system that is 
specif ic for [18F]f luoride. The system was designed and 
fabricated around the operation of a single pneumatic 
syringe dispenser that accesses one of two reservoirs 
filled with ieO enriched water for [18F]f luoride produc
tion from the 180(p,n)18F reaction [1-6] and natural 
abundance water for [13N]nitrate/nitrite production 
from the 160(p,a)13N reaction [7-10] and loads one of 
two targets depending on the radionuclide desired. 

The system offers several novel features for reliable 
radionuclide production. First, there exists an in-target 
probe for direct liquid level sensing using the conduc
tivity response of water. In addition, transfer of 
[18F]f luoride to the Hotlab is completely decoupled from 
the irradiated water through the actions of a resin/ 
recovery system which is located in the cyclotron vault, 
thus maintaining transfer line integrity. This feature 
also provides a mechanism for vault-containment of 
long-lived contaminants generated through target ac
tivation and leaching into the water. 

System Description 

Target Loader. Fig. 1 shows the valve layout of the 
dual-reservoir remote water target loading system 
configured for multiple radionuclide production. The 
system is designed around a pneumatic syringe dis
penser (HAMILTON Co.) that is operated with 40 psig 
of air. The dispenser is actuated electronically by 
pulsing a solenoid which momentarily vents pressure 
on the pneumatic arm. This forces the syringe to retract 
its plunger a preset distance thus withdrawing a charge 
of waterfrom one of the reservoirs. A position sensitive 
pneu matic-operated three-way valve (part of the HAM
ILTON syringe dispenser) then positions itself prior to 
the syringe completing its stroke thus allowing the 
withdrawn charge of water to be automatically dis
pensed through a short 1 m x 3.2 mm i.d. polyethylene 
transfer line enroute to the target. This sequence is 
again repeated whereupon the syringe withdraws and 
dispenses an equivalent volume of helium gas at 6 psig 
pressure. This action not only completes the transferof 
water to the target volume, but also purges the syringe 
and extraneous plumbing of any residual water prior to 
the next target load. This minimizes cross-contamina
tion of enriched and natural abundances waters which 

MANUAL FILL LINES 
HELIUM SUPPLY 

CONDUCTIVITY SENSOR 

TARGET VENT 

HELIUM 

FTARGET 

_ ^ x . 
C = > TO RESIN/RECOVERY SYSTEM 

I 3N TARGET 
CONDUCTIVITY SENSOR 

TARGET VENT 

HELIUM 

H,"0 2 u C=f> 

<==> TO HOT LAB 

Figure 1: Schematic Diagram of the Water Target Loading System and Production Targets for 
P8F]Fluoride and r3N]Nitrate/Nitrite. 
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helps to insure proper maintenance of isotopic integ
rity. 

The two water reservoirs are fabricated from standard 
Pyrex glass tubes (10 cm x 2.5 cm i.d.). All flexible lines 
leading to and fro m the reservoirs via assorted valves 
are fabricated from 3.2 mm o.d. polyethylene tubing. 
All valves that are part of this plumbing were manufac-
turedby GENERAL VALVE Co. (Fairfield, NJ). Tubing 
lengths are kept to a minimum in order to avoid possi
ble organic contamination to the water. Access lines 
leading into the reservoirs themselves are fabricated 
from small i.d. glass tubes. Each reservoir requires a 
different i.d. access tube in orderto restrict the volume 
of water withdrawn. This is necessary because the 18F 
and ,3N targets require different volumes of water for 
filling. Connections are made betweenthe glass reser
voirs and flexible tubing using standard Instac fittings 
(LEE VALVE Co., Westbrook, CT). 

Target Components. The side-views of both produc
tion targets depicted in Fig. 1 show the key features of 
the target design. The main target chambers are fab
ricated from silver. Key features to the target compo
nents include a 316 stainless coiled loop (2 ml volume) 
which serves as an expansion volume for the water 
during initial target loading. This is necessary because 
the target volume is somewhat smaller when the front 
window (1 mil thick titanium foil) is flat. Upon pressu-
rization for irradiation (14 psig), the water is displaced 
back into the target volume as the front window de
forms outward. 

Anotherfeature includes the miniature 3-way solenoid 
valves manufactured by LEE VALVE Co. (12 VDC 
LFHX series, with MINSTAC fittings and capable of 
operating up to 100 psig) which direct loading water to 
the bottom inlet port of the target, seal the target for 
pressurization during irradiation, and then direct the 
irradiated water out of the same port to the resin/ 
recovery system for [18F]fIuoride production, or 
directly to the Hotlab for [13N]n'rtrate/nitriteproduction. 
One of the ports on the 3-way valve was plugged so 
that it operated as a 2-way shut-off valve. 

Fig. 2 shows a front-faced view of a watertarget without 
its window. The watersensoris inserted through one of 
the upper target ports. This sensor is fabricated from 
twoplatinumwiresthat are encased in polyethylene for 
electrical insulation. Each length is then fed through a 
2 mm length of 6.25 mm o.d. teflon tube which is used 
to seal the sensor lines onto the back-end of the target 
chamber using a standard HPLC fitting with metal 
ferrules crimped onto the tefto n tube. This made a gas-
tight seal onto the target. Positioning of the sensor 
leads within the target does not appearto be crucial to 
the performance of the conductivity meter. The leads 
are fixed with approximately a 1 mm gap between the 
tips. The sensor is mounted up in the keyhole region of 
the target so as to avoid direct beam strike and radia
tion damage to the polyethylene insulators. 
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Figure 2: Front-Faced Viewof a WaterTarget Showing 
the Conductivity Sensor Positioned in the Keyhole 
Region of the Target Body. 

Liquid level sensing is accomplished by measuring the 
conductivity of the water. The meter used wan manu
factured by CRYSTALAB Inc., Hartford CT (120 Volt 
AC,60cycle, 1/25 Watt). The"Oenrichedwaterused 
(ISOTEC, Miamisburg OH) for18F production has more 
than adequate levels of ions for good sensor response. 
However, response does fall-off with subsequent distilla
tions of the water during reprocessing. In addition, 
response is low to the natural abundance water used 
(steam distilled) for 13N production. Satisfactory re
sponse levels are maintained by placing a strand of 
silver wire in each of the water reservoirs. 

[IBF]FluorIde Resin/Recovery System. Fig. 3 
depicts a general schematic of the [18F]fluoride resin/ 
recovery system that connects to the 18F production 
target outlet line. The system forprocessing [18F]f luoride 
consists of an anion exchange column (BIO RAD 
AG1X8 carbonate form; 200-400 mesh) similar to 
previously reported [11], an 180 enriched water recov
ery vial, two „single-shot" carbonate reservoirs, a tim
ing relay with timedown selector switches, and several 
switching valves used to direct the flow of carbonate 
solution and the radionuclide. Ail valves used in this 
system are manufactured by LEE VALVE Co. as 
described earlier. 

The anion resin is supported on a fine glass frit when 
packed into the glass column. Column dimensions of 
approximately 6mmx 1mm i.d. yield optimized fluoride 
extraction and recovery. Repacking of the anion resin 
column, as well as the refilling of the carbonate reser
voirs is carried out on a per run basis. 

A second charge of carbonate solution is available for 
resin rinsing sometimes to maximize radionuclide re
covery, depending on the nature of the 18F synthesis, 
but most often it is done as a way to obtain non-
production levels of [18F]f luoride for research purposes 
later in the day. 
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Figure 3: Schematic Diagram of the Resin/Recovery System for Processingp8F]Fluoride. 

In operation, the resin/recovery system energizes when 
the target is commanded to unload, but counts down 
160 seconds before carrying out its designed tasks. 
During this timedown, irradiated water passes through 
the resin column, and is collected, while [1BF]f luoride is 
retained on the resin. Once the timedown is complete, 
a charge of carbonate solution is dispensed automati
cally through the resin to remove the bound fluoride, 
and deliver the radionuclide to the Hotlab. Transfer 
times generally are less than 5 minutes (exclusive of 
the initial 160 second timedown) through 40 m x 0.5 
mm i.d. polyethylene tubing. 

System Control. The target control box, resin/revovery 
control box, and regulated 12 VDC power supply, 
depicted in Fig. 4, control target loading and unloading, 
water recovery when 180 enriched water is used, and 
[18F]f luoride or [13N]nrtrate delivery to the Hotlab. These 
control systems are all located in the Hotlab for easy 
access by the operator. 

The sequences for target loading, target pressuriza-
tion for irradiation, and target unloading are controlled 
by a single selector switch on the main system box. The 
state of this switch is interlocked with the operation of 
all peripheral hardware in the vault through a series of 
hardwired relays. When in the target „Load" state, the 
dispenser is interlocked to a position sensitive 
microswitch which displays a ready-light, and ener
gizes the start-load button only when correctly posi
tioned. An electronic counter associated with the se
lected reservoir is also energized at this time, and 
registers the event so that operators can monitorthefill 
status of the reservoir. The conductivity meter is inter
locked to the sequence selector switch so that it is only 
energized during the target „Load" state to avoid pos
sible electrolytic breakdown of the water. 

When in the „Irradiate" state, the target is pressurized 
with 14 psig of helium gas, and is ready to accept beam. 
To unload the target, the selector switch is tu med back 
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Figure 4: Front-Faced View of the Water Target Control Box and the Resin/Recovery 
Control Box for ["'FjFiuoride Processing. 
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to the „Load/Unload" position. A latching relay couples 
the target „Unload" status to a sequence of events that 
allows it to be activated only after the selector switch 
passes through the „Load" and „Irradiate" states of the 
target. Irradiated water is then automatically proc
essed through the resin/recovery system. 

Theresin/recoverycontrolboxdesignedfor[18F]fluoride 
delivery, allows the operator to divert the radionuclide 
delivery path to one of two hot cells located in the 
Hotlab, or to a shielded vial residing in the vault. The 
operator also has control to release second charge of 
carbonate solution through the resin column, once the 
first charge has been recovered in the lab. This second 
charge can be delivered to eitherof the three locations. 

System Performance 

The universal water target loading system has been 
installed at BNL and operated for approximately 8 
months, and is used almost daily for 1flF production. 
Since its installation, we have never had a failure in the 
loading mechanism nor in the sensor performance. 
Target loading times have been greatly reduced through 
an operation that now requires less than a minute to 
carry out. Target unloading times have also been 
reduced significantly. 

The methods implemented for 1flO enriched water 
storage in the sealed glass reservoirs, for target load
ing through the syringe dispenser, and for liquid level 
sensing using conductivity probes have had no delete
rious effects on 18F target yields, nor on ,aF radiotracer 
specific activity. Typically, the system will deliver ap
proximately 360 mCi of [1BF]fluoride in the first rinse of 
carbonate solution from a 20 minute irradiation (using 
17 MeV protons on target at 15 jiA intensity) to yield 
final product (FDG) specific activities ranging between 
1 and 3.5 Ci/u,moI (at EOB). An additional 10 to 30 mCi 
of [1flF]fluoride can usually be recovered in the second 
rinse of carbonate solution. 
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An Fluorine-18 Ion Production Target: Design and Performance 
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Daily production of [18F]2-f luoro-deoxyglucose ([18F]2-
FDG) as well as other routine demands of the NSUH 
cyclotron/PET program require extreme reliability of 
18P production and allows minimum opportunities for 
maintenance of the target system. To satisfy these 
criteria a target chamber was desig ned and constructed, 
incorporating elastomer O-ring seals and using a Ti 
entrance window in place of the more commonly used 
silver entrance window. The elastomer O-ring seals 
provide an easy method of sealing the components 
without contaminating the target water. O-rings seals 
are also quite tolerant to rough handling and to surface 
imperfections on the faces of the components forming 
the joint. Although the Ti entrance window, due to 
buildup of WV, becomes more radioactive over time 
than does a Ag window, the added strength of the 
titanium compared to the Ag reduces the frequency of 
replacement. When maintenance is performed, the 
first operation after removal of the target chamberf rom 
the cyclotron, is cutting the window from the target 
chamber with a surgical knife, removing the major 
source of radiation exposure to the worker. The target 
recess is configured identically to the target originally 
supplied with the cyclotron, a 2 mm deep oval formed 
by elongating a circle of 10 mm radius, 5.1 mm above 

the horizontal center line of the beam. 

Fig. 1 is a diagram, in cross section, of the target 
chamber. The connections for the target water in/out 
and helium overpressure are designed to accept nor
mal 1/4"-28 tpi chromatography fittings. With the 
exception of unanticipated radiation damage 
(embrittlement) to the teflon tube connected at these 
points, no problems in operation of this target since its 
installation in April 1990 have occurred. The tubing is 
changed every six months, avoiding the embrittlement 
problem. 

Table 1 presents yield data fori 14 runs completed with 
this target chamber between May 1990 and Mid-
August 1991 . This includes a number of runs in which 
water enriched to 10% 180 was the target, several runs 
in which difficulties with focusing the beam, several in 
which leaks occurred in valves external to the target or 
in the tubing leading from the target, and several in 
which the beam current was not constant because of 
training of operators during the run. When these runs 
are removed from the data set, 80 runs remain. The 
yield data for these runs is also given in Table 1. As 
expected, elimination of the 34 non-optimal runs from 

BEAM ENTRANCE FOL (TD HELIUM COOLING PLATE (AU 

TARGET WATER RECESS PLATE (Ag) 

COOLING WATER PLATE (BRASS; 
He IN HA OUT 
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2 ^ 0 1 H2Q OUT H20 

BEAM ENTRANCE FOL CTS 

GET WATER REC 'SS PLATE (Ag) 

COOUNG WATER PLATE (BRASS) 

HELIUM OVERPRESSURE 0.4 ATM) 

•TARGET WATER N/OUT 

SECTION THRU HORIZONTAL CENTERLINE SECTION THRU VERTICAL CENTERLINE 

NORTH SHORE UNIV. HOSP./OJMC 

Figure 1:18F Target Chamber Diagram. 
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Table 1: Yield of [iaF]P and [18F]2-FDG obtained with NSUH [18F]P Target Chamber 

Data Yield Average Standard 
Set Parameter Value Deviation 

mCi, EOB 659 198 
114 mCi/uA, EOSB 137 41 
runs mCi [1BF]2-FDG, EOB 305 168 

% yield, 2-FDG 45 23 

mCi, EOB 730 135 
80 mCi/uA EOSB 148 23 
runs mCi [18F]2-FDG, EOB 383 120 

% yield, 2-FDG 52 13 

the data set did little to change the average values, but 
did serve to reduce the standard deviations. 

Protons of about 16.7 MeV energy exit from the target 
entrance window onto the target water, usually en
riched in 1flO to greater than 90%. The proton energy 
value is calculated using published [1} range/energy 
values from measurements of the mass thickness of 
the target foils. The range of 16.7 MeV protons in water 
calculated from data given in a recent publication [2] is 
302 mg/cm2. The Q value forthe reaction 180(p,n)18F is 
-2.437 MeV [3]. Thus the 2 mm deep recess in this 
target is thin with respect to the incoming beam. The 
average yield obtained with this target is 148 mCi/uA 
EOSB (End of a Saturation Bombardment). This com
pares with an interpolated value of 187.5 mCi/pA thick 
target yield calculated from published data [2]. The 
average yield from this target chamber is about 79% of 
the calculated thick target value. 

Some designs for 18F- target chambers seal the target 
recess to foil joint by relying on carefully machined all 

metal seals. The purpose of the all metal seals is to 
eliminate the possibility of contamination of the target 
water with material which may potentially interfere with 
subsequent nucleophilic syntheses. This target dem
onstrates that for [1flF]2-FDG at least, this is unneces
sary, and the easier method of sealing with elastomer 
O-rings may safely be used. 
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Abstract. In an effort to improve the production of 13N for medical imaging applications, new polymer-based 
materials have been evaluated. A series of poly(styrene/divinylbenzene) derivatives were synthesized and then 
pyrolyzed. The resulting carbonized beads have been fully characterized by FT-IR, solid state FT-NMR, SEM, 
TGA and elemental analysis. Preliminary cyclotron studies indicate the production of pure 13N labelled ammonia 
upon irradiation of these resins. 

Introduction 

Proton irradiation of the 13C powder/160 water slurry 
target, the current method for production of 13N labelled 
ammonia, possesses several deficiencies: 1) instabil
ity of the target material upon irradiation, 2) low packing 
density and 3) slight impurities (nitrates/nitrites). The 
focus of this research has been to develop new 13C 
labelled materials that would produce 13N labelled 
ammonia and obviate the present problems. New 
polymer-based materials composed of poly(styrene/ 
divinylbenzene) derivatives were synthesized and then 
pyrolyzed to yield spherical, microscopic, carbonized 
beads with thermosetting properties (see Fig. 1). It was 
felt that beads of 3-5 pm would not deteriorate upon 
irradiation and, therefore, would avoid the problem 
associated with blockage of the stainless steel frits 
used to contain the slurry material. These beads are of 
a diameter that approaches the recoil range of the 
nascent recoiling 13N atom from the 13C(p,n)13N reac
tion. It was also felt that glassy carbon beads would 
possess a higher packing density to allow for a larger 
fraction of 13C in the proton beam strike. This would 
take advantage of the higher 13N yields obtained from 
the 13C(p,n)13N reaction. Finally, it was felt that high 
yields of 13N in the form of ammonia (with insignificant, 
if any, amounts of nitrates/nitrites) could be obtained 
with this target. The derivatives synthesized in these 
pilot studies have all been prepared using isotopically 
normal carbon reagents due to the high costs of 
corresponding 13C reagents [1]. 

Schematic 

The preparation of poly(styrene/divinylbenzene) de
rivatives [2] is outlined in Fig. 1. 

Results and Discussion 

The suspension polymerization method provided 
poly(styrene/divinylbenzene) beads in quantitative 
yields. The beads were then subjected to pyrolysis. 
Microscopic size, spherical shape and high overall 
yield (synthesis and pyrolysis) are desirable properties 
of eventual target materials. The pyrolysis results for 
several poly(styrene/divinylbenzene) derivatives are 
shown in Table 1. 

The resins were fully characterized by FT-IR, solid-
state 13C FT-NMR, SEM, TGA and elemental analysis. 

Four of the functionalized derivatives produced beads 
which appeared suitable for the eventual use in cyclo-
Iron targets for the production of 13N labelled ammonia. 
These resins were studied at UCLA using a CS-22 
cyclotron. The preliminary cyclotron results are pre
sented in Table 2. 

Table 1: Pyrolysis of PS/DVB Derivatives [12] 

* 
* 
* 
* 

Derivative 

H 
Br 
CI 
C02CH3 
S03H 
CH2C1 
CH2S03H 
NQ2 

% Yield Carbon 

7.4 
20.6 
14.0 
17.7 
91.9 
43.0 
54.5 
68.4 

* retained bead-like shape after pyrolysis 
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to 
X 

X = H, Br, CI, C02Crij. S03H. N02, CH2CI, CH2S03H 

1. Polymerization of Monomers 

Bz,0, 

X = H. Br. CI 

These monomers are commercially available. 

Monomer, -COaCHj . was not commercially available and, iheielore was synthesized via the 

lollowing schema^*?: 

NOS pnjP 

oij02 

CO:H COjH COjH 

MCOM 

NaOH 

l .COj 

•) °Vj 

CO,H / I I ^ 

"0 

ma 

COJCHJ CO,CH, 

2. Functbnalizalion of Polymers 8-<' 

X = SOjH. CHjCI. CH2S0jH. N02 

Figure 7; Preparation of Poly(Styrene/Divinylbenzene) Derivatives [2]. 
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Figure 2: Analyses of the -S03H Derivative in the Resin by FT-IR, TGA, Elemental Analysis, SEM and Solid 
StateC-13FT-NMR. 
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Table 2: Deuteron Irradiation Experiments on 12C [12] 

Sample 

CH2C1 
CH2C1 
CH2C1 
CHjSOsH 
S03H 
•SO3H 
SO3H 
N02 
•N02 
N02 
*CH2S03H 
CHzSOsH 

Size(|im) 

1.3-19.4 
1.3-19.4 
1.3-19.4 
25.8-116 
25.0-64.0 
25.0-64.0 
25.0-64.0 
43.0-291 
43.0-291 
43.0-291 
25.8-116 
25.8-116 

Packing 
Density 
(g/cc) 

0.52 
0.52 
0.52 
0.71 
0.42 
0.42 
0.42 
0.27 
0.27 
0.27 
0.50 
0.50 

Target 
Foilt 
(mil) 

ITi 
ITT 
ITi 
ITi 

2 x l / 2 A 
2 x l / 2 A 
2x1/2 A 
2 x l / 2 A 
2x1/2 A 
2x1/2 A 

1H 
1H 

ED+(MeV) 
(on target) 

6.5 
6.5 
6.5 
6.5 
6.3 
6.3 
6.3 
6.3 
6.3 
6.3 
6.3 
6.3 

Irradiation 
Conditions 
(uA x min.) 

5x10 
5x10 
10x10 
5x10 
5x10 
5x10 
5x10 
5x10 
5x10 
5x10 
5x10 
5x10 

»N EOB 
(mCi) 

1.5-2.0 

2.0 

2.0 

Sat. 
Yield 

(mCi/nA) 

O6.-O.8 

0.8 

0.8 

Experiments for saturation yield determinations; remaining experiments were for 
determination of sample composition. 

A = Arnavar, H = Havar 

F-l7from 1 60(d.n) 

N-13from12C(d.n) 

Time after EOB(mln) 

Figure 3: Decay-Curve Analysis 

Conclusion 

Preliminary cyclotron experiments confirm the produc
tion of pure 13N labelled ammonia upon irradiation of 
the 12C resins w'rthdeuterons. The 13N (EOB) yields are 
in accordance with those expected for particles of 
these sizes. Eventually, smaller beads will be synthe
sized from 13C labelled reagents with the aid of higher 
speed stirrers [1]. Bombardment of these materials 
with protons should generate 13N labelled ammonia for 
use in PET. 

1 L 

6 mm = 50 u.m 

Figure 4: Polymer Beads after Irradiation with Deuter
ons 
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Figure 5: Radio-HPLC Ion Chromatography 
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Irradiation of Water to Improve the Specific Activity of Oxygen-15 
Produced from Oxygen-16 

J. M. Link, K. A. Krohnand J. H. Courter 
University of Washington 

Seattle, WA.U.S.A. 

Introduction 

We are developing a target for production of 1S0 using 
an 8 MeV 3He~ RFQ accelerator. The RFQ will deliver 
300 uAe (average electrical) of beam. There are two 
reactions which can be used to produce 150 (see Table 
1). 

The reaction on 160 gives the highest yield of 1S0, which 
has been verified in our laboratory. However, the 14N 
target could also make enough 150 to be useful for 
clinicalPET. The yieldfroman160 target willdependon 
the chemical form in the target (Fig. 1). The most 1S0 
will be produced from oxygen gas, water is second and 
inorganic oxides follow far behind. Water gives only 
73% of the yield of an 02 target, yet that yield is 
adequate for clinical PET, and the overall advantages 
of water outweigh the lower yield: 

• Water can be used to produce 02, C02 and CO, as 
well as to deliver reactive P via 160(3He,p)18F. 

• Water in a flow-through system can effectively 
remove heat from the target and window. This is 
important because of the high current and dE/dx of 
the RFQ. 

• Hot atom chemistry of aqueous solutions can be 
used to direct the chemistry of the radionuclides 
produced during irradiation. 

Gaseous targets are an option, although they are less 
attractive because the high current of the RFQ will 
cause significant taiget thinning and decreased yield 
or will require high pressure to compensate. High 
pressure as well as less efficient heat transferf rom the 
foil to the gas restrict the target window size and will be 
difficult to meet without a thickness that decreases the 
3Heto<7.0MeV. 

While production of 1S0 from 160 will yield sufficient 1S0 
for clinical PET needs, the product has a low specific 
activity, < 0.3 Ci/mol at EOB in a 30 ml flow-through 

Figure 1: Calculated Thick Target Yields for 1sO from 
Different Targets 
(Yield is mCi EOB at saturation for 300 \iAe of3 He) 

target. This is not a problem for [1S0]02 or [1S0]H20, but 
a 50 mCi dose of [1sO]CO would contain about 2.51 of 
CO (0.1 moles) at 2 min EOB and would exceed the 
threshold of 10% blood carboxyhemoglobin saturation 
for CO poisoning symptoms [4]. 

One option for CO is to make [11C ]CO by production of 
11C from boron, but this would require a target just for 
[11C]CO, and is not our recommendation. 

Hot Atom Chemistry to Improve 1sO Specific 
Activity 

This approach has already been examined with other 
types of radiation. WELCH [5] and PILTINGSRUD [6] 
have improved the specific activity of r sOP2 from 
water targets using high current electron accelerators 
toproducebremsstrahlung:160(y,n)150. WELCH found 
up to half of the 150 in the form of O^ which could be 
released by boiling the target water [5]. Our hypothesis 
was that irradiation of H20 with a beam of high current 
H+ or 3He~ would produce [1S0]02 separable from the 
H20 of the target and with a specific activity acceptable 

Table 1. Saturation Yields at EOB for8MeV3He * 

!50 
Reaction 

160(3He,4He) 
14N(3He,d) 

mQ 
970 
650 

Reaction 
160(3He,p) 

18p 
mCi 
1200 

for 2 hr bombardment 

'Yields are calculated from our measurements, plus Refs. [1-3]. 
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for[150]COadministrationto patients. Infactthe higher 
dE/dx particles make more dense radiation tracks that 
might lead to even higher yields of [150]02 versus 
['50]H20. 

Our prototype target is illustrated in Fig.2 and includes 
an AI flow-through chamber. For H* tests, the target 
front had a 2 cm dia. x 0.4 cm thick AI window for 
degrading H*to ~ 35 MeV, and a back chambers cm 
dia. and variable from 6 to 12 cm deep for different 
experiments. Teflon pumps recirculated water at 0.1 to 
2 l/min to the target and then to a 2 I stainless steel 
reservoir with gas sparging. The pumps kept the target 
pressure at 1-2 atm. The target water entered and 
exited at the back of the chamber and cooled the 
window. The target system allowed us to deposit 
significant amounts of power in the water; up to 60 uA 
x 35 MeV = 2100 W. This power deposition exceeds 
what we will have with the RFQ (1200 W), although the 
H* deposits its energy over a longer track and involves 
a much larger volume of recirculating water, 11 vs. 50 
ml. The H* target at 62 uA corresponds to ~ 0.1 eW 
molecule. 

B E A M TARGET 

CURRENT 
READOUT 

wrrwpn KII 
H20 

J (He,02,N2) 

m 

PUMP 

GAS OUT 
(mCHnGAS 

AND G.C.) 

i t S.S. 
RESERVOIR 

Figure 2: Water Target System for Protons 

The target for 3He~ irradiations was smaller: 2.5 cm 
dia. x 4 mm deep. It had a 1 inch dia. front window of 
0.5 mil Havar which degraded 10.9 MeV 3He~ to 8.0 
MeV. The internal water volume was ~ 2 ml. 

Gases produced in the target were sparged from the 
water in the reservoir. Water and COa were trapped 
with N&,S04 and ascar'rte, respectively, and the re
maining gas was collected in a bag for radioactivity 
measurement and GC analysis. Water was sampled 
by a syringe pump at the outflow of the target and 
counted before and after boiling to assay for activity of 
dissolved gases. All samples and traps were assayed 
for radioactivity over time and analyzed by nonlinear 
regression to determine the mCi of each radionuclide. 

bubbled through the water reservoir prior to bombard
ment to saturate the liquid. The target was irradiated for 
2-4 min. and the water temperature was monitored as 
it exited the target. Gas was collected from beginning 
of bombardment to 5.5 min EOB. Current was varied 
between 20 - 62 uA for H* and 0.5 - 2.5 uA electrical for 
3He~. 

H202 In the Water. In a second set of experiments, the 
target and reservoir were filled with 0.2 to 21 of water 
with 0-6 % hydrogen peroxide and irradiated for 2 min 
with He as the sparging gas. The purpose of these 
experiments was to introduce H202 into the target 
water as a source of radiolytic 02 that would react with 
the nucleogenic 150 and give [150]02. This target has 
been used in tests with protons as well as with 3He. 

Results of the Hot Atom Chemistry Experiments 

In the proton experiments, the amount of 150 produced 
in the water was consistent with a thick target and was 
a linear function of current, with 220 ± 50 mCi/uA in 2 
min. Essentially all of the 150 was recoverable from the 
target. The fraction of 150 recovered as 02 was a 
function of the percentage 0 2 in the sweep gas. For 
100% 0 2 sweep gas, the [150]02 yield was 14±3 mCi/ 
uA or 6.3% of the 150 produced. For 2% 02 sweep gas, 
the [150]02 recovered was 2.5 ± 0.7 mCi/uA or 1% of 
the 150 produced. For 0.1% 0 2 and for He and N2 the 
[150]02 recovered was 1.8 ± 0.6 mCi/uA or 0.8% of the 
150 produced. 

1000 

800 

GOO 

mCi 

400 

200 

100* OS 
2X03 

S>.1%02 

Current on target (uA) 

Figure 3: Yield ofPsO]Oz as a Function of Current and 
Sparging Gas. 

In experiments where no H202 was added to the target 
water, boiling the irradiated water caused no loss of 
activity, confirming that we had removed all of the 
gaseous 150. The pH of the water from the target was 
neutral and the peroxide level in the target water was 
< 0.02 % before and after irradiation. 

When water containing added H202was irradiated, the 
recovery of [150]02 increased significantly (Fig. 4). The 
fraction of 150 which was recovered as [150]02 in
creased with the amount of H202 which was added, but 

Gases In Water. For each set of experiments either the specific activity of the [150]02 decreased. The 
He, N-, 0.1% 0„ 2% O,, 10% O or 100% Oawas concentration of H O in solution decreased during 
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each irradiation in proportion to the mass of radiolytic 
O., produced. All of the 150 released from the water was 
shown by GC to be [150]02. No radioactivity in any 
experiments was in the form of f sO]C02 or [1sO]CO. 

3000 

in 

Ö 
-2000 o 

< 
1000 u 

a. 

T " - i " T r r w f j * — ^ " " i " T ^ m * | - - ^ i — r t - i 

1 10 100 1000 10000 

Hydrogen Peroxide Concentration 
o — % or 0-15 Activity as Oxygen 

• Specific Activity of [0-15] 

Figure 4: Yield of rsO]Oe and Specific Activity (Ci/ 
mmol) Depends on H2Oz Added to Target HzO 

Experiments with low current 7 MeV3He**(~ 2 uA is all 
that is available from the NT-50 cyclotron) on the flow-
through water target produced 1.94 mCi/uA at satura
tion EOB for a thick target. This is < 1% of the (p,pn) 
yield. H202 added to the flow-through target increased 
[150]O2 production: 

Table 2: Yieldof?sO]Oz 

H202(mg/l) 

9 
17 

1200 

at3He** Irradiation 

[150]02 (%) 

1.8 
5.2 

8.5,8.2 

These H2Oz results are consistent with those at low 
current with the proton beam. We are currently prepar
ing to extend these measurements with 3He++ at higher 
beam currents to confirm that our proton results are 
applicable to the high current 3He*+ beam. 

Conclusions 
Experiments with the 1H* beam show that we can 
recover 1sO from the water target in two forms: [150]H20 
or[1sO]02. With deoxygenated waterthe yield of F50]02 

is low because radiolysis provides insufficient 02. 
Addition of carrier 0 2 increased the recovery of [150]02 

to a level which is acceptable for inhalation studies, but 
its specific activity was too lowforuse of [150]CO. With 
a He sparge and 6 min of beam, we estimate ~ 10 mCi 

of [ ,50]02 (EOB) could be recovered and used to 
produce 2 mCi of f50]CO with a specific activity of 
> 500 Ci/mol. This is too little activity for a [1sO]CO 
human imaging study. 

Irradiation of water containing H202 greatly increased 
the yield of P50]02, but simultaneously decreased the 
specific activity. From1 H*studies, 100 mg/l H202 should 
yield 600 mCi of [ ,50]02 with a specific activity of - 200 
Ci/mol at EOB. For the RFQ this extrapolates to 100 
mCi of [150]02 or 25 mCi of [150]CO at 2 min EOB with 
0.1 mmol (2.2 ml) CO after a 12 min irradiation, 7 MeV 
x 300 IJA, with a 40 ml target. This is a minimally 
sufficient quantity and specific activity for patient 
imaging. We expectto improve specific activity further. 
For example, the scatter in the H202 figure correlated 
with temperature of the water; increasing temperature 
may increase yield and specific activity. 

All of the high current experiments used protons. This 
model system should predict results with 3He*+ on 
water, with two exceptions. The yield will be much 
lower and is known from the thick target yields meas
ured at the TvdG. Second, it is likely that the yields from 
radiation chemistry and hot atom chemistry may be 
different because of the higher dE/dx of 'He** com
pared with 1H*. If there is a difference, we expect that 
'He** would give more [150]02 and our specific activity 
should be better than with protons. 
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Irradiation of Thin Targets of Elemental Carbon to Improve the Specific 
Activity of Carbon-11 Produced from Carbon-12 

ü.M. Link, K.A. KrohnandW.G. Weitkamp 
University of Washington 

Seattle, WA, U.S.A. 

Table 1: Saturation Yields at EOB for 8 MeV3He * 

H C 
Reaction mQ 

13N 

Reaction mQ 
12C(3He,4He) 

1 0 , l l B ( 3 H e d / t ) 

9Be(3He,n) 

2600 
950 

<1000 

12C(3He,pn) 
nB(3He,n) 

14N(3He,4He) 

280 

53 

240 

•Yields are calculated from our measurements, plus Refs.[1-3]. 

Introduction 

We are developing target systems for production of11C 
for PET using an 8 MeV 3He RFQ accelerator. The 
RFQ will deliver 300 uA, (average electrical) of 8 MeV 
^e* * . In Table 1, several nuclear reactions are listed 
which can be used to produce 11C; they all produce 13N 
as well. 

The (3He,4He) reaction yieldsbyfar the most 11C. Thus, 
we should irradiate stable carbon to make 11C, but the 
resulting specific activity would be very low, < 0.3 Ci/ 
mmol. This would severely limit the clinical usefulness 
of the 11C compounds produced, and has prompted us 
to develop ways to improve its specific activity. Our 
goal is to produce radiocompounds in the target which 
are chemically separable from and have higher spe
cific activity than the target material. 
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Figure 1. Some Practical Target Materials and Calcu
lated Yields for Production of " C from 12C. 
(Yields are mCi EOB at saturation for300\iAe of3Her) 

The reduction in yield with more complex target mol
ecules is predicted by their composition and electronic 
stopping power. Clearly the gaseous carbon targets, 
which are potentially attractive from a hot atom chem
istry perspective, cost too much in yield to be viable 
production targets. Solid carbon targets must be devel
oped. 

Prediction of Recoil Loss 

Calculations based on a simple model of the kinemat
ics of the nuclear reaction and electronic stopping of 
recoil 11C in elemental 12C (lines below) suggest that as 
much as 90% of the recoiling 11C escapes from thin 
(100 u.g/cm2) 12C foils. This loss decreases as the 
thickness of the foil increases, due to stopping of "C in 
the foil. We have tested this prediction by irradiating 
different thickness of carbon foils, both with and with
out thin silver wrapping, to measure the loss of recoil 
11C. Our results are shown as solid data symbols on the 
graph in Fig. 2 and agree qualitatively with the model 
calculations. 

Based on these results, we anticipate that we can take 
advantage of the kinematics and electronic stopping of 
the product 11C. The nucleogenic „hot atom" will form 
product radiocompounds in the target that are chemi
cally separable from and have higher specific activity 
than the target material. 

We are applying this principle to a 1ZC target for 
improved specific activity of 11C made with 3He. A thick 
target will require many thin foils, to achieve a total of 
7 mg/cmz of carbon. We irradiate assemblies of thin 
foils of elemental carbon containing a trace atmos
phere of N2 and/or 02 , and obtain [11C]C02, while 
leaving tho majority of the 12C carrier in the foil. 

In our pilot target development, we are investigating 
the production, chemical composition, and specific 
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Figure 2: Fraction of Activity Remaining in Foil 

activity of 11C produced in a multi-foil target. The target 
is loaded with varying numbers of thin carbon foils of 
differing weights, diameters, and separation between 
foils. Different gases can be in contact with the foils 
during irradiation. In some initial experimentsthe gases 
and foils were followed overtime for radioactivity, using 
either an ionization chamber or a Nal(TI) y-spec-
trometer. Samples of the gas were also analyzed by 
gas liquid chromatography (CTR1 column, ALLTECH 
Associates) with TCD and radiation detectors to deter
mine chemical form and specific activity of the product 
11C. 

Results 

When carbon foils were irradiated at different dis
tances of separation with 2 atm of 0.1% 0 2 in helium, 
the percentage of 11C remaining in the foil decreased 

with the distance between foils. 

In these experiments > 99% of the volatile activity was 
[11C]C02, with a detectable trace of [11C]CO. The 
[11C]C02 specific activity was about 100-fold higher 
than was found in the solid carbon. 

In another series of pilot experiments, the same target 
contained 4 carbon foils (600 u.g/cm* each) positioned 
15 mm apart. It was then filled with a gas to investigate 
trapping of the recoil 11C in a form suitable for further 
radiochemical synthesis. 

The more dilute 02 is adequate to extract the recoil 11C 
as C02. The target needs to be optimized in terms of 
geometric variables, gas composition, and gas pres
sure. 

Table 2:11C Remaining in Foils 

Target: 
# of foils and thickness 

1 C foil of 1 mm thick 
8 ea 600 u.g/cm2 of C + Ag catcher 

4 ea 600 ug/cm2 of C + Ag catcher 

2 ea 600 u.g/cm2 of C + Ag catcher 

Separation between foils 

Omm 

9mm 

15 mm 

35 mm 

Percentage 
of n C remaining in foil 

99% 

71% 

61% 

47% 
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Table 3:"C Recovered in the Gas Phase. 

Gas Composition 

0.1% 0 2 in He 
0.1% 0 2 in He 
2% O2 in He 

He 

Gas Pressure 

2atm 
1.2 atm 
2atm 
2 atm 

Percentage of n C recovered 
in the gas phase 

46% 
24% 
49% 
34% 

Conclusions 

This approach for enriching the specific activity of 11C 
appears promising. It combines use of the physics of 
the nuclear process to separate the 11C atoms from the 
bulk 12C, and the chemistry of energetic atomic11C that 
is moderated by He and reacts with 0 2 to allow us to 
extract 11C in a form useful for further radiochemical 
synthesis. 
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Introduction 

The objective of our current investigations is to find an 
appropriate way of producing at least 30 mCi of 
[13N]ammonia directly in target, using the 12C(d,n)13N 
reaction at about 3 MeV. Recent cross section data 
(see Fig. 1) suggests the yield to be sufficient. 

Among various possible methods, the two following 
are examined: 
• a natural carbon-water „slurry" target [1], derived 

from the [13C]water slurry concept developed by G. 
BIDAefa/. (1986), 

• a nalCH4gas target [2], operated at various tempera
tures with and without addition of water vapor. 
Activity continuously trapped in water. 

„Slurry" Target (Natural Carbon Powder Eluted 
with Water) 

The target holder used forthe experiments consists of 
awatercooledcopperbodywitha 10 mm diameter, 0.8 
mm deep irradiation volume. In and out ports have frits 
to hold the carbon powder in place when water is 
pushed across the powder. The carbon is loaded from 
the frontside before placing the window and can be 

used for many runs. Due to the low beam energy, thin 
windows are used: 4.5 u.m Havar on the target side, 
and 7.5 urn Ti on the vacuum side. During operation, 
water is pushed across the carbon with a flow of 0.2 ml/ 
min. This requires about 3.5 bar. The range of the 
deuterons in the carbon-water mixture is about 0.1 
mm. This means that no water void can be tolerated 
between the window and the carbon grains. The He 
cooling loop is therefore pressurized at 4.5 bars, a 
slightly higher pressure than the water eluting the 
carbon bed, so the window is always pressing against 
the carbon (see Fig. 2, experimental set-up). The 3.8 
MeV beam (produced by a Van de Graaff accelerator) 
enters the target material at 2.85 MeV. Activity is 
recovered in the water at the output of the target. 
Currents of 1.5 to 5.5 uA were applied without damage 
on 0.7 sq cm. 

Four carbon powder samples of different granulometry 
were tested for best 13N extraction yield (these powders 
have been designed for gas chromatography column 
packings). The properties and results are listed in 
Table 1 and Fig. 3. The amount of activity recovered 
was reproducibly dependent on the type of carbon 
(Table 1) and on the beam current (Fig. 8). 
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Figure 2: Experimental Set-up of the "Slurry" Target. 

Table 1: Extraction Efficiencies from Different Powders. 

Grain 

Size 

range 

(microns) 

4 to 10 

38 to 100 

100 to 150 

40 to 250 

38 to 100 

structure 

G=graphite 

A=amorphous 

G 

G 

G 

A 

G 

Bulk 

density 

(qr/cm3) 

0.14 

0.46 

0.44 

0.37 

0.46 

C fraction in 

the C+water 

mixture 

(%) 

54% 

53% 

43% 

54% 

Beam 

current 

(uA) 

1.5 

1.5 

1.5 

1.5 

5.5 

Extracted 

saturation 

yield 

(mCi/uA) 

0.229 

0.633 

0.518 

0.292 

1.066 

Extracted sat. 

yield corrected 

for 100 % C 

(mCi/uA) 

-

1.17 

0.98 

0.68 

1.97 

Extraction 

efficiency 

corrected to 

100%C 

-

13.3 % 

11.1 % 

7.7 % 

22.4 % 

Practical 

extraction 

efficiency 

(%) 

2.6 % 

7.2 % 

5.9 % 

3.3 % 

12,10% 

The difference cannot be explained only by the carbon 
to water fraction as can be seen in the column „ex
tracted yield corrected". The internal structure of the 
grains (whose sizes are about the same as the particle 
range!) and the diffusion within the grains are expected 
to play an important role. Thin cuts were made through 
the various dimensions of grains and examined through 
an optical microscope (see Figs. 4 to 7). At this scale, 

significant differences between powder samples start 
showing up. 

The typical visible dimension inside the 
38-100 grains is 1.3 urn. 

100-150 grains is 0.6 um. 
40 - 250 grains is 0.6 urn. 
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Figure 8: Extracted yield versus beam current (and 
consequently temperature). 

It seemed that most of the 4 -10 grains had no visible 
internal structure. Only a few of the biggest ones had. 
The „38 -100" powder, which produced the best yields, 
appears definitely different from the „100 -150" and the 
„40 - 250". The typical internal dimensions of the voids 
are twice larger. 

The time of diffusion across the grains must be short 
compared to the half lifetime of 13N. It is expected to 
increase with grain dimension and with smaller internal 
structure. 

The internal structure is also expected to have another 
effect. The carbon-water mixture can be thought of as 
a stack of carbon and water layers each having some 
given thickness. When a 13N nucleus occurs in the 
carbon layer with some given recoil energy, 'rt will travel 
some distance and either stop in carbon, or in water. 
The carbon layers should be thin enough for most 13N 
nuclei to reach the water. The water layer should be 
thick enough to stop most of the nuclei and thin enough 
so as not to degrade uselessly the deuterons energy. 

Of course, the recoil energy has a wide distribution and 
the stopping powers at low energy are difficult to 
define. The water and carbon thicknesses also have 
their dimensional distributions, on which the speed of 
diffusion also depends. An accurate theoretical app
roach, if possible, would be tedious. 

This short description of whatwe imagine is happening 
helps understand why the grain structure is important. 
We are trying to determine experimentally what the 
ideal C powder should be by comparing the different 
powders available at different beam current densities: 
• Grains should be large enough to allow a sufficient 

water flow in between them. 
• Grains must be small enough to reduce diffusion 

time across them. 
• Their internal structure must be an adequate trade 

off between diffusion speed and optimal "N recoil 
geometry. 

• The temperature mustbe high enough, below water 
boiling point at operating pressure, to enhance 
diffusion. 

The practical 13N extraction efficiency obtained in the 
best conditions (last column in Table 1) are encourag
ing when compared to those obtained in a similar way 
from the proton bombardment of amorphous 13C at 11 
MeV and for which the practical extraction efficiency is 
about 14% (20 mCi/nA extracted, 140 mCi/uA pro
duced in pure 13C). 

We can already conclude that 30 mCi of aqueous 13N 
activity can be produced and extracted during a 10 min 
bombardment w*rth 60 uA, 2.85 MeV deuterons enter
ing an appropriate carbon powder eluted with water 
and sustaining a beam power density of at least 20 W/ 
cm2. 

Until now, we have not yet focused on product distribu
tion, nor have we had the time to estimate the lifetime 
of the target material and the optimal beam power 
density. The mechanical reliability of such a system is 
probably the main question to be answered. 

Natural Methane Gas Target 

The gas target body is made of aluminum and has 
heating elements which make it possible to set the 
temperature at any value between room temperature 
and 180°C. It was adapted to a standard He cooled 
window holder of IBA. Two inlet ports feed a constant 
flow of methane at 1 cnf/s and optionally, of water at 
1 ul/s, i.e. about the same mass flows. The outlet port 
is fitted with a 1 bar (15 psi) rated check valve. Target 
and windows (7.5 Ti and 4.5 Havar) are He cooled. The 
irradiation volume is 18 cm3 and 10 cm long. The gas 
recovered at the output bubbles in 10 ml of water 
(experimental set-up, Fig. 9). The activity collected 
was analyzed by radio-HPLC (cation resin column 
Vydac type 400 IC 405,2mMol nitric acid, 4 ml/min). 

The experimental results are summarized in Fig. 10 
and HPLC plots on Fig. 11. 

Summary of results and observations: 
• The extracted activity saturation yields range from 

0.6 to 2 mCi/uA 
• The activity is fully trapped in the water. 
• The only or main 13N compound in the product 

distribution has exactly the retention time of ammo
nia. 

• The yield generally increases with temperature. 
• The yield decreases from run to run, due to forma

tion of tar on the window (and nowhere else). A 
heavy layer of tarcan be peeled off the window after 
a few hours of bombardment. 

• At 125°C and below, the yield decreases when 
water is added. 

• Above 140°C, the yield increases when water is 
added, but another unidentified peak appears on 
the HPLC. Nitrogen oxides? 

• The water, although perfectly clear, has an un
pleasant smell after irradiation. 
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Figure 9: Experimental Set-Up of the Natural Methane Gas Target. 
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Figure 11: Radio-HPLC Plot of the Irradiated Natural Methane Target Gas. 

The preliminary conclusion is that the main obstacle is 
the polymerisation of methane (as was expected from 
earlier experiments). Is there any way of preventing tar 
accumulation on the window and of separating the 
ammonia from the many inactive by-products of irradi
ated methane dissolved in the water? If this problem 
could be solved, 30 mCi EOB of [13N]ammonia could be 
produced after a 10 min bombardment with less than 

40 \iA of 3.8 MeV (beam energy) deuterons, and easily 
transferred at a fair distance in the gas phase. 

Acknowledgment. We express our gratitude to B. 
Wl ELAND for his valuable advice and for the supply of 
an adequate target ho«der and of the carbon samples 
for the investigations of the "slurry" target. 
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Oxygen-15 and Fluorine-18 Thick Target Yield by Helium-3 
Bombardment of Natural Water Between 7 and 12 MeV 

J.-L. Morelle 
Ion Beam Applications, S.A. 
Louvain-la-Neuve, Belgium 

K. Strijckmans and P. Goethals 
Universiteit Gent 
Gent, Belgium 

A set of measurements was performed at the cyclotron 
in Gent to measure the thick target yield of the 
160(3He,a)150 reaction, for which no published data 
were found, and to verify the thick target yield of 18F via 
the 160(3He,p)18F and 160(3He,n)18Ne -> 18F reactions. 

The target holder was made of silver, the volume was 
1.7 ml and the depth was many times the particle 
range. The body was water cooled and the window foils 
were He cooled. The foil materialon the target side was 
Havar. A polarized ring at -250 V between the collima
tor and the target prevented secondary electrons. The 
current was measured with an integrator. All the irra
diations lasted 5 min and the beam current was about 
250 n A ^ ^ . All the activity was recovered out of the 
target by rinsing it after dispensing the irradiated load. 
Each measurement was repeated 4 times. The decay 
curve was measured during approximately 2 hours for 
each sample using a dose calibrator. 

Preliminary results are shown in Fig. 1. 

Yield (mCi/uA) 

8 8 W 11 

Energy (MeV) 
13 

Figure 1: Thick Target Yield of 1S0 and 18Fat satura
tion as a function of the 3He energy. 
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Oxygen-15 Production with a 3.5 MeV Deuteron Cyclotron 

Jean-Luc Morelle 
Ion Beam Applications, S.A. 
Louvain-la-Neuve, Belgium 

The Cyclotron CYCLONE-3D provides an approx. 3.6 
MeV beam, up to 70 nA on target. 

The 1sO is produced by the 14N(d,n)150 reaction, on 
natural nitrogen gas. The chemical species in which 
the activity occurs, is 02 if 02 carrier is added (0.5 to 
1%), C02 if C02 carrier gas is added (approx. 2%). 

The irradiation chamber is 55 mm deep, and the 
incident beam is collimated to 100 by 6 mm. The gas 
is isolated from the cyclotron vacuum by a 7.5 u.m 
titanium window, in which the beam loses about 0.35 
MeV. The energy loss in the window generates heat 
(about 25 W), which is removed by blowing the target 
gas on the window. The deuteron entrance energy in 
the gas is thus about 3.15 MeV. 

The target and gas loop volumes (see description) 
totalize about 150 ml. The pressure in the system is 1.9 
bars absolute (above vacuum). 

The quantity of gas in the whole system, at any time, is 
1.9x150ml = 285mlCTP. 

The activity is released out of the target loop at a rate 
of 500 m^p/min. The average time spent by the gas in 
the loop is thus 34 seconds, and since an 150 isotope 
may occur at any time within these 34 seconds, one 
may assume that it will have spent 17 seconds on the 
average, before exiting the target loop. An extra 17 
seconds are necessary to flow through 80 m of 1/6" 
tubing. 

6 mm OD, 4 mm ID 
SLSL tubing Target 

Compressor 

3,5 MeV. 70 (lA 
Deuteron beam 

P 

) ml/min 

?^><W^} 
© 

Needle 
Valve Flowmeter 

0 - 8 0 0 ml/min 
and pressure gage 

XI IXI IXI ^ > Pressure regulators 
with gage-1 -+1,5 bars 

To the lab 
(-500 ml/min) 

Gas supplies: 

He or A r / 5 - 10 bars 

N2 + CCh carrier / 5 - 10 bars 

N2 + Cte carrier / 5 - 10 bars 

Figure 1: Flow Diagram of the 1sO Production 
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Figure 2: General Assembly of the ,50 Target for CYCLONE-3D. 

The output ol the system, including the 80 m transfer 
lines, was measured to be about 1.4 mCi/min x uA At 
70 LLA on target, the production is about 100 mCi/min. 

This leads us to a practical production rate in target ol: 

rale 
expfln 2 [(17+17)S/122S]} x 1.4 mCi/uAmin 

= 1.7 mCi'uAmin 

The practical saturation yield is related to the instanta
neous production rate: 

A», = [T1«/ln2]Pra]8 

= 2.93x1.7 

= approx. 5 mCi/uA 

'Cffing »2.4 

VACUUM SIDE 

2 "CTrings »2.4 

Windouf 
Foil 4 lo B p. 

523! 

14 x DIN 912 U4 x 12 

TARGET SIDE 

Figure 3: Window Holder Sub-Assembly (Section 
Through The Window Frame) 
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Figure 4: Window Replacement. 

Figure 5: Close-up on the Window Frame (View from the Target Gas Side). 
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On the Production of Bromine-75 and Brornine-77from 
Enriched Krypton 

F. Helus and S. Zeisler 
Institut für Radiologie und Pathophysiologie 

Deutsches Krebsforschungszentrum 
6900 Heidelberg, Germany 

The radionuclides 75Br and "Br have been studied and 
evaluated forpossible medical applications since 1977 
[1]. Halogens have been shown to be useful for label
ling biomolecules for positron emission tomography 
(PET) or for single photon emission tomography 
(SPECT). 75Br has convenient characteristics for PET 
applications. Several production processes were de
veloped for both bromine nuclides. They proceed mainly 
from arsenicorenriched selenium anddemandchemi
cal or thermochromatographic techniques to separate 
the halogen produced from target material. 

To avoid wet chemical preparation we decided to 
exploit the 78Kr(p,a)7SBr and "K^p.aJ^Br reactions 
using isotopically enriched krypton gas [3]. The reac
tions 7aKr(p,pn)77Kr and 78Kr(p,2n)77Rb yield precursor 
nuclides of "Br. We have investigated the cross-
section curves and yields for these processes as well 
as for the transformations yielding contaminants 76Br 
and "Rb using enriched 7aKr and ^Kr. It was desirable 
to develop a method of separating the radionuclide 
from the expensive matrix on-line while maintaining the 
integrity of reusable target [3]. 

Illustrated in Fig. 1 is a schematic representation of the 
remotely controlled target system employed. 

The target system consists of a small conical nickel 
target chamber (24 ml volume) equipped w'rth pressure 
transducer, thermosensor, heating and cooling de
vices. The target was mounted on the special con
structed flange to prevent loss of expensive target 
material. After bombardment and freezing of the target 
material the produced activity was washed out (95%). 
During this procedure the targetwas heated and finally 
cooled to facilitate rinsing with only a 5 ml of distilled 
water. Experiments were performed on the KfK 
Karlsruhe compact cyclotron with 1 uA beam current 
and an integral proton charge of 326 uA sec. The beam 
monitoring was performed using 65Cu(p,n)6SZn reac
tion. Small tantalum sheets were inserted into a 30 
MeV proton beam to reduce the incident particle ener
gies. An aliquot of each production run was extracted 
immediately after the rinsing for GeLi detection and 
quantitative definition of the short-lived radionuclides. 
The second measurement was performed after 48 h to 
detect long-lived nuclides. 

S»)««nl 

Measurement 
XmuuMnt» 

gv^ 
Figure 1: Scheme of the 7s:77Br Target System Using Enriched Krypton Isotopes as Target Material. 
1 - Expansion Space; 2 - Heating; 3 • Foils; 4 - Cooling; 5 - Traps. 
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Figure 2: Thick Target Yield of ^Br, "Rb and77Kr Using Figure 3: Thick Target Yield of 7677Br andnRb Using 
Enriched ^Kr as Target Material. Enriched ""Kr as Target Material. 

The results of formationof bromine nuclides are shown 
in Fig. 2 and formation of precursor nuclides in Fig. 3, 
respectively. 

As expected, the cross-sections for the 7aKr(p,a)75Br 
and the ""Krlp.cO^Br reactions reach approximately 
120 mbam and 75 mbarn, respectively (Fig. 1). Suit
able activities of 75Br are produced via the 7aKr(p,a)75Br 
reaction. Co-produced "Krcan be easily removed by 
collecting radiobromine on an exchange resin. 

Onthe contrary, 80Kr(p,a)77Bryields only small amounts 
of "Br. Problem arise from the remarkable share of the 
contaminants 76Br and 79Rb. Especially 76Br would 
apply relatively high radiation dose to the patient by 
application. 

To get reasonable quantities of "Br the reactions 
^Krfp.pnPKr and 78Kr(p,2n)wRb are preferred. The 
excitation functions exhibit a maximum cross-section 
of about 1400 mbarn (Fig. 2). 

The method using highly enriched 7aKr permit the 
production of applicable quantities of 75Br and "Br 
without infringing amounts of chemical or isotopic 
contaminants. 
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Design of lodine-123 Production Technology on IAE Cyclotron 

N.I. Venikov, V.B. Gedroytz, V.R. Mikolyuk, V.l. Novikov, A.A. Sebyakin 
and D.A. Smirnov 

I.V. Kurchatov Institute of Atomic Energy 
123182 Moscow, Russia, C.I.S. 

Abstract:The automated target facility for high-pu rity 123l production in proton induced reactions on enriched 124Xe 
is described. The study results of proton beam interactions with the target are reported. 123l is regularly produced 
with activities of about 1 Ci per batch. 

Introduction 

The use of the proton induced reactions on 124Xe is one 
of the most effective methods forthe production of 1 2 3 l . 
This method is being used in a number of laboratories 
[1-3]. 

The technology has been realized in IAE cyclotron 
laboratory too [4]. The automated target facility is 
supposed to be used for relatively short irradiations 
(<4h). 

While designing a gas target, some problems arise 
concerning processes of beam interactions with the 
target: gas target heating and proton beam scattering. 
These processes have been investigated while creat
ing the target. 

Experimental data on both 124Xe(p,2n)1saCs and 
124Xe(p,pn)123Xe reaction cross sections have not been 
published. Therefore, we measured these cross sec
tions and cross sections of proton induced reactions on 
1Z6Xe (the main impurity in highly enriched 124Xe) too. 

Nuclear Data for Xe Target Design 

The cross sections of the 124Xe(p,2n)123Cs and 
124Xe(p,pn)123Xe reactions and the 123l differential yields 
were measured for the proton energy range of 15 - 32 
MeV in the cooperation with N.V. KURENKOV and 
A.B. MALI N IN [5]. 

To continue this work we have measured [6] the cross 
sections of 124Xe(d,3n)123Cs and 124Xe(d,p2n)123Xe re
actions for energy range of 20 - 29 MeV and compared 
two methods of 123l production: (p,x) arid (d,x). 

The measurements of 123l yields and 124Xe(p,x) cross-
sections were performed by two other groups [7, 8]. 
The comparison of the obtained results showed the 
difference between 123l yields in approximately 1.5 
times. The first discussion of this difference has been 
published [9]. But the cross-checking should be conti
nued. 

Radionuclide impurity data are also very important. 
"""'Xe, which 125l is formed from, is the main impurity in 126 

Collimator He Mo foils Target Beamstop 

Water 

Water 0 20 40 60 
I—I I I 

mm 

Figure 1: Xenon Gas Target 
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12*Xe. Therefore, 126Xe(p,2n)125Cs and 126Xe(p,pn)125Xe 
reaction cross sections were measured in the proton 
energy range of 13.0 - 35.5 MeV, and the 125l impurity 
was calculated for different irradiation times and irradi
ated gas decay as in the target, as in the decay vessel. 
The yield of 1 2 3 l , produced in (p,4n), (p,p3n) reactions, 
was partly determined in these experiments too. 

Gas Target 

Target parameters: Choosing of the target thickness 
and the initial proton energy is a forced compromise 
between contradictory conditions. These target pa
rameters were determined as follows [10]. Having 
concerned the IAE cyclotron characteristics and nu
clear data about 123l and radionuclide impurities form
ing, we determined the maximum initial proton energy 
and the target thickness corresponding to the maxi
mum 123l yield and an acceptable level of radionuclide 
impurities. The material of thin foil windows, its thick
ness and attaching were selected based on evalua
tions of foil windows tensile strength, foil rupture ex
periments and literature data analysis. To take into 
account pressure increase during irradiation, initial gas 
pressure was determined to be 2 - 3 times less than 
rupture pressure for a foil window. Then beam multiple 
scattering in the target was calculated, and target 
shape was determined to provide low beam losses. 
Finally the target length was choosen as a compromise 
between target volume and target thickness. 

Thus, initial proton energy after the inlet foil window 
was about 30 MeV, target thickness was 0.95 g/cm2 

(11.8 MeV) with 12*Xe initial pressure of 0.86 MPa. 

The gas target (Fig. 1) is made of aluminium to de
crease the residual radioactivity and has a form of a 
truncated cone 20 cm long with the inlet window 
diameter of 1.5 cm, the aperture angle of 6.5° and 
beamstop diameter of 20 cm. The target has a water 
cooling jacket. The block of foil windows (2 x 50 u.m Mo) 
is cooled by a flow of gaseous He at a temperature of 
20°C with flow rate of about 1 liter per second. 

Xe pressure, MPa 

u.u • 
O & 10 16 to » 

Beam current. uA 

Figure 2: Target pressure vs. 30 MeV proton beam 
current. 
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Target gas heating: Target gas heating was studied 
using natural Xe. 

Gas pressure versus proton beam current (Fig. 2) was 
measured upto 20 uA To evaluate foil windows tensile 
strength, the experimental results were extrapolated 
up to 100 uA proton beam. 

To measure proton energy losses in the target, the 
experiments were performed using thin Cu foil activa
tion method [11]. The measurements were carried out 
at different currents of 30 MeV proton beam. The target 
wasfilled with natural Xe upto 0.86 MPa. Fig. 3 depicts 
an example of the d E ^ - dE8)(p distribution in the plane 
of the target beamstop (in the central 40 x 40 mm 
region) for 20 uA beam. Here dEra)c is proton energy 
loss in the target calculated without taking into account 
gas heating in the target, and dE is experimental 

dEcolc-dEaxpEr. UeV 

Fig. 3: Distribution ofdE^- dEatp value (MeV) in the 
beamstopplane (40 x 40 mm central region) for20\iA 
30 MeV proton beam. dEalc= 11.8 MeV. 

1-123 yield. ptCi/uAh 

40 • 

20 -

10 -

o l 1 — ' 1 1 1 
O O 10 IS 20 20 

Beam current , uA 

Figure 4:123l yield versus 30 Me V beam proton current 
(6.6 h after EOB). Calculated energy loss is 11.8 MeV. 
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energy loss. The region of the least energy loss is 
located above the target axis: the most heated gas 
volume is shifted up due to gas convection. Based on 
experimental results, the proton energy spectra and 
average proton energies were calculated forthe beam 
passed through the gas in the target. 123l yields versus 
proton beam current (Fig. 4) were calculated using 
average proton energies obtained. 

As a function of beam current 123l yield was measured 
in a direct experiment too. After the end of irradiation 
gas probes were taken out of the target, and 123l yield 
was calculated using measured 123Xe activity. 

Thus, one can expect not less than 20 % of 123l yield 
decrement for gas target irradiation with more than 
20 uA beam. 

Proton beam multiple scattering In the target: Space 
distribution of the beam after the scattering was meas
ured by thin Cu foil activation method in a wide range 
of initial Xe pressures. The beam diameter was 13 mm. 
Fig. 5 presents beam distribution in the plane of the 
beamstop for the target without gas and filled with Xe 
at pressure of 0.86 MPa. The normalized beam inten-

-24 

Figure 5: 30 MeV proton beam distribution in the 
beamstop plane. Initial beam diameter is 13 mm: a) 
vacuum; b) P0 = 0.86 MPa. 

~X < 1 r 

X, mm 

Figure 6: Beam distribution along beamstop horizontal 
axis. 

0.B6 MPa 

* • • '—i i l • i • i i i « i i i ! i i t i i 

10 20 
R, mm 

S> 

Figure 7:30 MeV proton beam portion inside preset 
radius. Calculated energy loss is 11.8 MeV. Target 
length is 20 cm. 

sity distribution along horizontal axis, drawn through 
the point of maximum beam intensity is showed too 
(Fig. 6). The calculation of the beam portion inside 
preset radius (Fig. 7) was performed using beam 
distribution, approximated with GAUSS function by the 
least-square method. For this approximation at big 
radii the beam intensity is slightly lower than obtained 
in the experiment, and beam portion is somewhat 
decreased (the decrement is not more than 10 %). 

Thus, for the target being used, beam lossos are 
experimentally found to be not more than 10 %. 

Automated Target Facility 

The automated target facility is designed for relatively 
short irradiations (< 4 h). The irradiated gas is trans
ferred to Ni decay vessel and kept there for 6.6 h. After 
the decay Xe is pumped to the storage vessel, and the 
decay vessel is disconnected from the target facility 
and transported out of the irradiation area. Then in 
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radiochemical laboratory 123l is washed out of the 
decay vessel with weak NaOH solution. The content of 
radionuclide impurities in 123l is extremely low (121Te < 
10-4 %, 125l < 10-^/o). The radiochemical purity is about 
95%. 

The control system of the target facility is based on IBM 
PC/AT computer. The system software is written using 
C language. 

Conclusion 

Since 1988123l is being routinely produced with aver
age activity of 0.8 -1.0 Ci per batch. 

For4-hourirradiationswith 20 nA30 MeV proton beam 
123l yield is about 10 mCi/nAh, while calculated proton 
energy losses being 11.8 MeV (without taking into 
account gas heating). According to excitation fu notions 
of 124Xe(p,x) reactions, the 123l yield should be 18.6 mCi/ 
uAh. Considering losses due to beam scattering (10 %) 
and due to gas heating (20%) the yield should be 13.4 
mCi/uAh. The discrepancy of experimental and calcu
lated yields can be explained by 123l carryover from the 
internal walls of the decay vessel in Xe stream during 
gas pumping to the storage vessel. Experiments showed 
that the shape of the decay vessel, its material and the 
temperature of its walls during the pumping strongly 
influence the value of 123l yield. 

The 123l production experience confirms the correct
ness of the experimental data about physical proc
esses in the gas target. 

Now the experimental study of 124Xe cryopumping is 
being performed to reduce losses of this very expen
sive gas. A new target facility with 123l washout from the 
target is supposed to be designed for higher initial Xe 
pressures and proton beam currents. 
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Comment: Specific Activity of [Fluorine-18]P 

J.M. Koziorowski 
Scanditronix AG 
Uppsala, Sweden 

Thespecificactivityof[18F]F-wasestimatedtobe13Ci/ derivate. This experiment was performed at AZG, 
(imol by means of spectrophotometry measurement Groningen, Netherlands, in April 1991. 
on nucleophilic substitution on a tosylated muscarine 
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Introduction: State of the Art in Automated Syntheses of Short-Lived 
Radiopharmaceuticals 

Jeanne M. Link 
University of Washington 

Seattle, WA, USA 

John C. Clark 
Hammersmith Hospital 

London W12 OHS 
United Kingdom 

Thomas J. Ruth 
UBCVTRIUMF PET Facility 

4004 Wesbrook Mall 
Vancouver, B.C., Canada 

The goal of this session was to discuss automation as 
it currently exists in the field of radionuclide and radio
chemical synthesis. Emphasis was placed on the prob
lems participants have encountered in implementation 
of automation. Group participation was encouraged 
both to define the problems which require solutions 
and to present alternative solutions to those problems. 
In order to focus these efforts, the session began with 
a presentation of varying philosophies regarding argu
ments for and against automation. The session then 
worked through specific areas of radionuclide produc
tion and synthesis which are worth automating. These 
included target filling, transfer of materials to and from 
targets, additions, mixing, transfers into and out of 
read on vessels, evaporations, incubations, and sepa
rations The latter part of the session dealt with auto
mation of quality control methods including formula
tions, set-up and clean-up. 

Approaches to Automation 

John CLARK (Hammersmith Hospital, London) began 
the discussion by presenting his views of „What is 
automation, and why do we automate?" He defined 
automation, very broadly, as anything that gets our 
hands out of the system. First and foremost, an auto
mated system should be reliable. This includes both 
the mechanical system and the synthesis itself. Sec
ond, automation involves significant time and expense. 
It is not economically sensible to automate any 
radiosynthesis which won't be performed many times. 
One must decide if the clinical demands will be suffi
cient to justify the effort. 

Jeanne LINK (Univ. of Washington, Seattle) catego
rized radiosyntheses in four ways: 
• Manual syntheses where the chemist's hands per

form transfers and additions; 
• Remote syntheses where valves or manipulators 

are used to effect the transfers and additions; 

• Remote automated syntheses where a computer is 
used to control the switching of valves of a remote 
process. The computer may be as simple as a 
sequence timer or as complex as a decision making 
computer. These systems can be dedicated to one 
synthesis or modular. 

• Robotic syntheses which uses a mechanical arm to 
move the reaction vessel rather than just moving 
chemicals in and out of the reaction vessel. There 
can be significant complementarity between ro
botic and remote automated systems. 

Manual radiosynthesis is undesirable, exposure to 
radiation should be avoided when possible. Yet almost 
all of our facilities still include some manual synthesis 
work. Why? It is a matter of resources; i.e. personnel 
time and skills, and equipment and supply costs. 
Manual synthesis is the fastest and least expensive 
method for implementing a radiosynthesis. If for exam
ple, a manual synthesis required $15,000 in equipment 
and supply costs and a half-year of a chemist's time to 
develop the synthesis, the costs for remote systems 
would be at least as numbered in Table 1. 

These are only baseline costs. The costs for remote 
systems typically are valves and tubing. Robert DAHL 
(North Shore Hospital, Manhasset) said one remote 
manipulator arm costs $15,000. For a remote auto
mated system or a robotic system more typical costs 
are $70,000 to $100,000. There are a few automated 
systems on the market (CTI, SCANDITRONIX, 
DANATEC, JSW, NKK, SUMITOMO etc.) and their 
costs are similar. However, there is more to be consid
ered than initial capital costs. Each approach to syn
thesis has definite advantages and disadvantages. 

LINK uses both a ZYMARK robotic system for 11C and 
18F syntheses and dedicated remote systems for pro
duction of FDG and 150 compounds. She argued that 
the decision as to type of system to be used for a 
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Table 1: Comparison of Costs Between Different Levels of Automation 

Initial Supplies 
Equipment 
Personnel (FTE years) 
Initial Development 
Personnel (FTE years) 
Annual Support 

Remote 

>$20,000 

0.6 

0.1-0.2 

Remote 
Automated 
>$21,000 

1.0 

0.25 

Robotic 

>$30,000 

1.0 

0.25 

Table 2: Advantages and Disadvantages of the Different Levels of Automation 

Manual 

Remote 

Remote 
Automated 

Robotic 

Advantages 

Flexibility is high 
Cost is low 
Cost to maintain is low 

Lower radiation exposure to 
chemists 
Cost to maintain is still low 

Low radiation exposure to the 
chemists 
High reliability 
Often useful for more than one 
synthesis 

Low radiation exposure to the 
chemist 
High reliability 
Useful for more than one 
synthesis 

Disadvantages 

High radiation exposure to 
chemists 
Reliability can be low 

Cost to develop is greater than 
for manual 
Requires more space than a 
manual synthesis 

Initial cost to develop is greater 
than for manual or remote 
Requires more space than a 
manual synthesis 

Initial costs to develop are high 
Requires more space than other 
systems 

synthesis has to be matched to the resources and 
needs of an individual group and no single method is 
optimal for every situation. 

DAHL offered additional views on automation: He 
defined an automated system as an „apparatus which, 
after a signal to perform a complex series of opera
tions, does so with no further human intervention". He 
gave two reasons to automate: 
• to reduce personnel exposure to radioactivity and 
• to reduce the time requirement for personnel to 

perform radiosynthesis. 

In that light he felt that the only syntheses worth 
automating are high dose, well-defined procedures. 
You automate a synthesis by defining the process, 
selecting the appropriate apparatus and then develop
ing the computer program and testing it. Automated 
systems should be simple to use and reduce exposure 
to radiation. DAHL uses a remote non-automated 
system for production of FDG. It takes no more or less 
time to do FDG by their system than by others; two 
hours. They use a plywood board with the synthesis 
vessels and tubing mounted on the front. They use 
stopcocks for valves and turn the stopcocks with re
mote manipulators. After the synthesis, they let the 18F 

decay and clean it out. With regard to the remote FDG 
synthesis used by DAHL, CLARK asked how many 
people are skilled enough to use manipulators? DAHL 
acknowledged that could be a disadvantage, many 
people do not have the experience or dexterity to 
operate them efficiently and reliably. 

CLARK summarized his approach to automation. First, 
he figures out how to do the synthesis. Then he adds 
switches. He then programs the sequence of events, 
time, temperature and critical steps. He likes to use 
programmable logic controllers (PLC's) as controllers. 
His systems are built to be as space efficient as 
possible. For example, he packs at least two complete 
methylation systems in one hot cell; the only common 
point being the C02 trap. He has independent PLC 
controlled set-up procedures for each synthesis. An 
operator stays close by to oversee HPLC product peak 
collection. His limitation isthat he can't prepare the hot 
cell quickly for the next synthesis, due to radiation 
dose. Setting up an automated clean-up is an impor
tant future goal. 

Greg GAEHLE (Washington University, St. Louis) pre
sented some comparisons between two robotic sys
tems, HUDSON and ZYMARK, for radiosynthesis [1,2]. 
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GAEHLE prefers the HUDSON system, primarily for 
two reasons: 
• The HUDSON robot software runs in a Windows 

environment and allows parallel syntheses. This is 
more convenient than the ZYMARK programming 
system. While the ZYMARK commands must be 
programmed in a linear fashion, programming of 
the HUDSON can follow branching paths. 

• The HUDSON robot is roof mounted, thus saving 
floor space. They use their robot in a hot cell with 
10 ft2 of floor space. 

He set up FDG automation in 1 month, although they 
had previous experience automating the synthesis of 
FDG using a ZYMARK robot. He learned the program
ming language in three days. He showed pictures of 
the robot in a mobile (on wheels) hot cell. GAEHLE also 
described the 18 stations which comprise the St. Louis 
robotic system: a robot arm, homing station, pipette 
unit, three dual liquid dispensing units (HAMILTON), 
balance (METTLER), capping station (HUDSON RO
BOTICS), Vortex mixer (FISHER SCIENTIFIC), liquid/ 
solid extraction station (ZYMARK), two HPLCs (SSI) 
with automated injectors, UV detectors, and two radia
tion detectors (BECKMAN), dose calibrator (ATOMIC 
PRODUCTS), two heating stations, a nitrogen purge 
device, fraction collection station (GILSON), filtration 
station, pipette shucker, waste receptacle, three ves
sel racks, cold bath, and shielded receiving and collec
tion vessels. 

Christian CROUZEL (Höp'rtal F. Joliot, Orsay) pre
sented the Orsay philosophy regarding automation. 
They consider three situations when they automate 
systems: 
• Routine hospital syntheses, 
• Research syntheses, and 
• Mixed routine / research syntheses. 

A remote control system is used to produce CH3I. They 
have designed their system to be flexible so that other 
precursors, including acetone and acid chlorides, are 
made using one single remote system. They handle 
many mCiof FDG each day and they also use a remote 
automated system for this synthesis. They use a 
ZYMARK robot for production of other 18F compounds, 
including fluorospiperone. CROUZEL stated that 'it is 
difficult to produce CH3I, because it is necessary to 
work with liquids. Ho recommended that if we are 
going to continue to rely on CH3I as a major precursor 
in 11C synthesis then we should devise a method to 
make it directly from [11C]methane and then automate 
that synthesis as a gas. 

Regin WEIN REICH (PSI Villigen) gives priority to prac
tical questions in automation, namely the frequency of 
expected production runs, and the finger doses to the 
personnel (The regulatory authorities also like auto
mation as a kind of guarantee for unchanged produc
tion runs, but there is no fixed rule in Switzerland). 

From this consideration, the PSI group automated 3 
processes: 
• [18F]2-FDG. It is believed that 2-FDG will be the 

main PET compound for the next decade. Further, 
they have delivery commitments to external FDG 
users. Thus, the philosophy was to construct a 
simple reliable compact apparatus for 2-FDG as a 
„working-horse" with the option to change the reac
tion process by simple rearrangement of the valves 
and simple re-programming. 

• [11C]CH3I. Methylation is the main process for intro
ducing 11C into biomolecules.Thus.'rtwasdecided 
to construct a synthesis apparatus with similar 
specifications as for 2-FDG, but with the option to 
extend to further labelling steps. This has been 
realized for ["CJraclopride. 

• MFe. The reason for construction of an automated 
apparatus for separation of longer-lived aFe from 
irradiated Ni targets is the handling of very high 
activities of aFe in order to increase its specific 
activity for some labelling purposes. 

For realization of its ideas, the PSI group cooperates 
with DANATEC AG. PSI follows consequently the 
guideline that technical improvement must c,o along 
with a continuous improvement of quality control pro
cedures. 

There was considerable audience discussion regard
ing these approaches to automation and costs in
volved in different levels of automation. Bruno 
NEBELING (KFA Jülich) objected to generalizing the 
costs for automation; he felt that they were unneces
sary and inaccurate. Jean-Luc MORELLE (IBA, 
Louvain-la-Neuve) thought that the cost estimates 
were reasonable. Karl ERDMAN (EBCO, Vancouver) 
suggested that one could use industrial robots which 
are less expensive than the ZYMARK, HUDSON or 
SCANDITRONIX robot systems. Kenneth KROHN 
(Univ. of Washington, Seattle) countered that while 
industrial robots cost less to purchase than the com
mercial laboratory robotic systems, their research group 
has both a ZYMARK system and an industrial robot 
(SCORBOT), and the latter has required much more 
work, i.e. time and money, to program and set up for 
radiopharmaceuticalsyntheses.CLARKconcurredand 
recalled how much trouble SCANDITRONIX has had 
adopting the industrial ANATECH robot for radio
pharmaceutical use. Johan ULIN (SCANDITRONIX, 
Uppsala) concurred. MORELLE had experience using 
robots early on in industrial electronics assembly and 
said using robotics for radiochemistry is quite different. 
There is much more than moving things involved in 
automation of a radiosynthesis. Industrial robots have 
been used at Karolinska Hospital in Stockholm [3]. 
Volker BECHTOLD (KfK Karlsruhe) and LINK stated 
that the cost of developing an individual synthesis 
would decrease when automation was developed as 
an assemblage of modules. In that situation, a single 
module operation such as liquid transfer or solid phase 
extraction could be used for multiple syntheses. 
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CLARK commented further on the advantages and 
disadvantages of different types of automation: „Many 
people have a wrong expectation of robots, if you want 
to do something lots of times then go to a dedicated 
system, if not go to a robot. Robots can in principle do 
anything, but they are very hard to automate." He 
agreed that the advantage of a robot is versatility, but 
asked if there wasn't a cross-contamination problem. 
Do you run the risk of cross-contaminating samples 
from one synthesis to another by using shared sta
tions, hands, etc.l LINK agreed that the potential for 
contamination is real, but one should always be careful 
to never use the same transfer material, pipet tips, 
tubing, needles, etc. from one synthesis to another. 
Marc BERRIDGE (Univ. Hosp. of Cleveland) also felt 
that the flexibility available from robots is an advantage 
over dedicated systems. 

Andrei SEBYAKIN (KURCHATOV Inst., Moscow) ar
gued that one of the advantages of automated systems 
is that they require less sophisticated people to run 
them. An automated system should be „fool proof", it 
should not require the same skill to operate as would a 
manual synthesis, or it is a waste of money. He was 
also concerned that it is difficult to standardize compu
ter instruction from different sources. There are lots of 
costs in connecting to different source units (manufac
turers). One should put intellect into a „really good" 
system. Automation systems will not be cost effective 
if there is not a big demand and this will require 
standards in hardware and software. G AEHLE thought 
standardization was an unobtainable goal, manufac
turers will be continually upgrading and changing their 
own products and are in competition with others. He 
felt that uniform hardware and software standards 
weren't necessary to meet SEBYAKIN's goals. He has 
set up and oversees a synthesis that he taught to a 
technician with no experience in chemistry for a cost 
of $50,000 plus personnel time. SEBYAKIN countered 
with the argument that you pay now, then the proce
dure changes and you pay again. He restated the need 
to set standards for the industry. LINK said that this 
applied to both robots and automated boxes. One 
needs to pick a system which is the best fit to the 
number and type of syntheses and the resources 
available for the individual lab. Attempting to get eve
ryone to use a single computer standard is akin to 
arguing religion. MORELLE agreed. A significant com
ment was offered by Rainer WAGNER (MAX-PLANCK 
Institute, Köln) who objected to referring to technicians 
in the laboratory as „inexperienced" personnel. We 
need to hire and train people who know what they are 
doing in the laboratory; the personnel who work in his 
lab are competent to work with their syntheses. 

BERRIDGE feels that a (jood system for performing 
the FDG synthesis by the Jülich method should also be 
useful for synthesizing other compounds made with 
fluoride using standard nucleophilic substitution reac
tions. Such a system under computer control could be 
programmed for the variations between such synthe-
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ses w'rth at least as much ease as a robotic system. 
Therefore, multi-synthesis use alone is not necessarily 
a factor which should move one to a robotic system. A 
similar „black box" synthetic system has been con
structed for the preparation and use of methyl iodide. 
It has been used not only to perform several methyl 
iodide methylations, but also GRIGNARD based pro
cedures using labeled acetone. It might be used for 
other 11C syntheses. It seems that a general system 
could be designed for synthesis of several different 
preparations. 

A general use system can be designed and built as 
long as the basic steps for the syntheses underconsid-
eration are the same, i.e. the reagents added, 
evaporations, and purifications via chromatography 
require the same number of reaction vessels. This had 
been demonstrated by the multiple syntheses per
formed with the CTI Chemistry Process Control Unit. 
However, there will always be trade-offs between 
efficiency, cost and general utility. One must always 
assessthe function for which an automated system will 
be used and decide whether flexibility or routine use is 
the requirement. 

The discussion returned to the comparison of two robot 
systems presented by GAEHLE. KROHN objected to 
his argument about the space advantage of the HUD
SON robot. He commented that one can pack lots in a 
hot cell with either robot if you consider the full three-
dimensional space. John SUNDERLAND (Univ. of 
Nebraska, Omaha) was curious about the mobile hot 
cell and asked if they bolted down the robot to maintain 
positioning. GAEHLE said not yet, but they would in 
the future. SUNDERLAND also asked how they did 
liquid transfers. They used pipets. GAEHLE was also 
asked how they maintain sterility? He said that they use 
sterile filtration for all of their products. 

Tom RUTH (TRIUMF, Vancouver) asked; how many 
syntheses could be performed per hot cell „door open
ing" using a robot? LINK said that they only pro
grammed the ZYMARK to run one synthesis at a time, 
but more could be programmed. Two syntheses can be 
run concurrently using the ZYMARK robot at St. Louis 
and GAEHLE said they are working to automate clean
up after a synthesis and set-up for sequential synthe
ses so that the door doesn't need to be opened except 
to occasionally replenish supplies. DAHL was con
cerned that only one synthesis in one enclosure will be 
allowed by the FDA. There was a big protest from the 
audience that this didn't make sense. Michael HAKA 
(SUNY, Buffalo) said „the FDA doesn't think logically". 
People agreed that it was more important to reduce 
exposure. 

Transfer In and Out of Targets 

Richard FERRIERI (Brookhaven Natl. Lab) presented 
the automation work they have done with regard to 
making and delivering [,8F]fluoride reliably to the labo-
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ratory. In order to accomplish this they have auto
mated filling of the fluoride target in a system which 
they presented as a poster as well as described in this 
meeting [4]. The system includes: 
• A Pt wire conductivity sensor in the top target outlet 

which has direct feedback through conductivity 
response to insure that the target is filled. 

• An automated resin / recovery system, located in 
the vault. This insures reliable [1BF]fluoride produc
tion and delivery. The system maintains the chemi
cal and isotopic integrity of [1B0]water. It eliminates 
the transf e r of irradiated [180]water to the Hotlab. In 
theareaof radiation safety, long-lived radionuclides 
residing in the irradiated target water, remain con
tained in the vault. 

The conductivity sensor remains on during the filling 
and emptying of the target, but is turned off during 
irradiation. The sensor is a detector they had in the lab, 
platinum wire in polyethylene tubing, with a 25 VAC 
supply. FERRIERI preferred small wires that would fit 
within a 1/16 inch tube. The wire is kept out of the path 
of the beam. He also suggested that the conductivity 
detector could be used to show the degree of fullness 
of the target if the sensor were in a >< configuration. 

There was considerable difference of opinion as to the 
usefulness of the conductivity detector. Jörg 
STEINBACH (FZ Rossendorf, Dresden) uses a con
ductivity detector similar to that of FERRIERI, butalso 
has an HPLC type valve attached to his target inlet 
which he closes during irradiation to hold the water in 
the target. CLARK argued that the fullness of the target 
was not difficult to ensure. One should just load the 
desired volume from a syringe and close the target 
when ready for irradiation. NEBELING agreed that a 
conductivity sensor isn't necessary. He monitors pres
sure on target to show that beam is on target and the 
target is full. There is 7barof resistance in his capillary 
tubing when water is going into the target; when the 
target is full this resistance decreases. On the other 
hand, several participants acknowledged that they 
had run beam on their [1BF]f luoride targets when they 
were not full or dry, at least once. It is apparent that 
while some laboratories have avoided or solved the 
problem of keeping a water target full, simple feed
back sensors, e.g. conductivity or pressure, are useful 
in the water target systems of many laboratories. 

James MOSKWA (Univ. of Michigan, Ann Arbor) has 
had two unsuccessful experiences in using optical 
level sensors in the vault to monitor target fullness. 
Both detectors „died" because they were neutron 
sensitive. He now uses a small ultrasound transducer 
and over fills the target intentionally. The sensor is 
clamp-mounted and works well, it is manufactured by 
MAGNETROL (120-C Jeffryn Blvd. East, Deer Park, 
New York). 

Radiation Detectors 

Radiation detectors have been discussed at previous 
targetry meetings [5]. However there is still a need for 
inexpensive radiation detectors which have small sen
sors, at least 3 decades of response, can be located in 
many positions around the hot cell and with low sensi
tivity to background. This may be usefulforfeedbackin 
automation of syntheses. What types of detectors 
have people found for this purpose? 

SUNDERLAND Stated that NUCLEAR ASSOCIATES 
(PO Box 349, Carle Place, NY 11514-0349) has a 
radiation therapy monitoring device called „PC Rain
bow" which meets all of those requirements but cost: 
It's price is approximately $10,000. The unit now han
dles 6 to 7 detectors which can be 10 to 20 meters 
away. He is trying to persuade the company to modify 
the unit to handle up to 12 detectors. The cost is 
~ $150 persemiconductordetector and they are about 
the size of the end of a Q-tip. They have a serial tie to 
the PC through an optical cable. SUNDERLAND is 
working with N UCLEAR ASSOCIATES and SIEM ENS 
to get these commercialized for PET radiochemistry. 
The detectors are sensitive with reasonable accuracy 
from 5 mCi up to „lots more than you will ever make". 
LINK asked what detector to use for a lower range of 
activity, for example 0.5 mCi to 2 mCi in 1 ml? 

Jerry NICKLES (Univ. of Wisconsin, Madison) sug
gested that one of his students had solved this by 
mounting a BGO detector to a photo amplifier or photo 
resistors which then could either be read into a 
KEITHLEY electrometer or an acoustical transducer. 

BERRIDGEuses a semiconductordetectorcalled „the 
Posimeter". The detector head is about the size of a 
film can, in aluminum from POLYTECH LAB, Houston 
(9407 Rowan, Houston, TX 77036, ask for Francis 
LING). The cost is around $ 800 each. The detector 
head is connected by coaxial cable to a meter unit 
which mounts on the hot cell exterior in his lab. The unit 
is about 10x15x5 cm. The readout is a standard meter, 
with an associated scale adjustment wheel. It runs on 
12 VDC, and comes with a calculator-type power 
supply which plugs into an ordinary outlet, and a small 
jumper cable to allow a series of meters to be run from 
one power supply. The lower detection limit is around 
1 mCi, depending on geometry and the response is 
linearfroml mCi to 5 Curies of 11C. There is an analog 
output which can be used to drive a chart recorder or 
computer input. He has used the devices as detectors 
in the hot cells with up to three of them per apparatus 
for the last four years. He also uses them successfully 
as chromatography detectors on the hot cell prepara
tive LC's, and in a shielded syringe holder for dose 
dispensing. It is nothing fancy, but does the job while 
requiring no attention, little space, and offering no 
hazards. He has been satisfied with them. 
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FERRIERI uses probes similar to those described by 
SUNDERLAND. They come from THERADOS. He 
cautioned that these detectors are temperature-sensi
tive, but SUNDERLAND disagreed. The detectors he 
uses vary about 0.1% per °C. DAHL has also used 
small detectors from LND (3230 Lawson Blvd., 
Oceanside, NY 11572). LND has both small GM and 
ion chambers, called peanut detectors. These are for 
detecting y-rays and so require shielding against back
ground. 

SUNDERLAND said that if people would be willing to 
pay $3,000 to $4,000 for a system like he described, 
he'd like to discuss it with the manufacturer. The 
concensus was yes. DAHL predicted that there will be 
several companies with useful, small radiation detec
tion systems on the market in the next one ortwo years. 

Synthesis 

Transferring Materials To and From Reactions. 
LINK has found that small volume, less than 100 u.l, 
water and air-sensitive transfers can be difficult to 
automate and described a few of the transfer methods 
they use at the Univ. of Washington. For example, the 
synthesis of [11C]thymidine requires transfer of 100 uJ 
of oleum and 7 u.l diethyl malate as water free liquids 
into a reaction vessel. Both transfers are difficult be
cause the liquids are viscous. In addition, it is neces
sary to set up these reagents in the hot cell between 1 
and 2 hours before they are used. The oleum is placed 
in a Reactiware vessel under argon. A1/16" teflon tube 
at the bottom of the oleum vessel connects to a 
dispense position to which the robot arm brings the 
reacton vessel. The oleum is transferred by pressuriz
ing the vessel with argon. It is necessary to have 130 
ui o« oleum in the vial to transfer 100 uJ to the reaction 
vessel The diethyl malate is transferred using a 7 uJ 
HAMILTON syringe which their group built onto a 
robotc hand. They tried and abandoned using a 
mcropump which can deliver 1-2 uJ aliquots. These 
pumps reliably deliver small volumes, but they have 
dead volumes of several hundreds of microliters be
cause they are built with large pipe fittings on the inlet 
and outlet ports. The diethyl malate is made in limited 
quantities and cannot be wasted. A peristaltic pump 
also has a large dead volume. 

For transfers, Ulrich SCHERER (Ludwigshafen, for
merly PSI Villigen) uses 12-position rotary valves. The 
single rotary valve sequences through vials to deliver 
reagents to a common center port. He can use vacuum 
in between. He uses spring cap vials with TFE / rubber 
septa. 

WAGNER usesa HAMILTON microlab dispenser con
nected to two six-way valves for the synthesis of 
DOPA. Organic reagents pass through one of the 
valves; aqueous reagents through the other. They are 
somewhat programmable and work fine. The system is 
reliable. He also uses stopcock style OMNIFIT valves 

with home-made actuators from model airplanes, as 
do the researchers at Liege. 

CLARK and NEBELING also use muttiport valves. 
CLARK suggested that we should make a list of valves. 
A sign-up sheet for anyone who was interested was 
circulated. He has had trouble with membrane valves 
for phosgene synthesis. The valves were wrecked if 
chlorine got into them. He uses a loop that is filled with 
HI during set-up and then liquids are pushed with N2. 
He doesn't need to change HI loop even if it looks 
brown. Heworries about getting LiAIH4andit's hydroly
sis debris into valve seats. 

MORELLE likes stainless steel double 3-way 
RHEODYNE valves for his H20 targets. He uses his 
own air-operated rotary actuatorwhich allowsforan all 
closed position. These valves have operated near a 
target for a long time. CLARK cautioned that the 
RHEODYNE valves have either Vespel orTefzel ro
tors. The Vespel rotors fall apart with strong base. 
DAHL uses two 3-way valves with a loop between for 
microliter injections. Hepressurizesthe loop to transfer 
the liquids. 

Ren IWATA (CYRIC, Sendai) doesn't use a mass flow 
meter anymore. He likes pinch valves on TFE tube so 
that there is no valve to clean afterthe synthesis. Bruce 
WIELAND (CTI West, Berkeley) also uses pinch valves, 
both double and single headed. He commented that 
tubing compatibility with the reagents is critical. 

Heating andCooling.SCHERER uses halogen lights 
for his syntheses and described his raclopride appara
tus. He has found that when these lamps have quartz 
windows they can induce photoreactions. For produc
tion of methyl iodide, the "C activity stuck to the vessel 
walls. He put a metallic cap on the heater and the 
problem disappeared. KROHN asked what the spec-
irum of the halogen lamp was. SCHERER said the 
lamps were 250 Watts but he didn't know the spectrum 
of light output. FERRIERI asked how long ft took to 
cycle between hot and cold and what was the lo ngevity 
of the lamp? SCHERER responded that the cycle was 
last, he could go from -5 to +150°C in 30 seconds. He 
has never had a lamp to break in 1.5 years of use. 
FERRIERI was curious why SCHERER's yields of 
l11C]raclopride (45%) were higher than others (25% in 
Ihe literature; 15% for DANNALS), he wondered if the 
halogen lights might have something to do with it. He 
asked if SCHERER had used these lights for other 
synthesis? Yes, methionine. KROHN suggested that 
they wrap the light with AI foil to see if photochemistry 
is contributing to their exceptionally high raclopride 
yields. 

CROUZEL uses WOOD'S metal baths for heating in his 
syntheses. It provides excellent heat transfer and is 
very simple to use. 
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NICKLES thinks that ultrasound has a role in heating 
syntheses and also likes WOOD'S metal or oil to couple 
the reaction vessel to the heat bath for efficient heat 
transfer. 

BERRIDGE commented that he has used WOOD'S 
metal very successfully for heat transfer without the 
mess of oil. It is important to maintain constant heat 
transfer in processes which rely on heating for control
led times. Also, you must remove the vessel from the 
bath before cooling the WOOD'S metal or it will break 
vessels! He drillsout his heat blocks and then uses only 
a thin film of WOOD'S metal to gain better heat conduc
tivity. He feels that a machined aluminum block with a 
heating cartridge, thermocouple, temperature control
ler, and cooling channel works very well. The block is 
kept small for rapid heating, and water, C02, and 
nitrogen can be used to cool it. Evaporations of 
solvents can be done conveniently under vacuum and 
with agas stream, tuning the gasflow and temperature 
to meet the needs. Didier LeBARS (CERMEP, Lyon) 
uses WOOD'S metal to 200°C. 

NEBELING has a system for heating / cooling com
bined that operates from -200 to +200°C using 300 
Watts. He uses a 1 mm thick film of oil to couple the 
reaction vessels to the heating block. If the AI block is 
already at the desired temperature, it takes only 1 1/2 
min to change temperature in the reaction vessel. At 
Michigan they also combine heating and cooling. H AKA 
said that they had used an AI block to transfer heat. 
They blow COa on the block to cool it and use a resistive 
cartridge to heat the block. The Michigan group has 
also used Vortex cooling on their reaction vessels. 

WAGNER asked what people use for FDG heating? 
Does anyone use non-liquid cooling and/or heating? 
MORELLE uses glass reactor vials with Cu sheath 
heaters. NICKLES uses microwaves. He has not used 
it for heating but it is great for shaking things off the 
vessel walls. Martin ORBE (SCANDITRONIX, Uppsala) 
stated that Sharon STONE-ELANDER (Karolinska 
Hospital, Stockholm) uses microwaves for a lot of 
syntheses. The Liege group uses microwaves to syn
thesize altanserin. The group at Washington Univer
sity, St. Louis also uses microwaves in syntheses. 

CLARK asked if anyone measured temperature inside 
reaction vessels? No. LINK commented that tempera
ture measurements of the heating bath are not ideal, 
particularly with short heating times. For example, she 
has found that 4 ml Reactiware vessels can vary 
significantly in wall thicknesses, enough to cause heat 
transfer into the reaction vessels to vary from one 
synthesis to another. MORELLE said that we shouldn't 
demand accurate temperature measurements for our 
reactions, we just need to make our (automated) 
syntheses reproducible. 

David SCHLYER (Brookhaven Natl. Lab) uses thermal 
grease between a surface mounted thermocouple and 

the reaction vessel to more accurately monitor the 
reaction temperature. David ALEXOFF calibrates the 
thermocouple before each run. 

FERRIERI would like to see chemical sensors devel
oped which would be in the reaction vessel to track 
starting reagents or tell something about the progress 
of a reaction. This is a tough goal with which they have 
no progress yet. The trouble is often competing reac
tions occur and interfere with the signals. It would be 
ideal to have specific sensors which monitor the reac
tion rate ratherthan the reaction conditions. While this 
is not yet feasible, the area of chemical microsensors 
is an emerging research area for analytical chemistry 
that we should watch carefully and we should be 
prepared to take advantage of new findings. See for 
example, Ref. [6]. 

Evaporations. WAGNER asked if anyone had tried 
Vortex evaporators. Specifically, he felt the „Turbo-
Vap" of ZYMARK was intriguing but too big, and he 
knew that there was another system on the market. He 
thought that Vortex mixing with convection to vacuum 
would have a big market for multi-vial work. LINK had 
borrowed a Vortex drying system from HNU Corp. and 
tried it. The maximum temperature of the instrument 
was 90°C and it took over 20 minutes to evaporate 5 ml 
of water. She said both the HNU and ZYMARK sys
tems were too big and too slow. She also likes the 
concept but suggested that a home-made system 
which operated at higher temperature was worth fur
ther investigation. WAGNER thought that you should 
heat the system with light, hot air. FERRIERI com
mented that drying systems require considerable flex
ibility in mounting to the reaction system. This is 
particularly true for automated but not robotic systems. 

BERRIDGE asked why are evaporations a problem? 
Isn't it a simple matter of gas in and vacuum out? He 
uses an AI block with WOOD'S metal, a thermocouple 
probe, heat fast and then flows HaO through to cool the 
block. LeBARS replied it's not that easy, sometimes 
that approach just isn't fast enough for 11C syntheses. 
The approach described by BERRIDGE can evapo
rate ~ 5 ml of water in 5 minutes without vacuum. 

Rotary evaporators or systems such as that described 
by BERRIDGE are currently used for radiochemical 
syntheses, but often aren't optimal. Rotary evapora
tors have a large surface area, but it is difficult to 
quantitatively recover small volumes remotely. This 
has been accomplished to a certain degree by the 
chemists at TRIUMF [7]. 

Solid Phase Chemistry. IWATA described his sys
tem for solid phase methylation similar to that de
scribed by the University of Michigan group which he 
has incorporated into an automated system. He has 
submitted the full description of this system for publica
tion to Applied Radiation and Isotopes. Basically 
[11C]methyl iodide is trapped in a short column, 55 uJ, 
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containing Poropak Q or another appropriate adsorb
ent material at -42°C, then solvent, base & substrate 
(precursor) introduced. The column is closed with 
valves and then heated to 80°C for the reaction. After 
thereactionis complete, the reaction mixture is washed 
off of the column, through a six-port valve and onto an 
HPLC column for separation of the product from the 
reactants. They are pleased with this system. They can 
reduce the amount of substrate which is used and yet 
get a greater concentration of substrate as well as an 
increase in radiochemical yield. There is some dead 
volume, but it is small. If he decreases the volume of 
adsorber used he obtains the same chemical yield but 
decreases his radiochemical trapping efficiency. 

HAKA described the Michigan experience: Their phi
losophy is to do everything as simply as posssible. 
Simple heating and evaporations. Solid phase has 
been a big focus at Michigan and solid phase systems 
are easily automated. A good example is their use of 
the trimethylammonium triflate for synthesis of FDG. 

ORBE stated that SCANDITRONIX had two auto
mated systems; one for production of methyl iodide 
and one for FDG. He went on to discuss the automated 
system for production of FDG, which utilizes the solid 
phase synthesis developed at Michigan [8]. The unit 
consists of a mechanical box which uses pinch valves 
and is controlled using a personal computer. The 
control unit has no user-adjustable variables. There is 
a disposable process kit used for each synthesis which 
consists of a panel which is ~ 30 cm x 30 cm in area with 
holes for pinch valves. The system comes with the 
resin for FDG synthesis in a column. They do not use 
resin to remove acid at the end of the synthesis but use 
a neutralizing buffer. The box contains a heater. Greater 
than 70% of the [1sO]water is recovered. 

SUNDERLAND asked if the SCANDITRONIX chem
ists had experienced any pressure problems with the 
synthesis. HAKA said that they had experienced pres
sure problems at Michigan with the solid phase synthe
sis and asked what resin that ORBE used. ORBE said 
thatthey used the resinthat Michigan had reported and 
that they did have some back-pressure problems. 
HAKA said they should have high back-pressure prob
lems because that resin will decompose after a few 
minutes. It is necessary to push through the resin fast, 
i.e. within 1.5 minutes. The chemists at Michigan had 
found that the displacement was instantaneous and 
had found that dilution of the resin with high density 
polyethylene (Primax) from AIR PRODUCTS, 17 mg 
resin and 8 mg Primax, solved the back pressure 
problems and they controlled the flow rate of precursor 
through the column. SUNDERLAND asked how they 
put the tubing onto the pinch valves, and ORBE answ
ered that the pinch valves fit nicely overthe tubing in the 
process kit and the control system held the pinch 
valves open for placement during set-up. CLARK com
mented that the system looked heavy, and asked if it 
was self-shielding? ORBE replied that the full dimen

sions were 55 cm high x 25 cm in diameter x 36 cm wide 
and it was not self-shielding. There is a lead container 
for shielding the product vial. CLARK also asked how 
they moved the syringes. ORBE replied that they used 
a stepper motor. NEBELING asked if the reagent vials 
came filled and ORBE replied that they were empty in 
the kit and had to be filled at synthesis time to a line 
marked on the vessel. ORBE stated that the tubing in 
the k'rt was polyethylene and the vessels were made of 
Tefzel. WIELAND commented that one needed the 
proper polyethylene history for a successful pinch 
valve controlled radiochemical synthesis. MOSKWA 
asked what happens if you have an error, what kind of 
quality control is done to determine if there is 
unhydrolyzed material in the product and what radio
chemical yields they obtained. ORBE replied that any 
error was a catastrophic failure which stopped the 
synthesis and the hard copy printout would tell one how 
far in the synthesis the error occurred. They did not 
worry about unhydrolyzed product because Sep-Paks 
were in the system to remove this material and the 
yields were 40± 10 %, not decay-corrected. BECHTOLD 
asked how many runs they had done and ORBE 
refused to reply, which was severely criticized by the 
participants as not in keeping with the spirit and pur
pose of the workshop. NEBELING asked what the 
radiochemical purity was and what qualiiy control 
method was used to determine this? ORBE replied 
98% radiochemical purity as measured by TLC. 
NEBELING stated that was impossible because the 
accuracy of TLC is ± 5%. MORELLE asked if 
SCANDITRONIX intended to design othersimilar syn
thesis units and ORBE replied that it should be possi
ble. 

Separations. LINK asked IWATA if they were still 
using the glass col extractor-phase separators for 
automation in their lab, IWATA replied that the product 
had been commercialized (HAMAMATSU, Inc.) and 
he had nothing further to add. 

Feedback of HPLC Loading/Injection. RUTH auto
matically loads samples onto an HPLC by the system 
illustrated in Fig. 1. The system has worked well for 
him. 

A similar system is used at the University of Washing
ton. WAGNER works in the reverse direction to pull the 
sample ratherthan push it intotheinjectorloop.CLARK 
injects his material first onto a short of high pressure C-
18 concentration column which is then water-washed 
to get rid ov unwanted aqueous, soluble materials and 
then eluted onto the preparative column with HPLC 
mobile phase. 

Assaying of Product Dose. MOSKWA described the 
system he is currently testing for automating dose 
assay of product serum vials. He uses 3" long 11/4 dia 
„rabbits" which contain the product multidose vial up
side down. The rabbit, which has a hole drilled in the 
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Figure 1: System for Loading Solutions into the HPL C 
(T.J. RUTH, Vancouver). 

bottom, falls into a cup and a jig is used to push it into 
the dose calibrator. The rabbit ends up in the dose 
calibrator upside down, i.e. the hole and the multidose 
vial are right side up. The dose is recorded and a 
needle set is dropped directly into the multidose vial / 
rabbit combo for infusion into the patient. 

BERRIDGE uses a small detector next to the dose 
syringe which he has calibrated for radiation dose 
units. 

RUTH has home-made ion chambers similar to those 
developed by SOLIN and HESELIUS at Turku which 
have loops of 1/8" teflon tubing wound around be
tween the anode and cathode and the sample flows 
through the tubing and is detected. These also have to 
be calibrated in dose units. 

Quality Control 

Formulations and Purity (radiochemical, chemi
cal, sterility and apyrogenicity). CLARK has an 
unique system for infusion of [150]H20 which he pre
sented as a poster and in discussion [9]. He produces 
the water at the bedside in a shielded unit and uses a 
membrane to transfer the water vapor into saline. For 
quality control, he sterilizes the membrane pack and 
puts a sterile filter at both ends. Routine tests of the 
infusate are carried out for sterility and apyrogenicity 
using LAL test kits. 

CLARK asked how others keep their HPLC systems 
sterile and apyrogenic? NEBELING sterilizes his 
columns with aceton'rtrile and stores them in ethanol. 
LINK stores the columns in either 20% acetonitrile / 
80% water or 50% ethanol / 50% water. She uses 
sterile apyrogenic 0.22 urn filters on all openings and 
then changes to the correct mobile phase shortly prior 
to synthesis. DAHL warned that it is necessary to wash 
the column in H20 before putting in organic, i.e. to 
remove all salts, if one has been using a buffer such as 
phosphate. 

182 

NICKLES uses Nylon-66 filters to remove pyrogens. 
While this may work, it is not obvious what the mecha
nism is for this removal. This certainly should be 
investigated in detail before it is used. PI ERCE CHEMI
CAL Co. (PO Box 117, Rockford, IL 61105 U.S.A. or 
PO Box 1512,3260 BA Oud-Beijerland, Netherlands) 
sells „Detoxigel" for removal of pyrogens. For any 
methods of pyrogen removal, the chemists need to be 
certain that the federal and local regulatory agencies 
approve of these agents for pyrogen removal. 

GAEHLE is evaluating the use of a pressure trans
ducer on his robotic system to check for ruptured 
sterilization filters .This technique is not yet completely 
implemented but „looks promising." The SCAND-
ITRONIX system also checks filter integrity using a 
pressure transducer. 

BERRIDGE described his system for production of 
[1sO]butanol. He has found that for his system the 
quantities of solutions added and the total time of 
synthesis are important. Control of solvent volumes is 
achieved using a single, controlled-pressure, gas sup
ply as the driving force on solvent reservoirs ar"d by 
adjusting the tubing length and diameter to provide 
convenient flow rates. Flow volumes are then meas
ured by timing the opening of the valve for each 
solvent. It is a simple method which works well in this 
synthesis even though the yield and purity of the 
product are very sensitive to the solvent volumes used. 
Too great a volume of H20 in the washes lowers the 
butanol yield from 60% down to 20%. The system is 
automatable without the use of feedback sensors, or 
with only one POLYTECH LAB radiation detector. At 
the moment it is run without a computer interface, using 
a „stopwatch-driven programmable bio-organic con
troller" (human). WAGNER asked if he used an air 
bolus between each wash of his system, and 
BERRIDGE answered yes. GAEHLE mentioned that 
they have set up a system at St. Louis for delivery of 
sequential doses of [150]butanol which uses a HAMIL
TON MICROLAB dual syringe injection station and a 
distribution valves to ten different set-ups for sequen
tial syntheses of the [150]butanol without clean-up [10]. 

LINK briefly discussed the poster on quality control to 
measure cryptand in FDG product by Ronald FINN 
(SLOAN-KETTERING, New York). She stated that the 
data appear to show that with the special resin column 
[11] there was little tritiated cryptand in the product. 
However, since a tritiated compound was used, the 
researchers still needed to show that the tritium label 
was not exchanged off of the molecule during the FDG 
synthesis and more work was needed. 

Clean-up. FERRIERI presented some of the prob
lems and automation solutions which they have imple
mented at Brookhaven regarding batch vs. serial syn
theses. A single batch synthesis can satisfy P ET needs 
for [18F]fluoride labelling of FDG. However for short-
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lived radionuclides like 11C, single batch synthesis is 
not practical. There is usually not enough activity and 
the specific activity for later injections is a big concern. 
Specifically he worries about serial 11C syntheses. 
They do six cocaine runs per day and can't do batch 
syntheses. Their systems don't deal with failure mode 
and can't recover from errors. They need duplicate or 
replacement systems. How does one deal with things 
like contaminated reaction vessels (etc.) in serial syn
theses? One can strip and clean vessels or use dispos-
ablecomponents and replace them. If this is performed 
manually, these increase the radiation dose to the 
operator. One solution is to use robotics or manipula
tors, but then the costs in money and space are high vs. 
in-place self-cleaning. One of the solutions to these 
problems that is used at Brookhaven is to do in-place 
self-cleaning of the methyl iodide / HI vessel. The 
vessel is washed with acetone, then 2N HCl, then a 
series of cycles of acetone and vacuum + heat using an 
air bath reactor. By using this method, the specific 
activity is maintained. In fact specific activity increases 
with each procedure. They have built a multiport glass 
cow 1 port in with 4 ports out for synthesis of methyl 
iodide. WAGNER asked what happened to the P205? 
FERRIERI replied that they don't use Pa05, they use a 
NaOH trap which they change every 1-2 weeks. The 
target gas and He pass through a tube of MgCI04to dry 
the target gas. Other aspects of this problem are that 
they can't self-clean the alkylation vessel used for 
synthesis of raclopride at Brookhaven. 

BERRIDGE had the following to add. Often, the clean
ing of the apparatus is a minor variation on the syn
thetic manipulations. It generally requires that addi
tional solvent reservoirs be attached and that the 
number of valves in the system be increased by a small 
percentage. Since cleaning does not generally require 
as strict control of temperatures, pressures etc. as a 
synthesis, it is really easier to automate in many 
respects than the synthesis. One must decide which 
parts of the apparatus should not be changed, but 
cleaned. Strategic location and shielding of waste 
reservoirs allow certain difficult components (resins, 
alumina) to be changed quickly after the system has 
been cleaned. This helps to reduce radiation exposure. 

NEBELING was asked to comment on the Jülich 
automated FDG system which was presented at the 
last targetry meeting [12] which is self-cleaning. 
NEBELING stated that the system was working well 
but that the key to this success was the use of glassy 
carbon for their reaction vessel. LINK asked who 
supplies the glassy carbon and the list of suppliers is 
summarized as an Annex to these proceedings. 

G AEHLE is using the robot for set-up and clean-up of 
supplies and vessels forthe reactions. The Karolinska 
methyl iodide system uses valves to clean the compo
nents. They flush it several times with acetone then 
flush with ethanol 4-5 times, heat it, pass carrier gas 

through it, and evaporate it dry. The cleaning takes 5 
minutes per reactor and there are six methyl iodide 
syntheses done per set-up. 

Regulatory Issues Regarding Radiation Safety 

MOSKWA raised one final issue. At the University of 
Michigan they produce 11C as a gas and have had 
radiation safety problems due to gaseous radionuclide 
emissions. Several hu ndred mCi of [13N]N2 and [1<0]Oz 
go into their ducts from the 14N(p,a)11C reaction. They 
have a 5 Ci release limit per year and a 10 mCi limit per 
irradiation. That value is easily exceeded, and has 
been very difficult for their group to achieve. They are 
concerned about methods to reduce emissions so that 
they can keep their laboratory working, and cautioned 
that others are likely to face similar problems as regu
lations on radionuclide emissions become more re
strictive. WEINREICH said that the PSI group has 
installed two evacuated 60 I vessels to delay the 
emission of target gases into the air. Irradiation can 
start only after a good enough vacuum has been 
reached. The results in order to minimize the emitted 
radioactivity are excellent. It was agreed that we all 
begin thinking and working toward solutions now. It 
might be useful to use shielded delay / decay tanks of 
a suitable volume. 

Closing Comments 

A distillation of the discussions on automation shows a 
remarkable amount of concurrence among such a 
diverse group of participants. While not all participants 
have automated their syntheses, there was a general 
positive attitude toward automation. The reasons given 
to automate were to reduce dose to personnel and to 
reduce personnel cost persynthesis. The reason not to 
automate was initial cost in time and personnel when 
resources are limited. There seem to be two principal 
categories of compounds which have been automated. 
First, precursors, particularly [11C]methyl iodide and 
[18F]f!uoride recovery and drying. They are relatively 
simple to automate and have the greatest amounts of 
activity, therefore pose the greatest radiation hazard to 
personnel, during a synthesis. Second, the compounds 
most frequently synthesized by a group. This primarily 
means [18F]FDG, but also [11C]cocaine, [11C]raclopride 
and [11C]thymidine, [150]butanol and [150]water. Sev
eral of the participants (Jülich, BNL, Sendai, St. Louis, 
Hammersmith) have also set up these syntheses for 
either multiple syntheses or automated self-cleaning 
before one has to open the „hot cell" to set up for 
another synthesis. 

With regard to transfer to and from targets, most 
participants are using systems which are either auto
mated or remote and which function well. It was appar
ent that feedback sensors could improve the reliability 
of water target radiochemical yields for many groups 
and possibly other targets as well. While, none of the 
radiation detectors proposed as radiation sensors for 
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target yields and synthesis transfers met all of the 
proposed criteria, there appear to be many detectors 
available if one is able to afford several thousand 
dollars, otherwise it appears that building one's own 
ion chambers is a viable alternative. 

Very few participants described any problems with 
transfers into and out of reaction vessels and many 
alternative methods were presented. A remarkable 
number of people use multi-port, small volume distri
bution valves for their syntheses and are happy with 
the way they work. Maybe those of us who haven't 
usedthem should considertheiruseforoursyntheses. 
With regard to heating and cooling, there was no 
concensus. There are many solutions, but none ap
pears to be best for all situations at this time. The 
halogen heating introduced by DANATEC was intrigu
ing. Theirchemistry yields were very good and the idea 
that these lamps could improve or worsen the chemis
try needs to be examined further. Evaporations are 
being performed the same way they have foryears, but 
there is roomforimprovementwith no obvious solution 
at this time. Separations are being carried out primarily 
using low or high pressure solid/ liquid phases and the 
automation of these remains simple but in need of 
better feedback, such as the overflow level sensor of 
RUTH. 

HAKA complained that PET chemists are unwilling to 
try new synthetic techniques when hediscussed Michi
gan's commitment to develop solid phase chemistry. 
This is unfair, an unwillingness to try new synthetic 
methods was not in evidence at this meeting. It re
quires time and resources to develop a new synthesis 
and if one has a working synthesis, for example for 
FDG, it is difficult to justify the effort to make the 
change. Despite this, two groups in addition to Michi
gan presented their work with solid phase synthesis at 
this meeting. ORBE presented the SCANDITRONIX 
FDG system which uses the Michigan FDG method. 
IWATA presented a small volume column system for 
11C methylations. Solid phase synthesis is much easier 
to automate than multiple liquid vial transfers, and with 
time it is likely that more solid-liquid phase syntheses 
will be introduced. The easiest to automate though, is 
gas transfers through solid catalysts and reactants. As 
CROUZEL stated, we should try to find a way to 
produce [11C]CH3I without liquids if we are going to 
continue to do methylations. 

In general, it was good to see manufacturers coming 
forth with more automated radiochemistry synthesis 
units, interacting with the group, and for the most part 
freely exchanging information. CTI / SIEMENS has 
had their „black box" synthesis unit out for several 
years and published the details of the system fairly 
completely. It was disappointing that no one from that 
division of the company was available to participate in 
this session. The companies who did attend appear to 
be taking different approaches to the syntheses and it 
will be interesting to see how successful they are. 

SCANDITRONIX has opted for two types of systems: 
They are continuing with the „ANATECH" robot for 11C 
syntheses; raclopride and methyl iodide, which are in 
use in St. Petersburg, and a black box with a com
pletely disposable synthesis module for synthesis of 
[18F]FDG. Both are operated using a personal compu
ter. DANATEC, in conjunction with PSI, have devel
oped relatively simple systems for production of 
[18F]FDG and ["Cjmethyl iodide and ["Cjraclopride 
using different heating technology and very simple 
microprocessor controls, which are easily accessible 
and reprogrammable by the user. EBCO is working 
with TRIUMF to commercially develop his dedicated 
automated [18F]FDG and [18F]F-DOPA syntheses, which 
emphasizes feedback sensors and whose personal 
software concept was presented at the last targetry 
meeting by David MORRIS [13]. 

The greatest strength of this session was the tremen
dous group participation and discussion which will 
hopefully continue among the participants until the 
next meeting. One weakness was that all of the active 
participants were involved in PET radiosyntheses. 
There is a need for automation in other areas of 
radiosynthesis, particularly in high activity iodine pro
duction and syntheses. Some of these people were at 
the meeting and had participated before, perhaps we 
can better include them in the future. 
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Improved Automated Systems for the Production of 
Radiopharmaceuticals 

G.G. Gaehle and M.J. Welch 
Mallinckrodt Institute of Radiology 

Division of Radiation Sciences 
510 S. Kingshighway 

St. Louis, MO 63110, U.S.A. 

The evolution of automated systems to produce 
radiopharmaceuticalswill see increased reliability, sim
plified set-up and operation, as well as multiple and 
dual syntheses within increasingly smaller hot cells. 
While working toward these goals at Mallinckrodt Insti
tute of Radiology, we decided an articulated arm pro
duced by CRS PLUS and distributed by HUDSON 
ROBOTICS as an automated laboratory system would 
augment this progress. The articulate design of the 
CRS arm distributed by HUDSON uses space effi
ciently within a hot cell. Upgrading the HUDSON sys
tem is easily accomplished through upgrades in its 
communication software, packaged as Total Control 
Software. Total Control Software also allows a choice 
in stations that interact with the robotic arm. The 
reliability and cost of the HUDSON robotic system are 
comparable to other systems currently being used. 
The advantage of robotic systems is due to their ability 
to reduce the operator's exposure by doing multiple 
syntheses within a single day without the operator 
entering the hot cell. 

The hot cell that houses the HUDSON robotic arm has 
a wo n\ space of ten square feet. In that work space the 
HUDSON robotic arm wastes approximately one tenth 
ol a square toot. In comparison, the 2YMARK arm 
would waste 4.125 Square feet (Fig. 1). 

The ten square feet hot cell that houses the HUDSON 
sy siem weighs approximately 8000 pounds. In this hot 

ZYMARK's Wasted HUDSON'S Wasted 
Work Space Work Space 
A = jir2 A = 1/2hb 
A = 7t (13.75)2 A = 2[1 /2(18)sin 2.5(18)] 
Wasted Area = 4.125 Sq.R. Wasted Area = 0.1 Sq.R. 

Figure 1: Wasted Work Space Comparison 

cell, with the station layout in Fig. 2, the robot is able to 
do the chemistry procedures necessary to do a variety 
of syntheses. These stations enable the robot to per
form the following procedures (Table 1). 

Table 1: List of Procedures to be Handled by the 
HUDSON Robot 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 

Liquid Handling and Dispensing 
Container Handling 
Cooling 
Controlled Heating 
Vortexing 
Capping 
Extraction 
Weighing 
Measuring Radiation 
Reporting 
Filtration 
Mathematical Computations 
HPLC 
Fraction Collection 

Table 2: English Commands Used in TCS 

APPROACH ASK 
CALL 
CLS 
DEPART 
DOS 
EDIT 
FCLOSE 
FOPEN 
GRIP 
HOME 
LIST 
MANUAL 
MOVETO 
OPEN 
PCCOUNT 
PLIST 
PSAVE 
RELEASE 
ROBOT 
SET 
STATUS 
TRACE 
WEIGH 
TRESULT 

CAP 
CONTINUE 
DIN 
DOUT 
EJECT 
FILL 
FPRINT 
HELP 
ISOTOPE 
LLIST 
MANUALC 
NAME 
OUTPUT 
PCINPUT 
PLOAD 
QUIT 
RENAME 
RUN 
SHIFT 
STOP 
UNCAP 
TINIT 
TTABLE 

BARCODE 
CLEAR 
DELAY 
DIR 
DOWN 
EMPTY 
FINISH 
FREAD 
HERE 
IMPORT 
LOAD 
MENU 
NEW 
PATH 
PCOUTPUT 
PNEW 
READ 
RENUM 
SAVE 
SMOVETO 
TARE 
UP 
TRESET 

BEEP 
CLOSE 
DELETE 
DISPENSE 
DT 
FAPPEND 
FLUSH 
GRASP 
HFILL 
JOG 
LPRINT 
MOVEREL 
NEXT 
PAUSE 
PIPETTE 
PRINT 
RECORD 
RESET 
SDEPART 
SPEED 
TERM 
RETURN 
TITRATE 
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Figure 2: Robotic Hot Cell Layout 

Total Control Software controls the HUDSON robotic 
system through an IBMor compatible PC thus allowing 
the system to be upgraded cheaply and easily through 
software upgrades. Total Control Software communi
cates to the robot as a stand alone unit and allows the 
integration of any station that can be controlled by an 
IBM or compatible computer. The use of a personal 
computer as a controller allows the robot to interact and 
react to different responses by stations integrated 
within the system. Table 2 is a list of English com
mands used in TCS. 

The ROBOT command allows the use of Robotic 
Automation Programming Language (RAPL) com
mands the robot operating system. This opens the 
doorto advance programming, but is not necessary for 
programming syntheses such as Fluorodeoxyglucose. 

Table 3 is a partial listing of the FDG program written 
in Total Control Software. This program then uses the 
CALL statement to run subprograms as demonstrated 
in Table 4. 

Table 3: Commands for FDG Synthesis 

280 REM *'** THE TARGET WATER HAS PASSED THROUGH THE RESIN 
290 CALL „sp" - (Program Shucks Pipet) 
300 CALL „psho" - (PrepSep Holder Out) 
310 CALL „ut1 OOps" - (Unload Test Tube 16x100 mm From PrepSep) 
320 CALL „activity" - (Activity Report) 
*330 CALL „rt10011" - (Return Test Tube 16x100 mm Rack 1 Pos.1) 
340 LPRINT „Recovery has Been Completed" - (Progress Indication) 
350 REM *"* THE ROBOT HAS STARTED FLUORINE EXTRACTION 
360 CALL „gt10021" - (Get Test Tube 16x100 mm Rack 2 Position 1) 
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Table 4: RT10011 Subprogram in FDG Synthesis 

Return test tube 16x100 mm 
10 SPEED 70 
20 ROBOT „TOOL GRIP" 
30 MOVETO cirri 
40 APPROACH t10011, 5 
50 SPEED 20 
60 SMOVETOt10011 
70 FINISH 
80 GRIP 1.2 
90 SDEPART5 
100 SPEED 80 
110 MOVETO clrM 
120 STOP 

to rack one position one 
- (speed control of robot 1-150) 
- (Tool Transform command) 
- (Moveto clear rack one) 
- (approach Test tube by 5 inches) 

- (moveto test tube in a straight path) 
- (Finish movement before next command) 
- (Grippers open 1.2 inches) 
- (Depart 5 inches in a straight path) 

- (End of sub program) 

Table 5: Comparison of Costs for the Two Robot Systems 

1.ZYMARK Core System 
2. Power and Event Cont. 
3. Liquid/Solid Extract. 
4. Master Lab Station 
5. Hot Ceil 

$ 29,000 
$ 4,000 
$ 5,700 
$11,850 
$ 70,000 

1. HUDSON Core System 
2. Digital I/O 
3. Liquid/Solid Extract. 
4. HAMILTON Station 
5. Hot Cell 

$ 29,300 
$ 1,732 
$ 5,700 
$11,850 
$ 38,000 

Programming in two levels as the tables demonstrate, 
makes the program easierto understand for personnel 
that have not written the program. Programming in two 
levels along with line numbers make recovery simple 
if the robot breaks down in the middle of a synthesis. 
The cost of this system is comparable to other robotic 
systems on the market (see Table 5). 

The HUDSON system becomes cost effective, when it 
is set up to do multiple syntheses in a day, while 

minimizing operator exposure. The robot's ability to 
clean up and set up after a synthesis will decrease the 
exposure the technician receives when compared to 
other methods of production. The layout of the hot cell 
and the addition of dispensing racks make muttiple 
runs possible without entering the cell. The robotic hot 
cell also has a small accers door that allows the 
introduction of reagents, see Fig. 3, that decompose in 
a normal environment with minimal exposure to the 
operator. 
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13f° Br 
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40.00 

•44.00-

-12.13' •11.75-
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V I—36.00 Opening-*! ^ ' ^ 
4 Pis 

Section A-A 

Figure 3: Lower Cabinet Interior Dimensions 
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The HUDSON Robotic system is a space saving alter
native to the ZYMARK system. The advances being 
made in robotic sciences are making robots more 
reliable, cheaper and easier to use than in the past. 
Easy to understand software interfaces are making 
communication between the robot and other labora
tory equipment possible. This along with innovative 

set-ups make multiple runs possible within a single day 
with little or no exposure to the operator. 
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An Autosynthesizer for 2-[Fluorine-18]Fluoro-2-deoxy-D-glucose 

Thomas Mäder, Ulrich W. Scherer and Regin Weinreich 
Paul Scherrer Institut 

5232 Villigen / PSI, Switzerland 

Norbert Schmid 
DANATEC AG 

Kleindorfstrasse 62 
8707 Uetikon am See, Switzerland 

Introduction a fully automated way. 

[18F]2-FDG as an important reagent for PET users is 
produced successfully in various apparatus all over the 
world. However most of these automated synthesizers 
are delicate, high-tech scientific machines with fea
tures that are not absolutely necessary for routine 
production of [18F]2-FDG. 

The reagents for synthesis and rinse operations con
tained in glass vials sealed with a septum are placed in 
a casket inside of the hot cell. An automated servo-
driven u nit connects the reagent flasks through hollow 
needles and a motorized multi-way teflon valve to the 
apparatus and a nitrogen pressure source. 

The units in the hot cell are absolutely free of electronic 
devices. 

Outside of the hot cell, a compact, separated, micro
processor-driven controller manages the synthesis in 

It comments the momentary operation with a message 
on its LCD-screen. The controller is fully solid state and 
contains no fans, disc- or harddisc-drives. Because the 
controller operates sequentially, the number of de
vices, like servo-valves, solenoids, temperature con
trollers, printers, pumps, sensors etc. is not limited. 
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Thus, the goal of our development project was to 
create a reliable, simple to operate and low cost 
autosynthesizer which requires a minimum of mainte
nance. In this context, some new and unconventional 
units must be developed to reduce mechanical move
ment and eliminate the need to handle the liquids for 
heating and cooling,orperiodicmanualcleaning steps. 

Concept of the Autosynthesizer 

The [18F]2-FDG is producedby the HAMACHER method 
[1] with some modifications [2]. The apparatus uses 
interchangeable, standard Reacti-Vials*™' as reaction 
vessels. Each vial is placed in the two special 
DANATEC® heating/cooling reactors. The reactors are 
mounted directly under a movable bridge that holds 
teflon headswith fitted connectionsforthe reactors. On 
the bridge are also fourteen plugs for special solenoid 
valves. These can be interchanged between different 
positions and can be freely oriented in the plugs. 

The whole bridge can easily be exchanged with an
other one, e.g. for a totally different synthesis. 

DANATEC*-Heating/Cooling Reactor 

This unit eliminates the need to move the sample from 
hot bath or metallic block to a cold bath or fan. It 

' operates with a fast flow of air, running in a closed loop. 
No warm-up effects in the hot cell and a very fast heat-
up time are two of the advantages of these technology. 
The full heat-power is used to warm up the reactor and 
the reaction vessel only. Both of them have a low 
caloric content (glass, teflon). The fast PID-Tempera-
ture Controller is easily able to set exact temperatures 
at the reaction vessel, due to its high dynamic heat 
transfer rate. 

The reactor is equipped with a magnetic stirrer. The 
stirrer rotates around the side wall of the Reacti-ViaP" 
so that the teflon tube can reach the conical center of 
the vial. There is no remaining dead volume after liquid 
transfer outside of the vial. The input teflon tube is 
mounted tangentially in the teflon head, so that a 
complete rinsing of the Reacti-Vial'sf™' inner walls is 
achieved. 
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Figure 1: DANATE& - Heating/Cooling Reactor 

• Clear view in the reaction vessel (kind of boiling, liquid and gas 
dosage, change in color etc.) 

• Adjustable, magnetic stirring, the PTFE spin bar runs around the walls 
of the vessel 

• Interchangeable vessel inserts (standard: 10 ml Reacti-Vial̂ ™') 
• Heating up over circulated air with high velocity, halogen-burner 

heater 
• Cooling over compressed air (option: compressed air / whirl-tube at 

-20°C or cold gas LN2). 

Figure 2: Computer Controller 

• Customer guide over a alpha-numeric display 
• „Solid state" technology, no moving parts (like harddiscs, relays, fans, 

discdrives etc.) 
• The program is directly interchangeable without any additional tools 
• Interfaces to an IBM-PC, to a graphic display or to a modem etc. are 

available 
• Simple programming in BASIC with extended commands 
• Connections for printers and radioactivity monitors are provided. 
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Figures 3a and b: Solenoid Valves Movable Bridge 

The bridge is equipped with two servo-motors to move up and down 
The use of two motors is necessary to control the seal-force for both reactor 
vessels 
The moving of the bridge can be used to close and seal the reaction vessels with 
a special PTFE connection head, or to Pierce needles in septum-sealed 
vessels 
On the top of the bridge are 14 plugs for solenoid valves 
For change to a different synthesis normally only the change of software is 
required, however for complete different synthesis the whole bridge is easily 
interchangeable. 
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Figure 4: PTFE Solenoid Valve 

All wet parts are made of PTFE; dead volume zero; 
innerdiameter1.5mm 
Is capable to bear 2 bar overpressure against 
vacuum on all ports and in all directions 
Two-way or three-way models are available, 1/4" 
28 UNF,_ j , t 
Built in light indicator 
The solenoid valve can be oriented freely in the 
plugs. 

Figure 5: PTFE Connection Head 

Is mounted at the movable bridge; closes the reac
tion vessel and connects it to the system 
PTFE/silicone seal; the quality of sealing would be 
tested by the program before the reaction starts. 
Nitrogen with 2 bar pressure is used for that pur
pose. 
Three ports are provided: one in the middle of the 
head with a tube to remove liquid outside of the 
reaction vessel; one port on the side comes tangen
tial in and is used for dosage of liquids, gases and 
especially rinsing the reaction vessel; the third port 
on the side goes in the center of the head and is 
used to take gases and steams away from the 
vessel. 
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Figure 6: Servo-Motor Valve 

• Computer-controlled, with record of momentary position 
• PTFE/PCFT made; eight ports; small dead volume 
• It is possible to set the valve to any desired position, for example also 

between two ports to keep the system closed 
• The computer controls the dosage steps in such a way that no 

interactions are possible between two different reagents. 

2 FDG Anlage Produktion 
DANATEC AG CH-8707Uetikon am See 2&.96.i<m 

Figure 7: Valve Connections 

• All connections are made of 1/16" PTFE tubes, except these for the vacuum (1/8") 
• Special DANATEC® spacers against the cold-deforming effect of PTFE 
• All connections are testable by the program; 2 bar nitrogen test-pressure 
• The distillation of the [,sO]wateris normally provided but in the described application not desired. 
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Figure 8: Arrangement of the r">F]2-FDG autosynthesizer inside and outside the hot cell. Note that the 
auto synthesizer is constructed in such a compact way that it can be installed into a small shielded 
chamber. Then, an expensive hot cell is not necessary. 
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2-[Fluorine-18]Fluoro-2-deoxy-D-glucose 
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Introduction 

2-[18F]Fluoro-2-deoxy-D-glucose (,,[18F]2-FDG") is a 
widely used radiopharmaceutical for various PET in
vestigations. Because of the relatively long half-life of 
18F (109 min), it can be distributed also externally. At 
PSI, [18F]2-FDG is produced for the in-house PET use 
as well as for some external users. The results of about 
3yearsexperience in quality assurance forthe produc
tion of [18F]2-FDG (1988-1990) are given. 

Isotopic Enrichment of Target Water P 80]H20 
18F is produced at PSI via the nuclear reaction 

180(p.n)18F 

by irradiation of 180 enriched water with 72 MeV pro
tons which are degraded to 15 MeV before entering the 
target capsule. The details of our production process, 
particularly the silver target, are described elsewhere 
[1]. The target material (['80]H20 and [180]D20, resp.) 
is recovered afterthe synthesis by microdistillation (10 
% or 0.4 ml loss per distillation). Fig. 1 shows the yield 
of ,8F in some consecutive production runs in the same 
target chamber, starting with 80 % enriched material. 
At the end of this series, the material had 78 % 
enrichment. The overall yield loss, consequently can
not be explained by isotope dilution only. Obviously, 
there are some changes in the surface of the target 
chamber. After heating the target chamber, or leaving 
it for several weeks, the yield of 18F is again at the 
original high level. 

t! 
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30 •26.'27.'4B.'*9j30)3l.S ,. ' 2.1 3.' 4.1 5.' 6.' 7.' 8.' 9.M0.' Il.l 12! I3.1 ,i< 

Jan.1990 Feb.1990 

Figure 1. Yield of pBF]2-FDG in Some Consecutive 
Runs 

We found that, afterthe irradiation, the target water is 
of brownish colour. It could be cleaned by filtration; the 
precipitate consisted mainly of silver oxide. We found 
however, that a clear solution after the irradiation 
showed pooryields in [18F]2-FDG synthesis, likewise a 
too strong black precipitate. The maximum of [18F]2-
FDG yield was obtained by a middle-brown solution. 
Although this effect to a certain content was reproduc
ible, it could not be explained. 

Synthesis 

Purity of the Precursor. Forthe preparation of [18F]2-
FDG, we used the well-known method of aminopoly-
ether-supported nucleophilic substitution, first pub
lished by HAMACHER etal. [2]: 

CHOAc 

04c OTy 
AcO X| V ÖAc 

1. f KtS.5.2 

:. H* 

6!= 2-FDG 

Some charges of the commercially available precur
sor, 1,3,4,6-TetraacetyI-2-triflyl-mannopyranose( I), ob
viously were not of sufficient quality. They were of 
yellow-brownish colour, smelled of acetic acid, and we 
suspected a yield reduction of [18F]2-FDG. For retain
ing the conditions with regard to a correct educt hy
giene, we synthesized the precursor (I) in our labora
tory by classical procedures [3,4]: 

HO 

CH,OH 
1 

' \ 
OH OH. 

OH 

2. f>0fj 

3. <CF3S02>20 
AcO 

CH.OAc 

1 

OAc 
\ 
OSOjCR, 

J / OAc 

We obtained each charge in the pure crystallized form 
without smell. The compound was stable over more 
than one year. Afterwards, we had no problems with 
educt hygiene at all. 

Synthesis Without the Amino Polyeiher? The 
phase transfer catalyst Kryptof ix (2.2.2), which is used 
in the synthesis of [18F]2-FDG, is a toxic compound 
(LDM in rodents 32-35 mg/kg [5]). Consequently, we 
tried to run the synthesis without this catalyst. The 
results of a series of test syntheses by varying the '8F 
activity, but otherwise under identical conditions, are 
shown in Fig. 2. 
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hydrolyzedfluorinated products, however, are not sepa
rated from 2-FDG. 

In order to follow and to improve both labelling and 
hydrolysis yields, we separated 2-FDG and its non-
hydrolyzed precursor by HPLC. Carbohydrate col
umns (two in series) proved to be superior to the RP-
18 column, since the 2-FDG peak appears behind the 
educt and the non-hydrolyzed precursor, and not in 
front of it (Front peaks are often contaminated in a non-
controllable way). 

Atypical HPLCchromatogram of [18F]2-FDG, obtained 
by a Carbohydrate column, is shown in Fig. 3. In our 
opinion, for estimation of chemical purity, and conse
quently of the specific activity, HPLC separation seems 
to be mandatory. 

Additionally, the amount of glucose was measured by 
an enzymatic test kit (BOEHRINGER MANNHEIM). 

Until 10 hours after EOS, no radiolytic decomposition 
of [18F]2-FDG was found. 

Quality Control Routine Procedure. Based on the 
results demonstrated above, a quality control proce
dure has been settled as outlined in Table 1. It was 
accepted by the Swiss Regulatory Agency (Bundesamt 
für Gesundheit). 

Every charge is documented in 3 sheets: 
• Control sheet for Galenics 
• Control sheet for synthesis 
• Data sheet for the user 

Results 

From August 1988 to November 1990,178 syntheses 

Figure 3. HPLC chromatogram of a low-yield hydrolyzed faF]2-FDG charge. 

WITH KRYPTOFIX 

'Z • '<• ' '6 ' '8 ' '10 
1aF A C T I V I T Y O O O m C i ) 

Figure 2. Yield of rBF]2-FDG vs. iaF starting activity, 
with and without the phase transfer catalyst. 

It was found that the yield in syntheses without the 
addition of the aminopolyetherdecreased dramatically 
with increasing starting activities. In order to obtain 
large amounts of [18F]2-FDG, we continued the synthe
ses with Kryptofix. In some test samples, however, we 
checked the amount of Kryptofix spectrophotometri-
cally via its Pb~ complex [6]. No higher concentration 
than 90 ng/ml of Kryptofix 2.2.2 in the final injectable 
solution was found. 

The spectrometric test is rapid, inexpensive and obvi
ously more sensitive than the TLC method commonly 
used for this purpose [7], 

Quality Control 

Radiochemical Quality Control. Thin layer chroma
tography (TLC), as proposed by the most authors, 
separates 2-FDG from fluoride ion, Kryptofix 2.2.2 and 
several other impurities. The precursor and non-
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Test 

Activity1 

Radiochemical and 
chemical purity1 

Apyrogenity1 

Sterility test1 

Isotopic enrichment 
o t [ 1 80]Ha0 2 

Amount of K/2.2.22 

Glucose amount2 

Procedure 

Ionization chamber 

(1)TLC. Si 60 plates. 
ethylacetate/ethanol 7:3, 
Rf about 0.8 
(2) HPLC. Carbohydrate 
Analysis Column 
WATERS P/N 84038,2 in series, 
acetonitrile/water 9:1, 
Mass (Rl), Activity (Nal well type). 

Limulus test 

Mass separation 

Pb++ complex, spectrophoto-
metrically, 250 nm 

Enzyme Kit, BOEHRINGER 
MANNHEIM 

1 Mandatory, for each charge 
2 Spot tests, not for each charge 

Table 1. Quality Control Procedure for pBF]2-FDG at 
PSI 

of [18F]2-FDG were carried out by request of three 
groups: 
• PSI In-House Medical PET group 
• Department of Nuclear Medicine, Inselspital, Berne 
• Department of Nuclear Medicine, University Hospi

tal, Geneva. 

The following observations were made: 
• The produced 18F activity ranged from 400 to 1000 

mCi (15-37 GBq) EOB per batch. 
• The radiochemical yield ranged from 50 to 65 % 

EOS, decay corrected. 
• The product was of no-carrier added quality (1700 

Ci/u,mol). 
• The radiochemical purity generally was > 98 %. 
• The chemical purity ranged from 94 to 98 %. The 

main contaminant was D-glucose. 
• The amount of Kryptofix 2.2.2 in the final solution 

generally was <90 ug/ml (< 300 u.g per run). 

Table 2 shows the development of the process with the 
exact documentation of failures. At the endof 1990, the 
development of the procedure was finished, and the 
synthesis with all items was transferred to the 
radiopharmacy production department at PSI. 
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Time 
Section 

8/88 -12/88 
1/89 -12/89 
1/90-11/90 

Number of 
Syntheses 

19 
58 

101 

Number of Deliveries to 
PSI-PET Berne Geneva 

25 7 -
137 27 18 (F-) 
180 32 13 

Failures 
Numbers Rate Reasons 

5 2 1 % No beam (3), Chemistry(2) 
6 10% Beam (4), Beam Station (2) 
3 2 % Beam Station (3) 

Table 2: Processing Development of the Routine Synthesis ofpaF]2-FDG at PSI 
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Cryptand [2.2.2] Quantitation in the Synthesis of 
2-[Fluor5ne-18]Fluoro-2-Deoxy-D-Glucose 

P.J. Kothari , J . Ginos, R.D. Finn andS.M. Larson 
Department of Medical Imaging 

Memorial Sloan-Kettering Cancer Center 
New York NY, U.S.A. 

Ü.M. Link and K.A. Krohn 
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Abstract. Most automated synthetic devices for the preparation of [1flF]2-f luoro-2-deoxy-D-glucose ([18F]FDG) 
employ cryptand [2.2.2] (4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo(8.8.8)-hexacosane) to facilitate the 18F 
displacement reaction [1]. Lack of simple spectroscopic and/or chromatographic determinations forcryptands 
prompted our investigation with tritiated [2.2.2] cryptand reagent [2] to determine the absolute concentration of 
this reagent throughout the synthetic procedure [1,3] leading to the final formulation. The concentration of 
cryptand [2.2.2] in the final formulation has been determined to range from 0.39 ng/ml to 0.60 ̂ g/ml which is well 
belO/V the detection limit by a method recently reported [3]. 

Introduction 

Several methods to prepare 18F labelled 2-fluoro-2-
deoxy-D-glucose (paF]FDG) have been reported in 
literature [4]. Many of these methods employ cryptand 
[2.2.2] to facilitate a nucleophilic displacement reac
tion. However, the presence of cryptand [2.2.2] in the 
final formulation of [18F]FDG has been of concern 
based upon toxicity [5]. The lack of simple sensitive 
spectroscopic and/or chromatographic methods to 
accurately determine the cryptand [2.2.2] concentra
tion in the radiopharmaceutical formulation prompted 
this investigation. This report represents preliminary 
resultsfromourinvestigationusing3H labelled cryptand 
[2.2.2]. 

Materials and Methods 

The113,4,6-tetra-0-acetyl-2-0-trifluoromethanesulf-
onyl-ß-D-mannopyranose (TAM), cryptand [2.2.2], 
tetrahydrofuran (THF), anhydrous acetonitrile, Dowex 
50-X-8 resin, Dowex ion retardation resin and an
hydrous potassium carbonate were purchased from 
ALDRICH Chemicals Company, Milwaukee Wl and 
used without additional purification. The C-18 and 
alumina Sep-pakcartridges and 0.22 micron Micropore 
filters were purchased from MILLIPORE Corporation, 
Bedford MA. 180 enriched water was purchased from 
MOUND Laboratory, Miamisburg OH. Concentrated 
hydrochloric acid was purchased from FISHER Scien
tific Company, Fairlawn, NJ and was diluted with 
deionized water to achieve appropriate concentration. 
3H labelled cryptand [2.2.2] was prepared according to 
a procedure we have published [2]. The scintiilant 

DUPONT Formula-963 was purchased from NEN RE
SEARCH Products, Inc., Boston MA. 

Production of f "FJFIuoride. The no-carrier-added 
[18F]HF was produced via 180(p,n)iaF nuclear reaction 
Irom an 180 enriched water target. The [18F]HF was 
concentrated by distillation to approximately 200 jil 
with the [180]H20 being recovered for future use. 

1BF Labelled 2-Fluoro-2-deoxy-D-glucose Synthe
sis (Fig. 1). To the vessel containing [18F]HF, a solution 
containing 4.6 mg potassium carbonate, 7 mg 
PH]cryptand [2.2.2] and 7 mg [3H]cryptand [2.2.2] in 
88% acetonitrile: 12% water was added. The solution 
was concentrated in vacuo to dryness (water bath 
temp. 55-60°C). The process was repeated twice with 
1 -2 ml anhydrous acetonitrile. A solution of 20 mgTAM 
in 1.5-2.0 ml anhyd. acetonitrile was added to the 
reaction vessel and the solution was heated under 
reflux for 5 minutes (oil bath temp. 125-130°C). The 
solution was concentrated to approx. 400 uJ in vacuo, 
lollowed by the addition of 5 ml water. The aqueous 
solution was passed through C-18 Sep-pak (pre-con
ditioned with 2 ml THF and 5 ml water). The Sep-pak 
cartridge was eiuted with 6-7 ml 0.1 M hydrochloric 
acid. The 18F labelled 2-fluoro-1,3,4,6-tetra-0-acetyl-
D-glucose was eiuted from the Sep-pak cartridge with 
3 ml TH F. The TH F solution was evaporated to dryness 
under reduced pressure and 1 ml 2 M hydrochloric acid 
was added. The solution was heated under reflux (oil 
bath temp. 125-130°C) for 20 minutes.The hydrolysate 
containing 18F labelled FDG was loaded onto a column 
containing Dowex-50X-8 and Dowex ion-retardation 
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Figure 1: Scheme of the Synthesis of['8F]2-FDG. 

resin. The charcoal cartridge (prepared by loading a 
charcoal suspension onto a 0.22 micron vented 
micropore filter), C-18 and alumina Sep-pak cartridges 
were connected to the resin column in series. [18F]FDG 
was eluted from the column with 20 ml water. The 
product was rendered isotonic with NaCI. 

Determination of3H Labelled Cryptand [2.2.2]. In 
separate experiments, to verify its stability, 1H labelled 
cryptand [2.2.2] was subjected to extended reaction 
conditions (/.e. separately refluxed in acetonitrilefoMO 
minutes and 2 M HCl for 30 minutes). For these 
preliminary results with labelled cryptand [2.2.2], the 
solution containing 2-[18F]-2-fluoro-2-deoxy-D-glucose 

was evaporated to near dryness in vacuo. The residue 
was redissolved in 1 ml deionized water and 5ml 
scintillation cocktail (DUPONT Formula-963) was 
added. The aliquots were removed from aqueous 
solution and 0.1 M HCl solution and mixed with the 
scintillant. The charcoal, C-18 and alumina cartridges 
were separately eluted with 1 M NaOH and appropri
ately mixed with the scintillant. The Dowex 50-X-8 and 
ion-retardation resins were separately eluted with 1 M 
NaOH and mixed with the scintillant. Also, a finite 
amount of 3H labelled cryptand [2.2.2] was dissolved in 
1 M NaOH and mixed with 5 ml scintillant. The solutions 
were assayed in a BECKMAN Liquid Scintillation Sys
tem model 3801. This data was used to determine the 
distribution of cryptand [2.2.2] during the synthesis. 
The experimental sequence and results are shown in 
Fig. 1 and Table 1, respectively. 

Table 1: Distribution of Cryptand [2.2.2] at Various 
Steps of 18F Labelled 2-Fluoro-2-Deoxy-D-Glucose 
Synthesis 

SYNTHETIC STEP 

(1) Aqueous Solution 

(4) C-18 Cartridge 

(2) Aqueous HQ Solution 

DOWEX 50-X-8 Resin Column 

loa Retardation Resin Column 

Charcoal, Alumina & C-I8 Cartridge 

[18F] Labelled 2-Fluoro-2-deoxy-D-glucose 

% of Tritium 
Labelled 

Cryptand [2.2.2] 

1.24 

0.09 

98 51 

0.07 

0.008 

0.003 

0.069 

Conclusion 

The use of 3H labelled cryptand [2.2.2] enabled us to 
accurately determine the presence of this chemical 
impurity throughout the various steps of the synthetic 
procedure leading to 18F labelled 2-Fluoro-2-deoxy-D-
glucose. The radiopharmaceutical formulation con
tained an average of 0.49 u.g/ml of 4,7,13,16,21,24-
hexaoxa-1,10-diazabicyclo(8.8.8)hexacosane. 
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Abstract. An RDS-112 CTI-SIEMENS Cyclotron has been installed at San Raffaele Hospital, Milan. Isotopes 
such as 13N, 150,1BF and MmMn are produced with very high radionuclide purity. At present 11C is contaminated 
with 140 (about 10%). Ourdaily production includes [1flF]FDG and [13N]NH3 and we are installing a Gas Delivery 
System (VICTOREEN) in order to supply 150 labelled gases. Two other radiopharmaceuticals, labelled with 1flF, 
16a-[iaF]fluoro-17ß-estradiol and 2-[iaF]fIuoroethylspiperone, are also synthesized in our laboratories. Automa
tion of the synthesis and purification of these agents is under development for their clinical application. 

Introduction 

The RDS-112 CTI-SIEMENS cyclotron, installed at 
San Raffaele Hospital in 1988, generates five 
radionuclides, 11C,13N, 150,1flF and KmMn which can be 
used to produce a wide variety of useful PET tracers. 
Here is a brief description of three years of experience 
in positron-emitting based radiochemistry. 

Production of Labelled Gases 

We produce several gaseous tracers, such as [11C]CO, 
[11C]C02, [

150]02, [,sO]CO and [150]CCy To establish 
their routine clinical use, we are installing a Gas Deliv
ery System (VICTOREEN) to monitor and dispense 
the dose to the patients. We can produce up to 2 Ci of 
[150]O2 and up to 1.5 Ci of [11C]C02. 

Radionuclidic purity of 11C is lowered by the presence 
of 140 (T1/2 = 70.6 sec) generated via the nuclear 
reaction 14N(p,n)140. 

Quality control of all the radiotracers is performed with 
gas-phase chromatography using a Porapak-Q9 col
umn. Analysis time is less than 6 minutes, the slowest 
component being [11C]CO (retention time = 5.4 min). 

Average radiochemical purity is > 95%, except for 
[11C]C02, which is contaminated by [11C]CO. To re
move [11C]CO, the product is passed through a column 
coated with activated charcoal containing elemental 
copper powder at 400°C (see the chromatograms, 
obtained by injecting the sample at EOB, Fig. 1, and 
after passage on activated charcoal, Fig. 2). 

GC conditions were: 

helium carrier flow = 50 ml/min 
column temperature = 28°C 
injector temperature = 30°C 
radioactivity detector BECKMAN mod. 170 

Evaluation of 52mMn Complexes 
KmMn (21.1 min half life), is a positron emitting isotope 
which can be readily produced in large quantities on 
RDS-112 CTI cyclotron by proton bombardment of a 
metallic chromium target via the nuclear reaction 

The aquo ion, P"Mn ]2+, has already been proposed 
as a PET myocardial imaging agent, but other KmMn 
complexes may function as PET imaging agents. In 
orderto establish if the chemical and biological proper
ties of the substitution labile Mn(ll) center can be 
modified by addition of appropriate compounds, 
[KmMn J2+was brought into reaction with several ligands, 
and the percentage of activity which could be extracted 
into octanol and chloroform was determined (Table 1). 

The biodistribution of [""MnJ2* and its complex with 
DTC(II) was evaluated in female Sprague-Dawley 
rats. The % I.D./gram organ uptake at various times is 
given in Tables 2 and 3. 

The relatively low, but constant brain uptake indicates 
that only a portion of the lipophilic P"Mn]DTC complex 
reaches the brain intact. 

These initial chemical and biological experiments have 
shown that, as expected, complexes of Mn(ll) are 
substitution labile and thus must be further stabilized 
with respect to ligand substitution before they can be 
utilized as perfusion imaging agents. 

Production of [1BF]FDG 

Since the beginning of our [18F]FDG production, we 
have found it useful to analyze the various steps of the 
CPCU synthesis in order to determine which step(s) 
might contribute to poor product yield. 

To this aim we have written a basic computer program 
which calculates the distribution of radioactivity as a 
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Figure 1: Gas chromatogram of["C]CO~ before passing the charcoal. 
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Figure 2: Gas chromatogram of["C]CO„ after passing the charcoal column. 

percentage of the original activity of [18F]FDG in the ues at EOB and gives us the sample data, shown in 
variouscomponentsof the synthesis module fiveorsix Table 4. 
hours afterthe end of [18F]FDG production. The activity 
contained in the following components was measured: This analysis allows us to pinpoint the synthetic step, 
the reaction vessels, the Sep-Pak purification car- mechanical or chemical, respectively, which failed. 
tridges and the ion exchange resin used to neutralize The results of three years production are shown in 
the reaction mixture. The program corrects these val- Fig. 3. 
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Table 1: % Extraction ofS2mMn Complexes. 

LIGAND 

HM-PAO 

SODIUM DIETHYL DITHIOCARBAMATE 
POTASSIUM ETHYL XANTATE 
BISCSALICYLDDE^ETHYLENEDIAMTNE 
FURJLDIOXIME 

POTASSIUM HYDROTRIS (1-PIRAZOLYL) BORATE 
2,2-BIQUINOLINE 

1,4,8,1 l-TETRAEXACYOX>TETRADECANE-5,7-DIONE 
5-AMINO-l,3,4-THIAZOLE-2-THIOL 

1-OCTANOL 

31 

97 
4 
3 
— 

98 
— 

8 

-

CHClj 

69 
93 

17 
— 
_ 

98 
~ 

2 

-

Table 2: Biodistribution ofPmMn]DTC (Sodium diethyl 
dithiocarbamate) in rats (% I.DJg). 

Table 3: Biodistribution ofS2mMir* in rats (% I.DJg). 
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12 

2.9 
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02 
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(200 g S.D. Female rats) (200 gSX). Female rats) 

Table 4: Analysis of the parts of synthesis apparatus during syntheses offFJFDG 

DATE: 24-04-1990 

BEAM CURRENT: 10 JlA 

TARGET YIELD: 315.2 mCi 

FDG 

C-18 

AI2O3 
RESIN 

SiOj 

FLUORINATION VESSEL (1) 
HYDROLYSIS VESSEL (2) 

BOMBARDMENT TIME: 60 min 

EOB: 8.35 

145 mCi at 9.40 =218.56 (63.40 %) mCi at EOB 

767 nCi at 16.22 = 14.63 (4.24 %) mCi at EOB 
170 nCi at 16.23 = 3.26 (0.95 %) mCi at EOB 
556 nCi at 16.23 = 10.67 (3.10 %) mCi at EOB 
883 nQ at 16.22 = 16.84 (4.88 %) mCi at EOB 

1940 nCS at 16.27 =38.18 (11.08 %) mCi at EOB 
557 nCS at 16.27 = 10.97 (3.18 %) mQ at EOB 

TOTAL «F =313.10 (90.83 %}mCi at EOB 
LOST = 31.61 (9.17%) mQ at EOB 
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Figure 3: Distribution of activities in psF]FDG syntheses. 

Automation 

The manualsynthesisof many important radiopharma
ceuticals often, exposes chemists to an exceedingly 
high amount of radiation. Automation of these proc
esses is therefore strongly recommended. 

We have automated the synthesis of [18F]fIuoroethyl-
spiperone, an important neuroreceptor tracer, using a 
CTI-SIEMENS module originally conceived for [,8F]FDG 
production with the same software environment (RMX 
286 Operating System, INTEL AEDIT, RTCX realtime 
configuration system). 

We wrote a new software program, for the complete 
synthesis with few modifications of the hardware set
up of the module. We replaced the silicone stopper #1 
with a new one supporting five additions of reagents, 
and we added a three-way valve to separate the waste 
aqueous solutions from the organic phase. Total syn
thesis time is 45 min. 

Starting with 450-500 mCi of 18P, the average activity 
recovered from the module is 120 mCi in a volume of 
2 ml, which is then subjected to HPLC purification. 

In order to further reduce the manual handling of 
radioactivity, our next step will be automation of the 
sample injection onto the HPLC and the collection of 
the final radiopharmaceutical. 

The synthesis of another radiopharmaceutical pro
duced in our laboratories, [18F]fluoroestradiol, should 
also be automated. However, this will require serious 
modifications of the module design. We currently use 
the CTI-CPCU only f orthe evaporation and f luorination 

steps and the rest of the synthesis is carried out 
manually. 

Preventive Maintenance 

In our laboratory we have introduced a weekly preven
tive maintenance program for a compact medical cy
clotron and its associated production modules. The 
main machine components which are the object of this 
program are as follows: main magnet, R.F. system, 
beam extraction system, vacuum system. Special 
emphasis is placed on to the replacement of the 
indicated parts before such parts fail during use: car
bon foils of the extraction system, O-rings, teflon tubes, 
pneumatic lines of chemical system; O-ring for the 
main chamber, mechanical pump oil of the vacuum 
system. 

We only stopped clinical radiopharmaceutical produc
tion twice, since most maintenance is done either after 
the radiopharmaceutical production, or at the week
end. 

Summary 

Ourthree years of experience at San Raffaele Hospital 
have shown that, when properly maintained, the RDS-
112 cyclotron is a reliable source of medically useful 
positron emitting isotopes 13N, 1S0, KmMn and espe
cially 18F. Automated production of [18F]FDG has been 
the mainstay of our operation, but production of other 
18F labelled molecules and 1S0 labelled gases is grow
ing in importance. 

The clinical use of these agents will be further facili
tated by the development and installation of automated 
synthesis and delivery systems. 
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Table 5: Breakdowns occurred between January 1990 and July 1991. 

BREAKDOWN 

1) MECHANICAL BREAKDOWN: 
(10 WORKING HOURS) 

2) ELECTRICAL BREAKDOWN: 
a 1 WORKING HOURS) 

3) LOSS OF VACUUM: 
(32 WORKING HOURS) 

4) HYDRAULIC BREAKDOWN: 
(2 WORKING HOURS) 

5) SOFTWARE: 
(1 WORKING HOUR) 

6) MAINTENANCE OF ION 
SOURCE: 
(5 WORKING HOURS) 

REPAIR 

REPLACEMENT OF HOT GAUGE 

REPLACEMENT OF OIL FOR THE MECHANICAL 
AND DIFFUSION PUMPS AND OIL BATHS OF THE 
CPCU 

REPLACEMENT OF MECHANICAL PUMP FOR 
PREVACUUM IN THE TARGET 

REPLACEMENT OF VARIAC BRUSHES 

REPLACEMENT OF RELAY IN THE VACUUM 
PANEL 

REPLACEMENT OF DIODES IN THE MAGNET 
POWER SUPPLY CIRCUIT 

BREAKAGE OF O-RING (PROBE SUPPORT) 

LEAK IN ACCELERATION CHAMBER 

COOLING CIRCUIT OF THE »F TARGET 

BREAKDOWN OK CPCU 

CLEANING, CATHODES AND PULLER REPLACE
MENT 
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Automated Carbon-11 Radiopharmaceutical Production 

John C. Clark and Keith Dowsett 
MRC Cyclotron Unit 

Hammersmith Hospital 
London W12 OHS 
United Kingdom 

Control System 

The Hammersmith methylation systems are controlled 
by a TOSHIBA EX40+ programmable controller with 
an EX40E expansion unit. This provides 48 inputs and 
32 relay outputs. These devices have been programmed 
using ladder logic, a system based on relay type logic 
with open and closed contacts and relay coils. There is 
also a bi-directional shift register which sequences the 
operations. Programmable controllers were selected 
for reliability which at present is very good. 

Sequence of Operations (Fig. 1) 

„Set-up" procedure. 
• Purge apparatus with nitrogen, load lithium alu-

miniumhydride.hydriodicacid.andprecursor.Load 
syringes 17 and 26. 

• Nitrogen flows through valves 2,3,4,6 and 7 and 
also through 11 and 12. 200 u.l of UAIH4 in THF is 
placed in the methyl iodide pot, and 200 u.l of HI 

loaded into the loop controlled by valve 10. 
• Approximately 2 mg of precursor in 500 u.l of DMSO 

+ base is loaded into the methylation vial. Load 
syringe 17 with 9 ml of water and load syringe 26 
with 10 ml of isotonic saline. 

„Run" procedure. 
• Trap activity. Trap is lowered into liquid argon, then 

valves 1 and 4 actuate to empty the target. Nitrogen 
flow continues through valves 2,3,6 and 7 and also 
through 11 and 12. 

• Dispense activity. The trap is raised and nitrogen 
passed through it from valve 2. The carbon dioxide 
is carried through valve 6 and into the LiAIHA. The 
nitrogen is vented through valve 7. 

• Make methyl iodide. The THF is removed by heat
ing, nitrogen flows through valves 2,3,4,6 and 7. 
When the evaporation is finished the pot is cooled 
by air through valve 9. After cooling the HI is added 
through valve 10 under nitrogen pressure. The pot 

Nitrogen 

-©— 

P—©-
Nitrogen 

Needle 
Valve 

Needle 
Valve 

Nitrogen " ' " p , " " ! 

i ^ = > _ _ M „ l e . t — - . L @ ^ = , A @_ 

v-"' -̂̂  Loop containing 13 
500ul of HI Jy 

VI 
v 

u C 0 2 T r a p 

Cooling Air ^r-

U V_ 

1]CH3I product ion 

*Mte 
HPLC eluent 

HPLC purif ication 

^j 

Methylation 

®—fn 
Mllllpore 

Product for injection 

Formulat ion 

Figure 1: Schematic diagram of the automated radiopharmaceutical production. 
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is then sealed and heated to 165°C for 2 minutes to 
convert any remaining methanol into methyl iodide. 

• Methylate the precursor. Switch off nitrogen flow 
through valve 11 and distil methyl iodide through 
valves 11 and 12into the precursor. After 5 seconds 
switch on nitrogen through valves 2,4 and 6. After 
1 minute lower vial into oil bath and heat to 90°Cfor 
5 minutes. During this heating cool the methyl 
iodide pot with air through valve 9. 

• Purify precursor by HPLC. Raise the methylation 
vial and withdraw the contents through valves 12 
and 16 into syringe 17. Wash the vial with water 
from syringe 17, then load the contents into the loop 
on valve 18. Switch valve 18 to transf erthe contents 
on the loop onto the short C-18 column. Wash with 
water for 5 minutes. Switch valve 19 to wash the 
organic products onto a semi-prep C-18 column. 
The effluent from the C-18 column is monitored by 
UV and radioactivity detectors and valve 20 actu
ated by the operator to select the product. 

• Formulate the product. The eluent from the column 
is transferred through valves 20 and 21 into the 
rotary evaporator where the HPLC eluent is re-

Figure 2: Carbon dioxide trap. This trap is constructed 
from 600 mm of 1/16" stainless steel tubing. This is 
cooled in liquid argon to prevent nitrogen condensa
tion. Efficiency is > 99%. 

moved. 10 ml of isotonic saline is then added from 
syringe 26. This is sucked out, then passed out of 
the cell and through a Millipore 0.22 um filter into a 
sterile vial. 

Labelled Compounds 

This type of system has been used to methylate the 
following compounds: 
• SCH 23390 
• Deprenyl 
• Raclopride 
• PK 11195 
• Flumazenil 

A similar system with an additional deprotection stage 
(hydrolysis) has been used to label Diprenorphine. 

Yield 

Atypical preparationwillstartwith>50GBq of [11C]COz. 
45 minutes later this will yield around 2.7 GBq of 
labelled product. This typically has a specific activity in 
the region of 7-10 GBq/u.mol @ 60 minutes EOB. 

Figure 3. Methyl iodide reaction pot. This pot contains 
200 u,/ of a saturated solution of lithium aluminium 
hydride in THF. This is prepared in a nitrogenglo ve box 

1 on a weekly basis. The complex formed by reaction 
> with carbon dioxide is hydrolysed by addition of 200 u./ 
- of 55% hydriodic acid which is transferred under gas 

pressure from a loop above the pot. 
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Figure 4: The methyl iodide pot is shown here life size. 
The lid is made ofKel-Fwith five 1/4-28 ports machined 
into it. It is sealed to the glass reaction pot by a teflon 
coated silicone rubber seal ring. Attached to the outlet 
is a trap which holds sodium hydroxide. This is used to 
prevent hydriodic acid distilling into the precursor with 
the methyl iodide. 

Figure 5: Methylation vial. The vial is sealed with a 
teflon faced septum which is pierced by two round 
nosed needles. Methyl iodide is distilled from the 
reaction pot into a vial containing the precursor in 
strong base. This is then lowered into the oil bath, and 
the needles withdrawn from the septum. The sealed 
vial is then heated to complete the reaction. 

Figure 6: HPLC system. The reaction mixture is first 
loaded into a 10 ml loop then transferred to a short C-
18 column. This retains organic compounds but ionic 
materials are washed to waste. The organic materials 
are then removed with a different solvent and trans
ferred to an HPLC column. 

Figure 7: Formulation hardware. This is based on a 
modified rotary evaporator with a dip tube to allow 
liquids to be sucked out. It is mounted on an air cylinder 
with an oval piston to prevent rotation. 
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Automation of the Synthesis of [2-Carbon-11]Thymidine 

J.H. Courter, J.M. Link and K.A. Krohn 
University of Washington 

Seattle WA, U.S.A. 

H1 ]CN 

KMn04 

Kc/fcN -

(NH^SO, 

H2N 

(-.-siC^ oleum + heal u NH 

l"d urea 

O 

HN' 

' 0 ' - - N -
H 

A ll thymidine Phosphorylase + (; ^ 

J) T-dcowribosc-l-phosphate \ J 

11 l2-"Cj thymine 
OH 

[2-"C] thymidine 

Figure 1: Steps for Synthesis of [2-"CJThymidine 

We have constructed a remote synthesis, using robot
ics, of [2-11C]thymidine for patient imaging. The syn
thetic method used is adapted from that described in 
Ref. [1] as shown in Fig. 1. 

Our procedure uses a ZYMARK robot interfaced to an 
IBM XT computer to effect the synthesis and purifica
tion of this compound. Fig. 2 contains a top view 
schematic representation of our robotic system as it 
sits in our hot cell. The inside hot cell dimensions are 
8 feet wide by 3 feet 1 inch deep by 3 feet 3 inches tall. 
The robot is positioned in the left section of the hot cell, 
w'rththe purification system andthe11C gas processing 
system in the right section. The HPLC effluents (prod
uct and waste) are collected below the hot cell. 

The synthesis is accomplished with the following steps: 

Step 1: [11C]ammonium cyanide is trapped in 50u.l 2N 
KOH and 200 u.l 32 mM KMn04(Fig. 3). At the end of 
cyanide trapping, a keystroke on the computer initiates 
the synthesis. The robot moves the reaction vessel 
containing the [11C]cyanide from the radioactive CN-

addition tube (Fig. 3b) to a 110°C heat block where the 
reaction is incubated for 3 minutes. 

Step 2: The reaction vial is removed from the heat 
using the robotic arm. 50 u.l of 6% H202, 100 uJ of 
(NH4)2S04 and 100 uJ of CHjCHpH are added 
sequentially (Fig. 4a) to the reaction mix and vortexed 
(Fig. 4b) between each addition. The additions are 

general purpose 
hand 

pipet 
hand 

ROBOTIC 
ARM C-ll GAS PROCESSING SYSTEM 

HPLC COLUMN 

dry bath & inert gas 
} 

Figure 2: Aerial Schematic of Robot Layout in the Hot Cell. 
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Figure 3: The P'C]Ammonium Cyanide Trapping Sta
tion. The Reaction Vessel (a) and the Needle for 
Bubbling p'C]CN into the Reaction Vessel (b) are 
Shown. 

Figure 4: Robotic Station for Addition of Reagents (a) 
and Vortexing (b). 

controlled by an XT digital input / output system (XT 
DIO) which is interfaced to the robot. Solenoid valves 
and air pressure are used to empty prefilled loops 
containing the reagents into the reaction vessel. 

Step 3: The reaction vessel is capped using the 
ZYMARK capping station (Fig. 5a) and the reaction 
vessel is moved to a 150-180°C heating / stirring block 
(Fig. 5b) for 5 minutes. 

Figure 5: ZYMARK Capping Station (a) and 15CPC 
Heating / Stirring Block (b). 

Step 4: The reaction solution is pipetted into a 16 X100 
mm test tube using the ZYMARK pipet hand (Fig. 6). 
The robot then attaches a 10 u.m filter onto the end of 
the pipet tip and filters the solution into another vial to 
remove particulates. 

Step 5: The reaction mixture is transferred in the new 
vial to a 110°C heat bath and argon is placed over the 
vial (Fig. 7) to effect evaporation of the liquid from the 
vial. It is essential at this step that the reaction go fully 
to dryness. The robot stops after five minutes and 
raises and lowers the vial for visual inspection of the 
state of dryness. In the future we will incorporate a 
thermocouple based sensor for dryness. 

Step 6: When the reaction is dry, the robot arm is used 
to place the reaction vessel in a cooling bath (4°C) and 
7 u.l of diethyl malate is added using a syringe hand 
(Fig. 8), modified in our laboratory from one of the 
ZYMARK hands and a HAMILTON microliter syringe. 

Step 7: The reaction vial is carried to a transfer station 
which is connected to a vial containing 120 u.l of oleum 
under argon (Fig. 9). The oleum is transferred using 
argon pressure into the reaction vessel. The vessel is 
then rapidly capped and put into a 130°C heat block. 
The reaction mixture is immediately placed under an 
inert (Ar) atmosphere with -10 ml / minute of flow by 
piercing the vented teflon septum with a gas delivery 
system (Fig. 10). The reaction mixture is incubated at 
this temperature for 10 minutes. 
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Figure 6:ZYMARKPipet Hand with Pipet Tip Attached. Figure 8: Modified Microliter Syringe Hand. 
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F/gure 9: System for Transfer of 100 \il of Oleum. 
Reaction Vessel (a) and Oleum Reservoir (b). 

Figure 7: Evaporation of Liquid from the Reaction 
Vessel. 
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Figure 10: Gas Delivery System (a) and Reaction 
Vessel with Vent in Cap (b) for Cyclocondensation 
Reaction. 

Step8: The reaction vessel is then carried by the robot 
arm to the capping station where it is uncapped and 
then set into a holder. The robot pipet hand is used to 
add 500 uJ of waterto the reaction mixture and then to 
pipet up the reaction mixture and place it onto a column 
containing 2.9 g of AG11X8 ion exchange resin (Fig. 

11). Water is added using the robot pipet hand to elute 
the column. The first 1.2 ml of the solution are dis
carded and then the tray underneath slides to change 
from the waste to the collection vessel. A total of 1.7 ml 
of the deionized reaction mixture are collected. 

Step 9: A solution of 350 uJtris/NajSO, buffer (0.75 M, 
pH 7.4), 100 u.l 2-deoxy-a-d-ribose-1-phosphate, and 
10 u.l (10IU) thymidine Phosphorylase, stored at 3°C is 
pipetted into the reaction mixture. The reaction mixture 
is then shaken and incubated on a 37°C heat block for 
2 minutes. 

Step 10: The reaction mixture is placed undera sipping 
station and the XT DIO starts a pump which pulls the 
solution fromthe reaction vessel intoavacutainer.This 
container is then pressurized to push the reaction 
mixture through a vented 0.22 urn Millipore sterile 
pyrogen free filter into the injection loop. After 3 min
utes, the HPLC valve is switched using the XT DIO and 
the sample is injected onto the HPLC. (Preparative 
C18 silica column, mobile phase 5% ethanol, 254 nm 
UV and radioactivity detection, flow rate 4 ml/min). The 
product is eluted at 9 to 11 minutes post injection, and 
a three-way valve is used to switch from waste to 
product and back. This switching is now done by 
pushing a key on the computer console, but will even
tually be automated. The product is collected through 
a sterile pyrogen free 0.22 u.m filter into a sterile serum 
vial containing 500 u.l of 19.9% sterile saline. The 
product is removed from under the hot cell. Samples 
are removed for analytical HPLC measurements of 
specific activity and radiochemical purity, and LALand 
sterility tests. The product is then assayed for radioac
tivity, labeled and sent to the PET suite for imaging. 

Figure 11: Station for Ion Exchange Purification with Column (a) and Movable Tray (b) for Product and Waste. 
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Summary 

The total synthesis time is 70 minutes. The typical yield 
is 13 mCi at EOB or a 13% decay corrected radio
chemical yield. This is comparable to the yield we 
obtain by manual synthesis. The radiochemical purity 
is typically > 99.8%. We hope to find the time to 
incorporate more decision making and feedback sen
sors into this synthesis in the next six months. We have 
not yet performed many syntheses with this automa
tion method and cannot yet be sure of its effect on yield 
variability over several months. This synthesis is very 
sensitive to the dryness of all reagents for the 
cyclocondensation. We hope that by using feedback 
sensors with the robot, we will be able to eliminate 

some of the variability in radiochemical yield which we 
experienced in the past with manual syntheses due to 
visual determinations of dryness and variations in 
reagent handling. 

Acknowledgements. This work was supported by 
NIH#CA42045. 
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Recent Progress in Automation at CYRIC 

Ren Iwata, Claudio Pascali andTatsuo Ido 
CYRIC 

Tohoku University 
Sendai 980, Japan 

Introduction 

The development of a fully automated system suitable 
for routine preparation of 11C labeled receptor ligands 
using high specific activity [11C]methyI iodide has been 
our major target for the last two years. Although we 
have not yet accomplished this purpose, we introduce 
here our current semi-automated system and up-to-
date results obtained for clinical PET studies. Our 
recent approach to the full automation of 11C receptor 
ligand synthesis by on-line 11C methylation is also 
described. 

11C Receptor Ligand System 

The system consists of two parts as illustrated in Fig.1. 
The upper part is the fully automated, feedback con
trolled, ["CJmethyl iodide system which is now com
mercially available (NKK Corp., Japan) and the lower 
one the semi-automated system for reaction and puri
fication [1]. The notable features of this system are as 

follows: 
• A stretchable tube employed in a rotary evaporator 

allows to sample a collected product from prepara
tive HPLC for HPLC analysis before evaporation, in 
order to determine chemical and radiochemical 
purities and specific activity of the product by HPLC 
analysis. This means we can save the time usually 
required for quality control after the synthesis. 

• A syringe pump unit installed enables to automate 
the whole procedure concerning formulation and 
filtration of a final product in saline into a sterile vial. 

Using the present system we have prepared four 11C 
radioligands so far. Table 1 lists the record of routine 
production of these radiopharmaceuticals for clinical 
PET studies. It is clearly demonstrated that the produc
tion of 11C labeled radioligands having high specific 
activity in a high yield can be reliably achieved with this 
system. 
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Figure 1: Flow Chart of the Automated System for the Preparation of "C Labelled Radioligands. 
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Table 1: Production Log of " C Labelled Receptor Ligands at CYRIC 

Run 
No. 

1 
2 
3 
4 
6 
7 
8 
9 
10 
11 
13 
15 
17 
18 
21 
22 
24 
27 
23 
31 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 

Ligand" 

YM 
YM 
YM 
PL 
YM 
PL 
PL 
PL 
PL 
YM 
YM 
YM 
DX 
YM 
PL 
DX 
PL 
YM 
YM 
DX 
YM 
BT 
BT 
BT 
YM 
DX 
YM 
YM 
DX 
DX 

Irradiation"' 
Current 

(M) 
12.6 
11.3 
11.8 
12.8 
12.9 
12.3 
11.3 
13.2 
12.2 
11.5 
12.6 
12.5 
12.4 
10.9 
11.1 
13.3 
11.8 
12.4 
12.0 
11.5 
11.5 
12.6 
10.8 
12.0 
11.2 
12.3 
10.8 
12.0 
12.5 
12.3 

Duration 
(min) 

60 
60 
60 
60 
60 
64 
60 
60 
72 
60 
60 
60 
60 
62 
60 
55 
60 
58 
60 
68 
58 
60 
60 
60 
61 
60 
63 
39 
60 
61 

Synthesis 
time 

(min) 
48 
48 
44 
48 
65 
42 
42 
44 
38 
55 
55 
51 
35 
70 
41 
41 
41 
44 
43 
40 
44 
40 
39 
42 
42 
42 
45 
46 
40 
44 

Product yield 
at EOS'5 

(mCi) 
33.2 
30.7 
20.9 
18.7 
12.5 
49.1 
43.6 
2.7 

37.8 
12.3 
6.5 

19.0 
26.8 
8.0 
25.8 
32.1 
37.4 
31.0 
23.1 
24.5 
18.9 
55.3 
50.2 
13.6 
15.4 
31.2 
12.2 
21.2 
29.0 
21.0 

(%) 
24 
25 
14 
13 
16 
29 
29 
2 
19 
12 
6 
15 
13 
14 
17 
18 
23 
20 
15 
14 
13 
31 
31 
8 
10 
19 
9 
18 
16 
13 

Specific 
at EOS 

(mCi//jmol) 
1480 
701 

1110 
1361 
835 
1531 
1314 
1164 
1276 
1045 
775 
370 
623 
375 
687 
995 
904 
869 
553 
573 
1429 
4300 
1200 
1740 
2320 
1590 
1700 
884 
1476 
1840 

activity 
at EOB 

(Ci//jmol) 
7.57 
3.59 
4.96 
6.96 
7.62 
6.39 
5.48 
5.20 
4.65 
6.78 
5.03 
2.10 
2.05 
4.06 
2.77 
4.01 
3.65 
3.88 
2.39 
2.23 
6.38 
16.8 
4.52 
7.26 
9.68 
6.63 
7.85 
4.23 
5.75 
8.22 

" 'YMf 'CjYMOgiöl^ , PL:["C]pyrilamine, DX:[nC]doxepin, BT:[" C]benztropine 
"'Accelerated proton energy: 18 MeV. "'Product collected usually for only 1 min. 

On-Line11C Methylation System 

Ascanbe seen in Fig.1 the procedure afterthe reaction 
of [11C]methyl iodide with a substrate requires rapid 
transport of a mixture from the reaction vessel to the 
HPLC injector. It is rather difficult to automate the 

procedure for loading a whole sample rapidly and 
efficiently into an injector loop without drawing air 
together [2]. A new method using a reaction column, 
which is connected to an HPLC injector instead of a 
sample loading loop, does not necessitate the above 
procedure since trapping and reaction of [11C]methyl 

Out 
AV2 S 

Charcoal . , 
Column -

UV detector 

AV3 

Wasle "NÖ^TFl 
Collect 

HPLC injector 
HPLC solvent in 

DHF 

' AV1 

^ 

-ESSSS3 rii 
PzOs 

[11C]HJI in 

\ 
80°C -42°C 

Radiation sensor 

Figure 2: Flow Chart of the On-line ["C]Methylation System. 
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iodide can be performed in this short column (see a 
flow chart in Fig. 2). A sequence consists of the 
following steps: 

1. dip the column in a dry-ice-acetonitrile bath (-42°C) 
and trap ["CJmethyl iodide; 

2. load a reaction solvent (DMF) into the column; 
3. change the cold bath with an oil bath (80°C) to carry 

out the reaction for 5 min; 
4. inject the whole reaction mixture into a preparative 

HPLC column and keep injecting for 50 sec; 
5. collect the product peak into a flask for subsequent 

evaporation. 

Silica gel or Porapak Q is used as adsorber for 
[11C]methyl iodide, and a reaction substrate is coated 
on inert support, which is then mixed with the adsorber 
and packed in the reaction column having an internal 
volume of 55 u l Tetrabutylammonium hydroxide 
(TBAH) dissolved in DMF is added to the substrate for 
[11C]methylspiperone synthesis. Some typical results 
are listed in Table 2. Advantages of the present on-line 
11C methylation can be summarized as follows: 
• Simple operation 
• Injection of a reaction mixture into a HPLC column 

without significant loss 
• High radiochemical yield 
• Easy adaptability for automated systems 

Fig. 3 shows a photographic view of our automated on
line 11C methylation system. 
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Figure 3: Photographic View of the Automated On-line 
"C Methylation System. 

Table 2: On-line "C Methylation of Receptor Ligands. 

Product'1 

DOX 

CYP 

NMS 

Column 
vol. 

w 55 
22 
55 
55 
55 
55 
12 
55 
55 
55 
55 

Reaction 
Substrate 

dose 
(/imol) 

1.9 
1.5 
3.6 
3.6 
6.0 
3.5 
0.6 
3.5 
3.5 
3.5 
3.5 

i conditions 
Adsorb« 

Matrl.'5 

SG 
SG 
SG 
SG 
SG 
SG 
SG 

PQ 
PQ 
PQ 
PQ 

iV 

Vol. 
ißl) 
47 
15 
36 
38 
29 
35 
6 

35 
35 
35 
35 

Base 
cone.'3 

(mM) 
-
-
-
-
-
-
-

12° 
25° 
25° 
25m 

Carrier 
amount 
(nmol) 

317 
47 
59 
46 
26 
27 
88 
50 
47 
21 
29 

Result: 
Trapping 
efficiency 

(96) 
>99 
65.4 
>99 
>99 
98.2 
>99 
75.2 
>99 
>99 
>99 
>99 

Or 
Product 

i-column 

(%) 
46.5 
76.8 
71.5 
60.2 
83.0 
86.9 
79.7 
32.3 
46.0 
40.0 
60.6 

yield 
Overall 

(96) 
46.5 
65.6 
71.5 
60.2 
81.5 
86.9 
59.5 
32.3 
46.0 
40.0 
60.6 

•'DOX: [uC]doxcpin, CYP: ["^cyproheptadine, NMS: N-[uC]methylspiperone 
"2SG: silica gel (80-100 mesh), PQ: Porapak Q (60-100 mesh). 

•3conc.°: aqueous TBAH, conc.m: methanolic TBAH. 
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Robotic Synthesis of [1-Carbon-11]Acetic Acid 

Michael V. Korsakov, Dimitry Solovyov, Andrei G. Horti and Olga F. Kuznetsova 
Academy of Sciences of the USSR 

Institute of the Human Brain 
Akad. Pavlova, 9 

197376 St. Petersburg, Russia, C.I.S. 

Lars-Erik Nilsson and Johan Ulin 
Scanditronix AB 

Husbyborg 
75229 Uppsala, Sweden 

Abstract. [1-11C]acetic acid was prepared in a fully automated robotic synthesis using the SCANDITRONIX 
robotic system, starting from [11C]COz and methyl magnesium bromide in ether solution. The product was purified 
using an ion retardation resin applied on a C-18 solid phase extraction column. The time of synthesis was 10 
minutes from EOB. The radiochemical yield was 30% (not decay corrected), based on [11 C]COz. The radiochemi
cal purity was 99%. 

1)CH3MgBr 

2) HCl 

"CO, -> CH3
11COOH 

20 - 30°C 

Synthesis Description 

["C]C02 Trapping and Reaction. Trapping of the 
target gas is carried out in the magnesium bromide 
ether solution at ambient temperature. 
Cone. 0.15 M CH3MgBr in ether 
Temp. 20°C 
Carrier nitrogen (6.0) 
Flow 25 ml/min 
Time 2.5 min 

1 - 1 ; l C 0 2 T R A P P I N G 

Hi, TD-, 25 n]/nin 
* ' asorit» tran 

153 sec 1 WjKjSr, ether 
solution 8.1SH. 

Znl 

Ether Evaporation. Ether evaporation is performed 
with a nitrogen flow. No side reactions are observed. 
Temp. 30°C 
Flow 200 ml/min 
Time 2 min 

2 . ETHER 

«2 2B8 nl/un 

1 ita 

EUAPORATTON 

nstc 

12Bsec 

Hester. I=X°C 

Neutralization of the Reaction Mixture.^ -11C]acetic 
acid is produced by addition of an aqueous solution of 
hydrochloric acid to the evaporated GRIGNARD reac
tion mixture. 
Cone. 0.4 M HCl 
Temp. 20 - 25°C 

3 . HCL 

|Eobot J 

A D D I T I O N 

I 

•ft 

-
KCl 2 nl, 8.4 H 

Heater. T=2B-2SDC 

Purification. The acidic water solution of [1 -11C]acetic 
acid, containing magnesium salts was passed through 
a solid phase extraction column, which was also filled 
with ion retardation resin on top of the C-18 phase. 
Ion retardation resin AG 11 A8,1g 
SPE column Supelclean LC-18 

a. PURIFICATION 

dispenser 

f-HD 
|rctot hand ~| I I 

pilW.tf 

V. 

AG HAS 
II-13 

'8.22 A Killipcre filter 

Sterile ccntainer 

218 Paul Scherrer Institut 



TARGETRY '91 

Sterile Filtration. The purified water solution of acetic 
acid was passed through a Millipore sterile filter, pore 
size 0.22 u.m. 

Analysis. Analysis of the final preparations was per
formed by means of HPLC and GC, concentration of 
contaminant ions was measured with a bromine-selec
tive electrode and by EDTA titration of magnesium. 
HPLC NH2 column, 

eluent CH3CN/0.01M NaH2PO, 
80/20 v/v. 

GC DB-WAX (Megabore) column, 
temperature programmed 30-150°C, 
45°C/min. 

Summary 

A fully automated procedure for synthesis of [1-
1,C]acetic acid was developed, using the laboratory 
robot RB-86 (ANATECH AB, Sweden) and the flexible 
automatic work station for synthesis of radiotracers 
(SCANDITRONIX AB, Sweden). 

The activity of the product is up to 300 mCi at end of 
synthesis. The uncorrected yield of [1-1,C]acetic acid 
was 30%, after 10 minutes synthesis time, based on 
[11C]C02 production. 

The radiochemical purity of the product is more than 
99%, with the single radioactive impurity being 
[11C]carbonate. 

The synthesis was developed by the mutual efforts of 
the radiochemistry divisions of the Institute of Human 
Brain (St. Petersburg, Russia) and SCANDITRONIX 
AB (Uppsala, Sweden). 

Table 1: Summary of Results 

Table 2: Hardware Used for Routine Robotic [1-11C]-
Acetate Production. 

Run number 

Integrated beam 
current, [uAh] 

Product activity, 
[mCi] 

Activity in SPE 
column, [mCi] 

U C 0 9 Trapping 
efficiency, [%] 

Yield E.O.S, 
[%] 

Radiochemical 
purity, [%] 

Ionic impurities 
Br", [p-g/ml] 

Ionjf impurities 
Mg2-*-, [Hg/ml] 

I 

0.4 S 

14.3 

--

90 

29 

>90a 

8.0 

4.0 

2 

0.4S 

25.0 

2.6 

80 

50 

99 

2.0 

1.6 

3 

0.46 

14.3 

1.5 

60 

29 

99 

3.0 

1.7 

4 

21.4 

269 

117 

80 

27 

97 

11 

4.0 

IsotODe p r o d u c t i o n . 
MC-17 
S v n t h e s i s . 
Hot c e l l 
R o b o t i c svs tem 
Lab r o b o t 
Robot arm 
Grip hand 
Sy r inge hands 
Sequencer 
Computer 
Work s t a t i o n for 
s y n t h e s i s of r a d i o 
p h a r m a c e u t i c a l s . 
Methyl i o d i d e 
work s t a t i o n . 
A n a l y s i s . 
Radio d e t e c t o r 
HPLC System 
UV D e t e c t o r 
Column 
GC System 
Column 
T i t r a t o r 
E l e c t r o d e 

S c a n d i t r o n i x AB, Sweden 

Van Gahlen , N e t h e r l a n d s 
S c a n d i t r o n i x AB, Sweden 
Anatech AB, Sweden 

—<•— 
—"— 
_ » — 
— i i _ 

LEO 286 20MHz 
S c a n d i t r o n i x AB, Sweden 

S c a n d i t r o n i x AB, Sweden 

model 170, Beckman 
G i l s o n 
G i l s o n model 116 
Zorbax NH: 4 .6x150 nra 
V a r i a n , TCD 
DB-WAX Megabore 
T i t r i l a b , Radiomete r 
S e l e c t r o d e F1022BR 

Table 3: Chemicals 

Methyl magnesium bromide 0.3 M, prepared 
from 3.0 M ether solution (ALDRICH). 
Dry ether (REACHIM, Russia). 
Hydrochloric acid, water solution 0.4 M, pre
pared from 37% HCl (ALDRICH). 
Solid phase extraction column, Supelclean LC-
18 (SUPELCO). 
Ion retardation resin, AG 11 A8 (BIO-RAD). 
Water deionized, Milli Q grade. 

7. Nitrogen, high purity (LENTECHGAZ, Russia). 

a) Estimated by GC only. 
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Robotic Synthesis of [Carbon-11]Methionine 

Michael V. Korsakov, Maxim Yu. Kisselev, Dimitry Solovyov, Andrei G. Horti 
and Dmitri A. Vasilev 

Academy of Sciences of the USSR 
Institute of the Human Brain 

Akad. Paviova, 9, 
197376 St. Petersburg, Russia, C.I.S. 

Lars-Erik Nilsson and Johan Ulin 
Scanditronix AB 

Husbyborg 
75229 Uppsala, Sweden 

Abstract. [l1C]Methionine (3) was prepared in a fully automated robotic synthesis, using the SCANDITRONIX 
robotic system starting from [11C]CH3I (2) and homocysteine thiolactone (Fig. 1). The product was purified using 
solid phase extraction on anionic exchange cartridges. The decay corrected yield was 60% based on CH3I and 
16 min synthesis time. The radiochemical purity was 98-99 % and the chemical impurities were: Homocysteine 
(4) 0.05-0.07 mg/ml, homocystine (5) 0.005 mg/ml, „cold" methionine 0.03-0.05 mg/ml, and homocysteine 
thiolactone (1) 0.0008-0.002 mg/ml. The total procedure takes 30 min from EOB. 

Figure 1: Synthesis Route for["C]Methionine (3). 

Methionine Synthesis 

1. Nitrogen gas containing 11C labelled methyl iodide 2. 0.5 mi of NaOH solution and 0.5 ml of homocysteine 
was passed through 2 ml of acetone at room tem
perature in a capped 5 ml Reactivial, placed in the 
heating block. 

thiolactone solution was added. 

1 . 1 : l C H 3 I 

IS3 sec 

^ 

33 nl/itin 

TRAPPING 

J. 

1 

iifiTir 

scetonr, 2 r l 

\ 

J 

f \ 
2 . REAGENTS ADDITION 

I 
\ Robot | J 

v , 

y 

D.S nl betont (1 no/nl) 

1; 

B.SnlKaOH 18.16 H) 

Ifeater. T=23-£8°C 

J 
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3. The mixture was heated at 60°C for 100 sec. 
Thereafter 0.2 ml of 0.4 M phosphoric acid was 
added to neutralize the mixture. 

Millipore filter, and collected in a sterile container. 

3 . 

199 sec 

V ,,. . 

REACTION 

y 
After reaction 
B.2nl B.4-HH3P04 
added 

J 

4. A nitrogen flow of 200 ml/min was passed through 
the solution to evaporate the acetone during heat
ing up to 140°C during 25 sec. 

RCET0NE EUAPORATION 

H2 268 nl/nin 
waste 

25 sec 

Heater. USL-iitfz 

The reaction vial was transferred by the robot to the 
uncapping unit and the cap was removed. The 
reaction mixture then was transferred with the pi
pette onto the solid phase extraction unit, fitted with 
an ALLTECH SAX cartridge (600 mg), and passed 
through it by means of nitrogen overpressure. The 
cartridge then consecutively was washed with 2 ml 
of0.l4Mphosphoricacid,10mlofwatertoremove 
labelled methanol and „cold" impurities, and the 
product was extracted with 5 ml of water containing 
0.2 M phosphoric acid and 0.2 M NaCI. 

r 5 . SOLID PHASE EXTRACTION 

SfiX cartrige 
»luted with 

1. 2 nl B.14 H 
H3PB4 

2. IB nl iyj 

3. 5nie.2HK3a 
« fl.2 H KJPOJ 

The last fraction was transferred with pipette onto 
the sterile filtration unit, passed through a 0.22 urn 

6. STERILE FILTRATION 

dispenser 

r -M 1 
robot hand | 

pipette •'" 

1 

\ L 
* 

I 

ST2 

—8.22 A- Hillipcre filter 

Sterile container 

il J 
Summary of Results 

5 typical robotic ["Cjmethionine syntheses were car
ried out. The results are shown in Table 1. 

Table 1: Experimental Data of5p'C]Methionine Syn
theses 

Run number 

Integrated beam current 

Activity [''qOty 

Activity ["CJMethionine 

Synthesis time 

Yield. EOS 

Yield. EOB 

1 

(uAh) 0.8 

(mCi) 62 

(mCi) 17 

Imin] 19 

[%] 27 

1%) 62 

Concentration of "cold" impurities (ng/ral) 

Homocysteine thiolactone 

Homocysteine 

Homocystine 

2 

70 

2 

25 

642 

173 

18 

27 

50 

0.8 

90 

3 

22 

628 

199 

19 

32 

61 

2 

70 

4 

20 

479 

130 

18 

27 

53 

1 

60 

less than 3 

5 

21 

468 

128 

16 

27 

58 

1 

50 

Table 2: Automatic Work Stations 

Capper with rotating pneumatic clamp and cap 
magazine. 
Sterile filtration unit, SUPELCO columns com
patible with pneumatic lid. 
Solid phase extraction unit, SUPELCO columns 
compatible with pneumatic lid and 4-positions 
fraction collector. 
Cooling bath (water, room temp.). 
Storage racks with ten 100 ml bottles. 
Evaporation block with pneumatic needle holder 
and cooling fan. 
10-Pos'rtion racks for 5 ml Reacti-vials. 
RB-86 robot on the rails. 
Robot arm. 

10 Changeable robot hand. 
11 Station for changeable robot hands. 
12 Methyl iodide station. 
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Table 3: Hardware Used for Routine f'CJMethionine 
Production 

Isotope production 

Cyclotron MC-17 

Synthesis 

Hot cell 
Robot RB-86 
Robotic stations 

Analysis 

Isotope calibrator 
HPLC system 
UV detector 
Column 
Column 
Radio detector 
Integrator 
SPE Column 
Sterile filters 

Materials 

Tetrahydrofuran 
LAH (LiAlH4) 
Hydroiodic acid 
DL-Homocysteine thiolactone 
Acetone 
Water 
Phosphoric acid 
Nitrogen 

Scanditronix AB, Sweden 

Von Garden, Netherlands 
Anatech. Sweden 
Scanditronix, Sweden 

Victoreen Cal-rad 2 
Gilson model 512 
Gilson model 116 
Zorbax ODS 150 x 4.6 mm 
Zorbax SCX 150 x 4.6 mm 
Beckman model 170 
Varian model 4400 
Alltech Maxi-clean SAX 
Millipore 0.22 urn filters 

99+ % Aldrich 
l.OMinTHFAldrich 
57% Aldrich 
Sigma 
Chem. pure Reachim USSR 
Milli Q grade 
Chem. pure reachim USSR 
High purity Lcmechgaz 

Summary 

The method for robotic synthesis of [1lC]methionine 
was developed with purification by means of solid 
phase extraction. No HPLC purification was needed. 

The same flexible automatic work station was used 
with the RB-86 robot for syntheses of [11C]methionine, 
[18F]FDG and [1-11C]acetate without any changes of 
hardware. 

The activity of the product is up to 200 mCi at end of 
synthesis, the radiochemical yield is 60% based on 
CH3I and a synthesis time of 16 min. 

This method is considered to be the routine method for 
[11C]methionine production as a radiopharmaceutical 
in the PET Centre of the Institute of the Human Brain 
in St. Petersburg. 
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Improvements in Quality Assurance of [Carbon-11]Raclopride 

Ulrich W. Scherer, Alfred Gut, Thomas Mäder, Heinrich Oehninger 
and Regin Weinreich 
Paul Scherrer Institut 

5232 Villigen / PSI, Switzerland 

Norbert Schmid 
Danatec AG Labortechnik 

Kleindorfstrasse 62 
8707 Uetikon am See, Switzerland 

Introduction 

Raclopride binds rapidly and selectively to the 
dopaminergic D2 receptors. The 11C labeled com
pound can therefore be used for the mapping of this 
species of receptors. The goal of quality assurance is 
the safe and reproducible production of radiopharma
ceuticals in high yields to meet the desired quality 
standards in terms of 

specific activity, 
chemical and radiochemical purity, and 
pharmaceutical properties. 

Starting Materials 

For all procedures during synthesis, preparation, and 
quality control we select reagents p.a. or of the highest 
purity available. The materials are listed in Table 1. 

Synthesis Route and Automation 

The radioisotope is produced as [11C]C02 by the reac
tion 14N(p,a)11C w'rth a degraded 72 MeV proton beam 
from an injector cyclotron at PSI. The specific activity 
is only moderate due to this unfavorable energy and 
the large distance between target and laboratory. 

The synthesis of [11C]Raclopride is performed by an 
Autosynthesizer consisting of two reaction vessels 
which are heated by quartz lamps and are cooled by 
liquid nitrogen. The flow of liquids and gases is control
led by magnetic solenoid valves. The operation of the 
device is controlled either manually or by a microcom
puter. It was developed in collaboration with DANATEC 
AG, N. Schmid, CH-8707 Uetikon am See, Switzer
land. 

The use of an autosynthesizer plays an important role 
in achieving and maintaining high quality standards as 
the conditions of the whole set-up are always well-
defined. Optimum reaction conditions can easily be 
reproduced when they have been established once. 
Another frequently occurring problem is also easily 
solved by automation: Working with short-lived iso
topes leads to a great menial strain causing errors and 
mishandlings which can be minimized by using exist
ing standard procedures. In that case only a few 
interventions of the radiation worker are required. A 
low radiation dose is a well-desired side effect. 

Table 1: Materials Used for the Synthesis of P'C]Raclopride. 

Educts for synthesis 

Pharmaceutical 

preparation 

Quality control 

Material 

THF 

LiAlH 
4 

HI 

Desmethyl raclopride 

DMSO 

NaOH 

Saline solution 

0.6 M phosphate buffer 

H3 P 04 
Acetonitrile 

Comment 

Freshly distilled 

Saturated solution prepared under N„ 

Stored in refrigerator after distillation 

Prepared by Ciba-Geigy AG, Basle 

Stored over molecular sieve 

5 M solution 
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Figure la: Autosynthesizer consisting oftwo reaction vessels which are heatedby quartzlamps 
and cooled by liquid nitrogen. The flow of liquids and gases is controlled by magnetic solenoid 
valves mounted on the rack on top of the device. 

Figure 1b: Photograph of the Autosynthesizer for Figure 1c: The same apparatus as described in Fig-
["CJRaclopride. In the background to the left one can ures 1a andb with heating (quartz lamps) switched on. 
see the cooling trap for condensing the p'CJCO^ The 
injection loop forthe HPLC systemis on the right side. 
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C 2 H 5 

Desmothyl Racloprlde 

OH o 

y^^ 1 V H H N 

CI 
C 2 H 6 

l 1 1C) Racloprlde 

Figure 2: Synthesis route leading to P'C]Raclopride. 

The synthesis follows the conventional route: 

• Collection of the target gas in saturated LiAIH4 

solution and its conversion to methanolate. 
100% yield finished 11 min after EOB 

• Addition of HI to produce methyl iodide which is 
distilled into the second reactor. 
90% yield finished 19 min after EOB 

• Methylation of the desmethyl compound as de
scribed in Ref. [1]. 
45% yield finished 25 min after EOB 

_J 
UJ 

H 
Q. 
C£ 
O 
IS) 

< 
> 

0--

5 10 
3 T (MIN) 

Figure 3: HPLC Chromatogram from a typical produc
tion run obtained under conditions as described above. 
Relative UV absorption at 254 nm is shown on the 
bottom overlaid by the signal from the radioactivity 
monitor. Methylated species of the solvent elute first, 
followed by the educt and an unknown radioactive 
compound. Racloprideelutes last afterapprox. 10 min. 

• Preparative HPLC 
WATERS Model 510 with Bondapak RP18 (84176) 
H3P04/Acetonitrile 7:3,5 ml/min 
WATERS Model 440 UV detector at 254 nm 
EBERLINE radioactivity monitor 

finished 40 min after EOB 

• Evaporation of mobile phase and dissolution in 
phosphate buffer. Testing of pH. Sterile filtration 
with Millex GSfilters. Drawing of samples forquality 
control. Calibration in a well counter. 
40% total yield finished 46 min after EOB 

Quality Control 

Intermediate Products 
[11C]COz: CARLO ERBA GC 6000 with Gaschrom 

Q 100/120 with 3% Silicon GESE 30 
No other radioactive gases detected. 

[11C]CH3I: CARLO ERBA HRGC 5300 with Bonded 
FSOTRSL-160 
>99%CH3 l ,<1%CH3OH. 

Final Product 
• pH = 7 
• Apyrogenity assessed by Limulus testing 
• Sterility assessed with cultures 
• Chemical Purity and Radiochemical Purity 
• HPLC-method 

WATERS Model 510 with u.-Bondapak RP18 
H3P04/Acetonitrile 6:4 5 ml/min 
MERCK-HITACHI UV detector at 254 nm 
BERTHOLD LB 3834N radioactivity monitor 
The specific activity is obtained in each sample by 
calibration of the mass peaks. 
Specific activity 10-15 MBq/nmol, according to 20-
30 u.g total mass 

• TLC-Method (optional) 
Polygram SilG plates 
CH3Cl/MeOH/NH4OH 350:50:1 rf = 0.5 
Impurities occur in the frontpeak, volatile species 
are lost. 

• UV-Spectra 
were taken of selected batches, only. 
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Figure 4: HPLC Chromatogram from quality control 
obtained under conditions as described above. There 
is no other component visible besides raclopride in the 
output from the UV-detectoras well as from the radio
activity monitor. 
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Figure 5: Thin Layer Chromatogram obtained under 
conditions as described previously. There is only one 
component visible, raclopride. 
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Figure 6: On the left side UV-spectra of pure raclopride (top) and the precursor (bottom) are shown. Raclopride 
shows a strong absorption band at 294 nm. On the right side two examples from our production are shown. The 
sample whose spectrum is depicted on the top passed all quality control tests. The spectrum on the bottom was 
taken from a sample which had not met our quality criteria for showing a small peak, only at the elution position 
of raclopride in the HPLC chromatogram during quality control. 
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Conclusion 

In 1990 we performed about 120 productions of 
[,1C]RacIopride with constant high yields. 

We found that the specific activity is only moderate due 
to the special targetry. 

About 40 batches were used for improvements of the 
set-up and the experimental conditions. About 80 
batches were used for PET investigations. Only two 
batches did not meet the required quality standards. 

At end of 1990, this procedure has been transferred to 

the Radiopharmacy Production Department of PSI. 
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for providing the Desmethyl Raclopride charges. 
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Reducing Radiation Exposures to Personnel Via an Inexpensive „General 
Carbon-11 Methylation Module" 

Michael S. Haka 
SUNY at Buffalo 

Cyclotron/PET Facility 
Buffalo, NY 14214, USA 

Introduction 

Now that PET has wholeheartedly made the transition 
to the „clinic", regulation of all aspects of operation in 
a PET facility may soon come underdose scrutin'rty. 
Reduction of radioactivity releases during radio-
syntheses as well as reduced exposures to personnel 
may cause considerable „down time"to a facility if one 
does not think about what the future may hold. Pres
ently, regulations are set and determined by the state 
in which the PET facility resides, howevercommunica-
tion between states is becoming routine because of 
lack of data and experience dealing with releases and 
doses observed within the „PET" working environ
ment. Facilities which have operated for years and had 
little problems dealing with these issues may find 
themselves under a watchful eye if new facilities com
ing on line have difficulties associated with the above 

mentioned issues. These problems may come about 
because of the lack of experience of personnel at a new 
PET facility since it is common knowledge that the pool 
of experienced personnel is becoming extremely thin. 

Composition and Operation of the Module 

While at the University of Michigan PET Facility, I and 
a former colleague of mine, Thomas Magner, built and 
designed a general methylation module. This module 
was incorporated in the synthesis of [11C]mHED [1]. 
This module may be seen in Fig. 1. A module of this 
type, having wide application, would reduce the radia
tion exposure to personnel. 

Motivation of installing a chemistry module. The 
development of a new proposed PET radiopharma
ceutical usually begins with hands-on synthetic tech-

From BPLC pump 

To a y r i n o c (drawo 
product i n t o HPLC 
l o o p ) . 

Figure 1: Synthesis Module for["C]mHED. 
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niques. Upon completion of a successful synthesis one 
usually proceeds with biodistribution studies, usually in 
mice or rats. If the experimental biodistribution data 
matches the expected in-vivo biochemical and physi
ological specificity, the radiotracer is then studied in 
larger primates, where one is able to perform more 
sophisticated experiments such as metabolism stud
ies. Usually these studies require greater radioactive 
amounts of the tracer, yet the same hands-on synthetic 
technique is usually incorporated. Eventually a suc
cessful project proceeds with a number of human 
subjects, pending approval from the appropriate regu
latory boards of the individual hospital. Once again, the 
synthetic technique is usually the same yet one is 
dealing with substantially larger amounts of radioactiv
ity than that incorporated in earlier developmental 
work. The design and construction of a chemistry 
module to perform the synthesis remotely takes time 
and money, both of which are a concern to all facilities. 
Getting to „press" becomes an additional concern if the 
radiopharmaceutical looks promising. 

Van/es.Theuseof an inexpensive general methylation 
module can be the answerto reducing the exposure to 
the personnel. The „module" incorporates one re
motely actuated RHEODYNE HPLC injector valve, 1 
(valve-RH EODYN E Cat # 7010, Pneu matic Actuato r -
RHEODYNE Cat # 5701), a 4-port flow HAMILTON 
HVP 4-4 valve, 2 (Cat # 86779), and 3 GENERAL 
VALVES valves 3 (Series 1 - 3-way teflon solenoids 
Cat #1-143-901,30 psi). 

Heating / cooling block. The heating / cooling block 
is made of aluminum and was machined in house. 
Aluminum is cheap which allows one to build multiple 
size heating / cooling blocks to fit a variety of size vials, 
is easily machined, and most importantly, allows for 
good heat transfer from the block to the vial. A small 
thermocouple wire is imbedded within the block which 
is attached to an OMEGA 9000 Microprocessor Tem
perature Controller. Results runon blank solvent where 
a thermocouple was immersed within the solvent indi
cate a 3-4°C temperature differential between the 
block temperature and the solvent temperature. Thus, 
in our preparation of [11C]mHED which ran at 100°C, 
the OMEGA temperature controller was set at 105°C. 
No mineral oil or WOOD'S metal was required for 
proper thermal contact. 

The block was machined so that 1.1 ml (12 mm x 32 
mm) screw-topunivial (CHEMICAL RESEARCH SUP
PLIES, Addison, IL, 312-543-0290, Cat # 123255) 
wouldsit snuggly and securely in a recessed hole of the 
block. Since most 11C methylations are run using small 
solvent volumes, these vials are appropriate for most 
applications. 

A small hole was drilled into the block to accomodate 
a small heating element (0.5 cm x 3.0 cm) which allows 
for rapid heating of the reaction mixture. Our experi-

e nces indicate that the ti me required to rise from - 20°C 
(temperature at which [11C]CH3I is trapped) to 105°C 
(temperature at which [11C]mHED was run) was ap
proximately one minute. Additionally, a Swagelock 
fitting was also machined into the block to allow for 
rapid CO., cooling. Three small holes were drilled 
through the block to allow for escape of this cooling 
gas. 

Tubing. Teflon tubing is used throughout the „module". 
Entrance to the vial ([11C]CH3I) and exit (vent) are 
easily accomplished via small needles which fit se
curely into the i.d. of the teflon tubing. Upon completing 
the trapping of [11C]CH3I, the HAMILTON valve is 
closed, as is the [11C]CH3I vent line. One aspect that is 
critical in this design is that the length (volume of 
tubing, designated A and B) in Fig. 1 should be kept at 
a minimum. Keeping the total head space as small as 
possible is important if one wants to maximize their 
radiochemical yield. This is another reason why we 
chose the smallest, yet most diversified vial size. 
Keeping the head space at a minimum forces the 
[l1C]CH3l into the solvent solution. Experience has 
taught us that if the head space was too large, the 
[,1C]CH3I remained in the vapor state above the reac
tion mixture and the radiochemical yields were poor. 

HPLC separations. Upon completion of the reaction, 
the vessel is cooled to room temperature before any 
valves are opened. Once at equilibrium, the vent valve 
is opened, followed by switching the HAMILTON valve 
to the appropriate position i.e. position leadingfromvial 
to the RHEODYNE valve. To keep expenses as low as 
possible in the design of such a module, the reaction 
mixture is drawn into the HPLC loop via teflon tubing 
attached to the appropriate port of the RHEODYNE 
valve, which in turn is connected to a syringe outside 
the hot cell. By slowing pulling on the syringe plunger 
a pressure differential is created. Transfer of the reac
tion mixture to the HPLC loop is easy, efficient, quick, 
and inexpensive. Obviously more sophisticated tech
niques could be incorporated. A few simple experi
ments using an aqueous solution colored with food 
coloring will provide one with the proper volume which 
needs to be displaced by this vacuum transfer created 
by the plunger displacement of the syringe. This vol
ume equals the volume of the HPLC loop and the 
volume of teflon tubing leading from the vial to the 
RHEODYNE valve. Experiments indicate that a 5 % 
loss of radioactivity was observed utilizing this crude 
transfer technique. 

The module further allows for a variety of HPLC col
umns to be incorporated. The column is held in position 
by snap-lock plastic fittings. Changing to another col
umn is simple and takes approximately one minute. 

At the University of Michigan PET Facility we incorpo
rated this „general 11C methylation module" into the 
development of a numberof 11C radiopharmaceuticals. 
The HPLC column eluent (though not indicated in Fig. 
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1) flows through an UV detector and a radioactivity 
detector. When the desired product beginsto elute, the 
solenoid valves are activated, thus allowing collection 
of the product into a patient vial which is seated in a 
dose calibrator. When the product has completely 
eluted off the column, the solenoid valves are closed, 
and quality control testing may commence. 

Further Developments 

It does seem possible that this arrangement could be 
utilized in multiple runs without necessitating opening 
of the hot cell door. Since one has external access to 
the entire tubing and valve assembly of the module via 
the teflon tubing connected to the RHEODYNE valve, 
one can wash and dry the teflontubing and valvesfrom 
the external syringe assembly. Washing of the lines 
can be performed by pushing an appropriate solvent 
through the same teflon line which the react' jn mixture 

is transferred through. Drying is accomplished by pass
ing a stream of dry N2 through the same lines. Transfer 
of a second precursor solution could also be accom
plished through the same assembly. To date, this type 
of protocol has not been attempted with the present 
assembly, however it does seem feasible. Transfer of 
a more viscous reaction mixture could pose a problem, 
however when one considers the cost of such a „gen
eral methylation module" which could have wide appli
cation the „Price is Right". 

Reference 

[1] K.C. Rosenspire, M.S. Haka, M.E. Van Dort, 
D.M. Jewett, D.L. Gildersleeve, M. Schwaiger and 
D.M. Wieland, Synthesis and preliminary evaluation of 
carbon-11 -metahydroxyephedrine: A false transmitter 
agent for heart neuronal imaging. J. Nucl. Med. 31, 
1328-1334(1990). 

230 Paul Scherrer Institut 



TARGETRY '91 

An HPLC System for the Rapid Determination of Specific Activity 

J.R. Grierson and K.A. Krohn 
Dept. of Radiology RC-05 
University of Washington 
Seattle, WA 98195, USA 

Introduction 

Because of the micro-scale on which labeled com-
pounds are prepared, high performance liquid chroma-
tography (HPLC) methods are used for isolation and 
purification. The usefulness of the chromatography is 
enhanced by multi-port HPLC injection or switching 
valves and multiple columns. Numerous innovative 
methods have been described [1]. Presented below is 
a combination of these methods that could be a prac
tical way to obtain a rapid specific activity value for a 
short-lived labeled compound {e.g. 11C). 

The reasons for adopting this technique are to mini
mize the processing time for short-lived radiopharma
ceuticals and, through automation, to standardize the 
procedure for minimal operator effort and greater reli
ability. 

Methods 

Fig. 1 shows a sequence of schematics for applying our 
method. The system consists of two HPLC 10-port, 2-
way, switching valves; three HPLC columns matched 
for particle size and stationary phase; three pumps and 
threedetectors. Ultraviolet absorbance detectors were 
used for this demonstration; for radioactivity the ab

sorbance detectors UV, and UV3 should be substituted 
with Y-detectors. 

Procedure. The chromatograms in Fig. 2 were pro
duced by following the sequence A, B, C shown in Fig. 
1. For schematic A the injection loops L, and L2 were 
loaded in series with a mixture of nucleosides (UdR, 
TdR, and 5-BrUdR, 2.4 ml total). The first small volume 
loop (20 u.l) was completely filled, while the remainder 
filled the preparative loop (5.0 ml). L4 was filled with a 
dilute solution of standards. Both valves were switched 
to their alternate positions, scheme B, and the semi-
preparative and scout columns were developed in 
parallel while the analytical column was calibrated with 
standards. Loop L4 was then flushed with water. (Note 
that during fraction collection from the semi-prepara
tive column, the column eluate is continually passing 
through sample loop L3) 

Using the chromatogram from the scout column to 
guide the interpretation of the developing chromatogram 
from the semi-preparative column, a time was chosen 
to sample the semi-preparative fraction collection (Fig. 
2,8.25 min, marked with an X). At this point the valve 
holding L3 and L4was switched, scheme C. This opera
tion of small volume sampling of an ongoing fraction 

A 

B 

C 

Semi-preparative column 

Analytical column Seoul column 

, — I I—•uvjtony UVj 

Semi-preparative column 

Analytical column Scout column 

3 C 
uvj 

Semi-preparative column 

UV3 (crty 

Analytical column 

UVj 

Scout column 

4 — I I—•uv3(or l i) 

waste' >std. flush 

Figure 1: Sequential Schematics for the HPLC Method. 
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Table 1. List of Components. 

HPLC valves 
HPLC columns 

HPLC pumps 
UV detectors 
Sample loops 
Sample mixture 

VICI (EQ36) 2 position, 10-port, electrically actuated 
Phenomenex Ultracarb 7 ODS-30 (C-18) 
Semi-preparative (250 x 10 mm i.d.) 
Scout (10 x 4.6 mm i.d.) 
Analytical (250 x 4.6 mm i.d.) 
ELDEX (B-100-S, AA-100-S, A-72-S) metering pumps 
ISCO (V4) and BECKMAN absorbance detectors (254 nm) 
Valco: L,(20 |il), L, (5.0 ml), L3 and L4 (100 ul) 
UdR, TdR and 5-BrUdR nucleosides (~ 10 mM, 1 mM) 

collection, viaL,, and re-direction of its contents to an 
alternate, is referred to as heart cut sampling. 

After a short time the heart cut chromatogram (Fig. 2, 
top trace, second TdR peak) can be compared directly 
to the previously recorded calibration mixture, and the 
unknown concentration determined. Within minutes of 
fraction collection from the semi-preparative column, 
the heart cut peak can be counted and provides for a 
specific activity measurement. 

Results and Discussion 

Fig. 2 shows that use of the scout column in combina
tion with the semi-preparative column has advantages. 
The anticipated chromatographic profile of the large 
scale separation is known beforehand, and the scout 
chromatogram reports on components with k's (capac
ity factors) up to k=11 before fraction collection off the 
semi-preparative column has begun (k'~3). Also, the 
scout chromatogram aids in assignment and scaling of 
all emergent peaks from the semi-preparative column, 
and thus gives a good estimate of when product 
collection and heart cut sampling should occur. 

The collected fraction volume and retention time is 
typical for HPLC purification of labeled compounds on 
a semi-preparative column (25 cm). The heart cut 
volume (100 u.l) is - 1 % of the collected fraction, but 
large enough for good signal to noise characteristics 
with the UV detector connected to the analytical col

umn. We use a 50 cm length of teflon tubing (0.3 mm 
i.d., 140 u.l total vol.) downstream to the heart cut loop 
Lj to interconnect with UV r This is an ample length of 
tubing for use with a y-detector in place of an UV 
monitor. The time required to flush this volume at the 
semi-preparative flow rate (~1 sec) is not long, and it 
is reasonable that there is little difference in concentra
tions flowing through the detector and heart cut loop at 
the same time. 

Heart cut sampling provides an analysis free of extra
neous materials. We have arranged L4 to match the 
heart cut loop, L3. This arrangement allows us to 
calibrate the analytical column with a standard at a 
concentration anticipated for the labeled compound 
with heart cut sampling. Thus a quick validation of the-
heart cut identity is available. 

Foroursample mixture all the analyses were complete 
within 12 min post-injection, and heart cut analysis 
finished within 3 min of the end of fraction collection 
from the semi-preparative column. These are accept
able times when working with 11C. 

Reference 

[1 ] Sample injection and column switching with the 
VALCO 10-port HPLC valve. VALCO INSTRUMENTS 
Co. Inc., Houston TX. 

Table 2: Data about Chromatographic Conditions. 

Inj vol 
(mL) 
0.02 
2 .38 
0.10 

Flow 
(mL/min) 

2.4 
8.0 
4.4 

Normalized 
flow 
1.4 
1.0 
2.6 

UdR 
0.6 
0.4 
0.6 

Chromatographic k' 
TdR 5-BrUdR 

2.4 4.1 
1.8 3.0 
2.3 3.6 

Scout 
Semi-prep 
Analytical 
Columns: Phenomenex Ultracarb 7 ODS-30; Scout (100 x 4.6 mm ), Semi-preparative (250 x 10 mm), 
Analytical (250 x 4.6 mm); Mobile phase: 5% EtOH aq; Detection: UV (254 nm): UdR (2'-deoxy-
uridine), TdR (Thymidine), 5-BrUdR (5-bromo-2'-dcoxyuridine). 
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calibration 

«__ 

0.005 AU 

t 

0.128 AU 

I 

0.005 AU 

UdR 

TdR 

Inj 

•W? 

S-BrtJdR TdR 

VJ u 
heart cut 

(100 H L) 

I 
8.25 min 

UdR 

Analytical 

I 
11 12 min 

5-BrUdR 

V 
UdR 

5-BrUdR 

Semi-preparative 

9.6mL=1.2min 

Scout 

/ 

X=11.1 

• I i i i i i i i I I I I I I L__l I L. 
0 5 10 15 

Time 

Figure 2: Chromatograms under Conditions mentioned in Table 2. 

Paul Scherrer Institut 233 



TARGETRY *91 

"R2D2", A Bedside [Oxygen-15]Water Infuser 

John C. Clark 
MRC Cyclotron Unit 

Hammersmith Hospital 
London W12 OHS, United Kingdom 

Henri Tochon-Danguy 
Höpital Cantonal Universitaire 
1211 Geneve 4, Switzerland 

Clinical Requirement 

• "Hands off" infuser for flow studies in brain and 
heart. 

• Must be user-friendly. 
• Must be safe and effective for patient use. 

A Practical Solution 

• Produce [150]H20 vapour at the bedside. 
• Introduce [1S0]H20 into normal saline infusate us

ing semi-permeable membrane exchanger (VIS-
KING regenerated cellulose*). 

• Deliver normal saline using medically approved 

pump IVAC 560. 
• Two fluid handling valves for control of infusion 

parameters 24 Volt ANGAR/ASCO 368 3-port mem
brane valves. 

• On-line radioactivity detector based on a loop of 
1/16" PTFE around PHILIPS ZP-1300 GM tube. 

• Counts acquired into MINI-INSTRUMENTS 6-90 
scaler ratemetermodifiedwithadjustablepre-scaler 
to allow direct calibration in "mCi infused". 

• All controls and power supplies designed and built 
to comply with electromedical safety standards. 

• Non-used product allowed to decay within the unit 
before discharge into sterile bag. 

Saline 

• * • 

Vcnttd 
Mtllipore 

5% Hydrogen 
95% Nitrogen 

Active Gas 
1% Oxygen 
99% Nitrogen 

Output 

to patient 
Miltijiore 

Oxygen-15 
Water 
Genera tor . 

Waste gas 

K. Dowsett 
January 1992 

I 
Decayed waste 

Saline 

Figure 1: Schematic Drawing of the R2D2 Infusor. 

' VISKING - Medicell International, Fax 071 700 4156, U.K. 
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F/gwe 2: Membrane Exchanger in the R2D2 Infuser. Material: Peispex DWG No. 15. 

Typical Operating Parameters 

Infusion for 2 minutes at flow rate of 10ml/min. Infused 
radioactivity determined by PET scanner mode, typi
cally: 

SEPTA OUT-15 mCi 
SEPTA IN - 80 mCi 

GM counter calibration checked against standard ioni
zation chamber routinely. 

Pharmaceutical Maintenance 

Membrane exchanger cleaned and sterilised prior to 

assembly. Fluid system washed with 0.9 % NaCI 
solution with Millipore filters in place. Pyrogen tests 
(LAL) and sterility tests carried out to validate assem
bly techniques. Routine operation involves replace
ment of disposables - pump tube - saline bag -
Millipore filters and infusion catheters. Followed by 
LAL test. 

Current Status 

R2D2 is in routine use in PET Brain Activation Studies 
and has been well received by the users. 

Figure 3: Photographic View of the [1sO]H.O Bedside Figure 4: Further Automation Trends at Hammersmith 
Inf user R2D2. in the Planning Phase. 
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Status Report from Hammersmith 

John C.Clark 
MRC Cyclotron Unit 

Hammersmith Hospital 
Ducane Road 

London W12 OHS.United Kingdom 

Hardware 

• SCANDITRONIX MC 40 -Operated 24 hrs per day. 
PET in daytime. Isotope production overnight e.g. 
aiRb/81mKr, '"Br, «K, ^ P b , HFe 

• IBA CYCLONE-3150 generator 
• PET Scanner I: SIEMENS/CTI Model 931. Whole 

body machine used for Cardiology, Oncology and 
Neurology 

• PET Scanner II: SIEMENS/CTI Model 953B. Brain 
machine used for Neurology. Retractable septa 
gives approximately 5 fold increase in sensitivity. 
H,150 infusion unit installed underthe patient couch. 

Radiopharmaceuticals for PET 

Cart>o/7-77:Raclopride (RAC), Deprenyl (DEP), PK-
11195,Diprenorphine(DPR),CGP-12177(CGP),SCH-
23390 (SCH), Flumazenil (FLU), Thymidine (develop

ing), all automated. 

Fluorine-18:[uF\FDG automated, [16F]DOPA remote, 
[18F]Fluorouracil remote (FU). 

Oxygen-15: [150]C02, [150]02, [150]CO and [150]H20 
infusions automated (plus cyclotron schedule and PET 
schedule). 

Metabolite Analysis: Many PET studies require 
plasma metabolite analysis to facilitate kinetic model
ling. Analysis is mainly carried out using semiautomated 
radio-HPLC and RAYTEST PC integrator. 

Scheduling 

See Cyclotron Schedule (Table 1) and associated PET 
Scanner Schedules (Table 2). 20 - 25 clinical studies 
per week. 
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Table 1: MC 40 Cyclotron Operations Schedule, Week 4, 19-24 January 1992. 

Date/time 
Sunday 
22:00 -
23:30 -
Monday 
00:00 -
00:30 -
01:00 -
01:15 -
06:30 -
10:00 -
10:30 -
12:00 -
12:30 -
12:45 -
13:15 -
13:30 -
14:00 -
14:30 -
15:00 -
15:30 -
16:30 -
18:45 -
19:15 -
Tuesday 
00:00 -
00:30 -
05:15 -
05:45 -
06:30 -
07:00 -
09:00 -
11:00 -
11:30 -
12:00 -
12:30 -
13:00 -
13:30 -
14:00 -
14:30 -
15:30 -
17:15 -
19:00 -
19:30 -

19 January 
23:30 
24:00 

20 January 
00:30 
01:00 
01:15 
06:30 
10:00 
10:30 
12:00 
12:30 
12:45 
13:15+++ 
13:30 
14:00o* 
14:30 
15:00o* 
15:30 
16:30 
18:45 
19:15 
24:00 

Beam/Posn Particle/Enersv Target/Nuclide 

Maintenance, se lec t 25.5 HeV He4 
5/11 

Select 33 HeV He4 
5/12 
Change targets 
5/12 

He4/25.5 

He4/33 

He4/33 
Maintenance/Engineering 
Select 16.5 HeV d 
1 
Select 19 HeV p 
5/8 
5/4 

5/10 
Select 9.5 HeV d 
5/6 
Select 16.5 MeV d 
5/1/2 
PET Neurology stud. 
Study overrun 

d/16.5 

p/19 
p/19 

P/19 

d/9.5 

d/16.5 
• PET I CF/XXX 

Engineering/maintenance 
21 January 
00:30 
05:15 
05:45 
06:30*** 
07:00 

Select 33 HeV He4 
5/12 
Select 19 HeV p 
5/9 
Select 16.5 HeV d 

09:00**owbc5/l 
11:00** 
11:30 
12:00**o 
12:30 
13:00 
13:30+ 
14:00 
14:30+ 
15:30 
17:15 
19:00 
19:30 
24:00 

5/2 
Select 9.5 HeV d 
5/6 
Select 19 HeV p 

5/4 
Se lect 9.5 HeV d 
5/6 

He4/33 

p/19 

d/16.5 
d/16.5 

d/9.5 

p/19 

d/9.5 

PET Cardiology study PET I NU/XXX 
PET Neurology study PET 1 HR/XXXX 
Study overrun 
Engine .Ting/maintenance 

Wednesday 22 January 
00:00 -
00:30 -
01:00 -
06:30 -
07:00 -
09:00 -
12:30 -
13:00 -
13:15 -
13:30 -
14:00 -
14:30 -
15:00 -
16:00 -
18:30 -
19:00 -
19:30 -

00:30 
01:00 
06:30 
07:00 
09:00** 
12:30 
13:00 
13:15 
13:30 
14:00* 
14:30 
15:00* 
16:00 
18:30 
19:00 
19:30 
24:00 

Select 33 HeV He4 
5/12 
Select 16.5 HeV d 
5/1 
PET Neurology H2

150 
Se lect 19 HeV p 
5/4 
5/8 
5/4 
Select 9.5 HeV d 
5/6 

He4/33 

d/16.5 
study PET II 

p/19 
p/19 
p/19 

d/9.5 

PET Neurology study PET I AK/IXX 
Select 16.5 HeV d 
5/12 d/16.5 

A/K43 

As203/Br77 

NaBr/Rb81 

Neutron activation 

H20/F18(F-)PET II 
N2/C11(FLU)PET I! 

Nj/CIKCGP) PET I 

N2/015(CO)PET I 

Ne/F18 (condtn) 
00:00 = 17:30 

NaBr/Rb81 

H20/F18(FDG)PET II 

Ne/F18(5 FU)PET I 
Ne/Fl8(DOPA)PET I 

N2/015(C02)PET I 

N2/C11(PK)PET II 

N2/015(H2
150)PET II 

00:00 = 16:15 
00:00 = 17:45 

NaBr/Rb81 

Ne/F18 (DOPA)PET I 
JW/XXX 00:00 = 10:00 

N2/C11(NSC) 
H20/F18(F')PET 11 

User Ericom 

JH/150 

SAC/150 

HRK/HJH/150 

BCP/130 

TJS/NS/150 
DRT/168 

DJB/CJS/168 

NS/170 

NS/150 
NS/170 

JH/HJH/150 

SAC/151 

GB/151 
HJH/151 

JH/170 

DJB/168 

NS/HRK/170/190 

HRK/170 
HRK/170 

SAC/NS/150 

HJH/151 
JH/170 

GB/DRT/168 
TJS/NS/150 

N2/C11(RCP)PET I&BiolHRK/168 

N2/015(C02)PET I 

00:00 = 17:00 

Fe/Co56 

DJB/170 

DJB/170 

HRK/CSJF/150 
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Table 1 (continued) 

Thursday 23 January 
00:00 
00:30 
06:30 
07:00 
09:00 
12:30 
13:00 
13:30 
14:00 
14:30 
15:00 
15:30 
16:00 
17:45 
18:30 
19:30 
22:00 
Friday 
00:00 
05:00 
05:30 
07:30 
08:00 
08:30 
10:15 
12:15 
12:45 
13:00 
13:30 
14:00 
14:30 
15:45 
18:00 
18:30 
19:45 

0 0 : 3 0 
• 06 :30 
- 07 :00 
- 09 :00** 
- 12:30 
- 13:00 
- 13:30+++ 
- 14:00 
• 14:30+++ 
• 15:00 
- 15:30o* 
- 16:00 
• 17:45o* 
• 18:30 
• 19:30 
• 22 :00 
• 24 :00 
24 January 

• 05 :00 
• 05 :30 
• 07 :30 
• 08:00 
• 0 8 : 3 0 * * * 
• 10:15 
• 12:15 
• 12:45 
• 13:00 
• 13:30o 
• 14:00 
• 14:30o 
• 15:45 
• 18:00 
• 18:30 
• 19:45 
• 24:00 

He4/33 NaBr/RbBl 

d / 1 6 . 5 Ne/F18(DOPA)PET I 
s tudy PET II SR/XXX 00:00 = 10:00 

S e l e c t 33 MeV He4 
5 /12 
S e l e c t 16 .5 MeV d 
5 / 2 
PET Neurology H2

150 
Select 19 MeV p 
5/4 
Select 9.5 MeV d 
5/6 
Select 19 MeV p 
5/10 
Select 9.5 MeV d 
5/6 
Select 52 MeV He3 
5/7 

No shift 

No shift 
Select 33 MeV I!e4 
5/12 
Select 19 MeV p 
5/9 p/19 H20/F18(FDG)PET II 
PET Neurology study PET I CB/XXX 00:00 = 09:15 
PET Cardiology study PET I NU/XXX 00:00 = 11:15 
Select 19 MeV p 
5 /4 p/19 N2/C11(NSC) 
5 /4 p/19 N2/C11(DPR)PET I 
S e l e c t 9 . 5 MeV d 
5 / 6 d / 9 . 5 

p/19 

d / 9 . 5 

P/19 

d / 9 . 5 

He3/52 

He4/33 

N2/C11(FLU)PETII 

N2/015(H2
150)PET II 

N2/C11(CGP)PET I 

N2/015(C02,CO)PET I 

Cr/Fe52 

NaBr/RbBl 

PET Neurology study PET I 
Study overrun 

N2/015(C02)PET I 

HJ/XXX 00:00 = 16:45 

HRK/MJM/150 

NS/151 
SAC/170/190 

DRT/168 

JM/170/190 

DJB/168 

JM/170 

MLS/HRK/120 

SAC/JM/150 

NS/150 
SAC/170 
SAC/170 

GB/DRT/168 
JM/168 

MJM/170 

MJM/170 

Early: NWM/JP Late: RGH/JC 
No shift 

Duty Engineer: MLR Operators Night: GCT/JG 
* Cll for PET Raclopride study Wed PET I NT/XXX and Biology 

00:00 = 14:45 (C02) 15:00(RCP) [Met anal] 
** F18 for PET 6F DOPA Studies PET I Tues DBn, Wed NT, Thurs GS 

[metabolites Wed & Thurs] 00:00 = EOB + 2| hours 
PLEASE NOTE CHANGE OF TIMING TUESDAY, 5 FU PRECEDES DOPA 

*** F18 for PET FDG studies Tues & Fri 
Tues PET II AK study 00:00 = 10:30 approx FDaG (no gases) 
RMS & GYS despatch time 10:30 approx. 
Fri PET II AK study 00:00 = 11:00 approx. FDG (no gases) 

PET I KU study 00:00 = 11:15 (gases) 12:15(FDG) 
+ Cll for PET PK 11195 study Tues PET II SR/XXX 

00:00 = 14:15 (H2
1S0) 14:30 (PK)[Met anal] 

+++ Cll for PET Flumazenil studies Mon & Thurs PET II MP/XXX 
Monday 00:00 = 14:15 (FLU) only [Met anal] 
Thursday 00:00 = 14:15 (H2

1S0) 14:30 (FLU) [Met anal] 
o Cll for PET Diprenorphine study Fri. AKPJ 

Friday 00:00 = 14:15 (C02) 14:30 (DPR)tMet anal] 
o* Cll for PET CGP studies PET I Mon JM3H/XXX and Thurs PC/XXX 

Monday 00:00 = 14:45 (CO) 15:10 and 15:40 (CGP) 
Thurs 00:00 = 16:15 (C02) 16:35 and 17:00(CGP) 17:30(CO) 

**o F18 for PET 5 FU study Tues PET I, OT/XXX 
00:00 = 11:45 (C02) 12:00 (5FU) [met anal] 

wbc F18 for 5 FU study on whole body counter Tues OT/XXX 
00:00 = 12:00 approx. or later. 

Circulation: KIG, CJP, JEC, RSJF, TJ, AAL, TJS, NU, CGR, OT, CAJF, Sun Rra, 114 NB, PET NB, 
CJVT, GCL, ADW, ASOR, 112M, KRB, CJP, PJNA, DBM, ENG NB, MLR, MLS, C ROOM, 15 X 2, JCC, SO 
KGPP, 244, Chem NB, KD, CJS, DJS, SLW, FB, VWP, SKL, DRT, Annex NB 
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Table 2: PET Schedule. Week 4,19-24 January, 1992 

Week 
4 

MOS 
20th 
JRS 

WE 
21st 
JRS 

WED 
22nd 
JRS 

WUR 
23rd 
JRS 

FRI 
24 th 
JRS 

SCANNER ONE 

CYCLOT 

Pulnwnary..C150 
»C-CGP 

Neuro(schizo)..Cls02 * 

Oncology C1502 
MF-SFu M 

Neurofmve dis)..!^F Dopa * 
Cardiac C150,C1502 
Neurofdep P.D.)..C1S02 

Neuro(mve dis)JsF Dopa * 
Neurofnwe dis)..C,^02 

"C-Raclopride M 
Newo(dementia)..Cls02,ls02,C^O 

Neurofmve dis).JsF Dopa M 
Cardiac..ClsO 2 

UC-CGP 
C"0 

Neuro(normal)..C!S0 * 
Cardiac..C>s02C'SO 

'ISFD.G. 
Neuro(pain)..C1S02 

HC-Diprenorphine M 
Neuro(normal)..C1502 

Zero 
t i m e 

RON 

15:45 
16:10 
18:30 

11:45 
12:00 
13:30 
16:15 
17:45 

11:30 
14:45 
15:00 
17:00 

11:30 
16:15 
16:35 
17:00 
09:15 
11:15 
12:15 
14:15 
14:30 
16:45 

Chm 

MA 

NS 
DJB 
NS 

JM 
GB 
MJM 
HRK 
HRK 

MJM 
DJB 
HRK 
DJB 

NS 
JM 
DJB 
JM 

SAC 
SAC 
NS 
MJM 
JM 
MJM 

Dr 

.INT 

MH 

CF 

or 
DB 
NU 
HR 

NT 
NT 

AK 

CS 

PC 

PG 
NU 

AJ 

HJ 

SCANNER T W O 

ENANCE 

Neuro(epilepsy).1 'C-Flumazenil M 

Neuro(dementia)JsF F.D.G. 
Neuro(M.S.)..H2

150 
"C-PKU195 M 

Neuro(normal)..Hi,sO * 
Biology..11 C-Raclopride 

Neuro(normal)..H2,sO * 

Neuro(epilepsy)..H2,iO 
"C-Flumazenil M 

Neuro(dementia)..ISF F.D.G. 

Zero 
t i m e 

14:15 

10:30 
14:15 
14:30 

10:00 
15:00 

10:00 

14:15 
14:30 

11:00 

Chm 

DRT 

SAC 
NS 
DJB 

JM 
HRK 

SAC 

JM 
DRT 

NS 

Dr 

MP 

AK 

SR 

JW 
AAL 

SR 

MP 

AK 

M = METABOLITES * = NO SAMPLES 
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The Radiopharmacy Department at Paul Scherrer Institut 

P.A. Schub iger 
Paul Scherrer Institut 

5232 Villigen / PSI, Switzerland 

The radiopharmacy department at PSI does research 
and some production of special radiopharmaceuticals 
for PET and SPET diagnosis and nuclide therapy. 

The research activities are carried out by roughly 25 
people (PhD's, technicians and PhD students), 10 peo
ple are working in infrastructure services and about 15 
people in the production. 

We concentrate our effort on three main subjects: 
PET/SPET Tracer 
Target and Chelator Chemistry 
Biosystems 

A brief outline of the recent achievements and current 
activities is given below. 

PET/SPET Tracers Project 

Dr. H.-F. Beer, Dr. G. Reddy, Dr. S. Ametamey, 
dipl. chem. I. Betrisey, A. Urech, M. Häberli, G. Suter 
(Dr. G. Westera, UNI ZH), PhD student A. Meier 

routine: 
[18F]FDG, [11C]Raclopride, [11C]Methionin, -82Rb, 
Hjlomazenil, [123I]1MP 

in validation: 
[11C]Acetate,[11C]lomazenil,[18F]FluoroDOPA,KFe, 
(I,50]H20) 

in development: 
D1 receptor ligand with 123l 
Other brain receptor ligands with 11C, 18F 
(in close cooperation with CIBA-GEIGY and 
ROCHE) 

Target and Chelator Chemistry 

Dr. P. Bläuenstein, Dr. R. Schwarzbach, Dr. I. Huszär, 
Dr. R. Alberto, M. Iftimia, J. Müller, 
HTL-Chem. K. Zimmermann, J. Jegge, 
PhD students: B. Nock, A. Egli, B. Dyckhoff, R. Cahn 

routine: 
all targets for PET/SPET tracers and biosystems 

in validation: 
^Rb (metal), 67Cu, 111Ag, 153Sm, 186,188Re, MmTc 
chelators, 67Cu chelators 

in development: 
electrophilic fluorine 
Re- and Ag-chelators (bifunctional) 

Biosystems 

Dr. I. Novak-Hofer, (Dr. P. Bläuenstein) Dr. A. Smith, 
R. Pellikka, D. Tschudin, A. Jaschko, C. de Pasquale, 
PhD student P. Smith-Jones 

routine: 
[123l]Granuloscint, ['"IP'ljmlBG, [^Yjresin particles 

in validation: 
[MmTc]Granuloscint kit 

in development: 
111Ag and 67Cu labeled ab's (anti-CEA, Neuro
blastoma, SCLC) 
186Re/188Re ceramic particles 
other vehicles 
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The New National Medical Cyclotron in Sydney 

Walter Schoell 
Australian Nuclear Science and Technology Organization (ANSTO) 

National Medical Cyclotron 
Sydney, Australia 

Australia not only has the kangaroo, the earth full of 
minerals and beautiful beaches. It also has a nuclear 
research center called ANSTO, an acronym for Aus
tralian Nuclear Science and Technology Organization. 
Situated some 30 km south of Sydney, it has 2 re
search reactors, a tandem accelerator and a range of 
research programs including Biomedicine, Nuclear 
Technology and Australian Radioisotopes (ARI). The 
latter hasforanumberof years been producing reactor 
derived isotopes for domestic use and for export. 

Until recently it has been said that only two continents 
did not possess a cyclotron, they were Antarctica and 
Australia, but this deficit was overcome when the 
Australian Government decided to fund the acquisition 
of the well-respected Ion Beam Applications (IBA) 
CYCLONE-30. 

The machine was delivered on 9 April 1991 to a newly 
constructed building within Royal Prince Alfred Hospi
tal, the campus hospital of Sydney University, located 
just 3 km from the city centre. The first beam was fired 
in July 1991 and acceptance testing commenced in 

October 1991. It is expected that the production of 
radioisotopes will begin early in 1992. The National 
Medical Cyclotron (NMC), as ft is called, will be oper
ated by ANSTO in collaboration with the Nuclear 
Medicine Department of the Royal Prince Alfred Hos
pital. Atthe hospital a new PET suite has beenfitted out 
with a SIEMENS ECAT951 whole body scanner. PET 
isotopes are delivered to the PET suite which is 300 
meters distant, by an underground rapid transfer link 
capable of pneumatically conveying encapsulated 
radiopharmaceutical solutions and gases. Technical 
features of the IBA CYCLONE-30 are listed in Table 1. 
As can be recognized the cyclotron we have requested 
IBA to provide has options of accelerating protons or 
deuterons. 

Because ourmachine is the first CYCLONE-30 to have 
a deuteron capability, this aspect of the installation is 
still under development by IBA. A SIEMENS Simatic 
industrial programmable controller enables automatic 
operation of the cyclotron via a keyboard and menu 
selection. 

Figure 1:ANSTO's IBA CYCLONE-30 in Sydney. 
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Table 1: Technical Features of the IB A CYCLONE-30 

Beam. 
type of ions extracted 
ions accelerated 
energy (variable) 
maximum intensity 
- (guaranteed) 
- (expected) 
number of simultaneous extracted beams 
norm, emittance of the extracted beam 
Horiz. 
Vert 
Energy consunrotion 
at low beam power 
at full beam power 
Magnetic structure 
number of sectors 
sector angle (radially varying) 
hill field 
valley field 
D.C. power in the coils 
iron weight 
copper weight 
R.F. System 
number of dees (connected at the center) 
dee angle (effective) 
harmonic mode 
frequency (fixed) 
dee voltage (nominal) 
dissipated R.F. power 
- per dee 
- beam acceleration 
Iniection 
type of source (external) 
filament power 
filament lifetime 
arc power 
Hjflow 
source bias 
injected H' 

rT,D* 
H\D-
15-30 

350 
500 
2 

<5 
<5 

<55 
<90 

4 
54-58 
1.7 
0.12 
7.2 
45 
4 

2 
30 
4 
65.5 
50.0 

5.5 
15.0 

"MULTICUSP" 
0.5 
2200 
2.0 
10...20 
28 
2 

MeV (7.5-15 MeV for D*) 

HA 
HA 

jtmm.mrad 
;rmm.mrad 

kW 
kW 

degrees 
Tesla 
Tesla (modified for D4) 
kW 
tons 
tons 

degrees 

MHz 
kV 

kW 
kW 

kW 
hours 
kW 
st.cc/min 
kV 
mA 

An essential feature of the machine from our perspec
tive is its capability to extract 2 beams simultaneously 
of variable energy and intensity. 

There are provisions for an additional beam room to be 
added should this be required in the future. 

With the exception of the 123l target and process equip
ment of NORDION Inc. all other solid, liquid, gas 
targets and automated chemistry modules were sup
plied by IBA as part of the purchase package. The 
range of radioisotopes included in our initial production 
programs are listed below: 

18F, 13N, 150,11C, 1 2 3 l , wGa,201"!"!, 111ln and 81Rb 

Figure 2: Cyclotron/Beam Vault Layout and Target 
Stations. 
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Current Status of the Melbourne PET Centre 

Henri J. Tochon-Danguy 
PET Centre 

Austin Hospital 
Melbourne, Victoria, Australia 

A Positron Emission Tomography (PET) Centre is 
currently being established at the Austin Hospital, 
Melbourne, Australia. The Austin Hospital PET Centre 
is one of the two new centres in Australia with the other 
Centre located at the Royal Prince Alfred Hospital, 
Sydney. 

The Austin Hospital is a major university teaching 
hospital and is the Australian referral center for epi
lepsy. 

Capital expenditure for the project totalling A$ 7.6 
million has been provided from a corporate fund raising 
programme, grants from the Commonwealth and State 
Governments and a funding allocation by the hospital. 
This has provided capital funding for a full body SIE-
MENS/CTI 951 PET Camera, an ION BEAM APPLI
CATIONS (IBA) 10 MeV cyclotron and all basic radio-
chemistry equipment including the hot cells. The equip
ment is being housed in 500 m2 of new laboratory 
space adjacent to the Department of Nuclear Medi
cine. 

Cyclotron and Targetry. The cyclotron chosen for the 
Austin Hospital PET Centre is an IBA model CY-
CLONE-10/5. The machine accelerates negatively 
charged hydrogen (H-) and deuteron (D) ions to 10 
MeV and 5 MeV, respectively. H- and D- ions are 
accelerated by two dees on the second and fourth 
harmonic mode of the orbital frequency, respectively. 

The H* or D* ion extraction is performed by electron 
stripping the beam using a thin graphite foil and diverg
ing the beam into the corresponding target. The CY-
CLON E-10/5 is fitted with 8 targets mou nted directly on 
the vacuum chamber perimeter. More than 60 |iA of 
proton or deuteron beam current can be extracted onto 
a single target or equally divided between two oppo
sitely mounted targets. Dual irradiation capability ena
bles simultaneous production of two different ra
dioisotopes or increased production of one radioiso
tope reduces the frequency of target manipulations, 
and increase the productivity and flexibility of the 
cyclotron. 

The eight targets are located inside the cylindrical 
magnet return yoke consisting of 15 cm of steel which 
acts as the primary radiation shield. In addition, the 
CYCLONE-10/5 is enclosed inside a cylindrical neu
tron shielding system consisting of at least 68 cm 
thickness of boron doped water. Calculations by the 
cyclotron manufacturer indicate thatthe cyclotron shield
ing, together with the 60 cm thick concrete wall of the 
cyclotron vault, will be sufficient to keep the radiation 
dose level outside the cyclotron vault less than 
0.4 uSv/h. 

Both the cyclotron and radiochemistry processing units 
are microcomputer controlled, providing fully auto
matic menu-driven operation. Two types of hot cells 
are installed within the laboratory - shielded vaults and 
standard hot cells. The four small shielded vaults will 
be used for setting the automated production of basic 
radiopharmaceuticals such as FDG whilst the two 
standard hot cells will be used for the development of 
new radiolabelled compounds. 

Recent acceptance tests done by the manufactureron 
an earlier CYCLONE-10/5 gave the following radioiso
tope production rates: 

,4N(d,n)1sO 
160(p,a)13N 
14N(p,a)11C 
ieO(p,n)18F 

20 mCi/uA at saturation 
4.5 mCi/uA at saturation 
50 mCi/uA at saturation 
50 mCi/uA at saturation 

The PET Centre has been funded for clinical use and 
will be subject to extensive evaluation of the clinical 
efficacy of PET scanning by the Australian Health 
Departments throughout the first 5 years of operation. 
The clinical PET program will focus on two of the 
acknowledged clinical applications of PET- refractory 
epilepsy and myocardial perfusion and viability as 
these provide immediate clinical utility. 

The Austin Hospital PET Centre is being staffed by a 
multidisciplinary team of scientists, clinicians and tech
nologists and will be operational by May 1992. 
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Radioisotope Production at IPEN-CNEN Säo Paulo 

Joäo Alberto Osso Junior 
Commissäo Nacional de Energia Nuclear 

Instituto de Pesquisas Energeticas e Nucleares 
Caixa Postal 11049 - Pinheiros 

05499 Säo Paulo, Brasil 

All the activities of radioisotope production at IPEN-
CNEN/SParecarriedout at the Radioisotope Process
ing department. This department has 3 divisions: 
• Radioisotope Division, 

responsible for the production of the primary radio
isotopes; 

• Radiopharmacy Division, 
responsibleforthe production of labelled molecules 
and kits; and the 

• Quality Control Division, 
responsible for the quality control of all the prod
ucts. 

These products attend all Brazilian demand in nuclear 
medicine and nearly 200 hospitals use the products 
with about 400'000 patients/year. 

The main products are listed: 

Cyclotron Produced Radioisotopes 

• ^Ga 
Reaction: "Znfp^n^Ga 
Target: Enriched MZn electroplated onto Ni (elec
troplated onto Cu) 
Production rate: 250 - 300 mCi/batch 

. 123| 

Reaction: 12lTe(p,2n)123l 
Target: Enriched [124Te]Te02 melted onto Pt 
Water cooled in the front and back of the target 
Production Rate: 80 mCi/batch 

• New products on development 
Routine production: 111ln, 51Cr, «"Tl, 81Rb/81mKr 
Research: 18F 
Calibrated Sources: 57Co, 109Cd, "Mn 

Reactor Produced Radioisotopes 

• Generator "Mo/"mTc 
"Mo: imported 
Generator: home made (column of Aluminum Ox
ide) 
80 generators/week: 75 Ci/week 
131 

30 - 40% produced at IPEN's Reactor 
4 - 5 Ci/week 
Diagnosis and radiotherapy 

• s'Crand^P 
Imported 
100 mCi of each/week 

• 24Na, «K, ^Ca, ̂ S : very small demand 
• New projects on development 

Routine production of 125l and "Mo 
New method for the production of 131l 

Labelled Molecules 

• Labelling with1311 
Hippuran, Guanidine and others 

• Labelling with 51Cr 
EDTA, and albumin 

• New projects on development 
Labelling of molecules with 123l and 18F 
Labelling of Monoclonal Antibodies with "mTc, 131l, 
111ln 

Kits for Labelling with 99mTc 

• 15 different types of kits: M DP, DTPA, Pyro, DISIDA, 
etc. 

• New projects on development: MAG-3, HmPAO, 
Isonitriles. 
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The National Accelerator Centre, Faure, South Africa 

F.J. Haasbroek 
National Accelerator Centre 

P.O. Box 72 
Faure 7131, South Africa 

The newly-established National Accelerator Centre 
(NAC), situated near Cape Town, serves as a multi-
disciplinary facility for basic and applied research in the 
physical andbiological sciences, cancer therapy (neu
tron therapy commenced in 1989 and facilities for 
protontherapy are under construction) and the produc
tion of radioisotopes. 

The Cyclotrons. The NAC is equipped with a variable-
energy multiparticle separated-sector cyclotron (Ep = 
200 MeV) together with a light-ion injector cyclotron (Ep 

= 8 MeV) which have been in routine operation since 
February 1987. A second injector for heavy ions and 
polarized light ions is currently under construction. The 
cyclotrons are operated 24 hours per day, seven days 
per week, and beamtime is allocated to the different 
user groups according to a fixed weekly schedule. 
From 16h00 on Mondays until 16h00 on Thursdays a 
66 MeV proton beam (maximum beam current: >100 
uA) has to be shared between neutron therapy and 
radioisotope production. Two sixteen-hour night shifts, 
as well as the idle beam available while patients are 
being set up for treatment, are available for radioiso
tope production. The machines have proved to be 
highly reliable and apart from planned down-time (ap
proximately six weeks per year) for maintenance, only 
approximately 7% of the beamtime was lost through 
interruptions during 1990. 

The Radioisotope Production Programme. Routine 
production of radioisotopes at Faure started during 
November 1988 after the decommissioning of a low-
energy (Ed = 16 MeV, Ea = 32 MeV) cyclotron in 
Pretoria, which had been used since 1965 for the 
production ot a large variety of radioisotopes. Currently 
we are mainly concentrating on the production of short
lived medical radioisotopes, and [67Ga]citrate, 81Rb/ 
81mKrgenerators, [123l]sodium iodide, [123l]mlBG and 123l 
labelled fatty acids (p- and o-isomers of phe-
nylpentadecanoic acid) are produced regularly. A 
number of other radioisotopes, such as 28Mg, "Fe, 
67Cu, 111ln and [123l]hippurate, have also been pro
duced on a limited scale. 

The change-over from a low-energy multiparticle 
machine to a fixed 66 MeV proton beam has created a 
greater production potential, but has also required the 
development and establishment of new laboratories, 
targetry and production facilities and procedures, as 
described in a recent overview [1]. The current status 
is briefly as follows: 

Bombardment of targets are performed in a production 
vault equipped with three beamlines and a bombard
ment station [2] consisting of a neutron/gamma shield 
and remotely controlled target handling and position
ing facilities. Targets are transported between the 
bombardment station, a target storage facility and the 
hot cells by means of a rail system. During bombard
ments the beam is swept across the target face in a 
circular fashion by means of a double-magnet system 
in order to ensure a more even power distribution, 
thereby enabling the use of higher beam intensities. 

Special targetry and target production facilities have 
been developed [3]. Solid targets are disc-shaped and 
consist of compressed metal powders and salts (maxi
mum diameter = 20 mm), most of which are sealed in 
aluminium or copper capsules. 

Chemical procedures and facilities have been devel
oped and implementedforthe routine hot-cell process
ing of bombarded targets, recovery of radioisotopes 
and the preparation of 123l labelled compounds. As far 
as possible, use is made of remotely controlled and 
closed systems [4]. 

Present Projects. Work is in progress to extend the 
range of radioisotopes and labelled compounds of
fered, and special attention is given to ways and means 
to increase production yields in order to optimize the 
utilization of the limited beamtime available. Some 
targets are already bombarded routinely with beam 
intensities of up to 65 uA, and by improving the targetry 
and bombardment conditions we aim to eventually 
utilize the full beam-current potential of the machine 
(> 100 uA at 66 MeV). By introducing a tandem Ge/Zn 
target [5] we expect to increase the production yield of 
67Ga (currently produced with a Zn target) by a factorof 
approximately 2.8. A krypton gas target together with 
the associated recovery systems, developed for the 
production of81 Rb/81mKrgenerators, is almost ready for 
implementation. It will both delivercarrier-f ree81 Rb and 
increase the current production rate with RbCI targets 
[4] by a factor of approximately 5. A limited but definite 
demand for 111ln exists in South Africa. As the use of 
expensive enriched 112Cd as target material cannot be 
justified at this stage, an alternative route, namely 
ln(p,xn),11Sn -> 111ln for the production of radio-
isotopically pure 111ln is explored. Routine production 
of M1TI by the bombardment of natural Tl targets is also 
due to start soon. In support of such development 
projects, excitation functions for various relevant radio-
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isotopes are also being determined when necessary 
(see, for instance, Refs. [6-9]). 
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and ralln up to 100 MeV. Appl. Radiat. Isot. 41,1201-
1208 (1990). 
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Performance Specifications of the Y-120 Cyclotron Facility of the 
Institute of Atomic Physics in Bucharest 

EmanuelaCincu 
Institute of Atomic Physics 

Cyclotron Laboratory 
P.O. Box MG-6 

Bucharest, Romania 

Energy 
range 

Type of the Accelerated Ions 

Protons Deuterons 

3-13.5MeV 6-13.8MeV 

a-Particles 

1 - 6 MeV 
20 - 27 MeV 

Parameters 

Dee diameter 

Dee Voltage 

Magnetic field 

Frequency 

Tank vacuum 

Extraction ratio 

Final extraction radius 

Max. intensity of the 
transported ion beam* 

* along the length (3-5 m) of the 

120 cm 

50 kV 

1.7 T; max. current 500 A 

max. 13.3 MHz for d and a-particles 
max. 16.0 MHz for protons 

105Torr 

30 %; extracted current max. 60 uA 

525 cm 

50 uA for protons 
20 uAfordeuterons 

ion pipe. 
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Development and Production of Radiopharmaceuticals at IBP Moscow 

G.E. Kod inaand A .B . Mal in in 
Institute of Biophysics 

Ministry of Health 
123182 Moscow, Russia, CIS. 

The Department of Radiopharmaceuticals at the Insti
tute of Biophysics of Ministry of Health (Moscow) was 
established in 1948 for studying the problems of 
radionuclide and radiopharmaceutical production and 
their application in nuclear medicine. In 1964 a small 
plant attached to the Department was built for routine 
production of radioactive preparations. The targets 
were irradiated at reactors and cyclotrons of 
KURCHATOV Institute of Atomic Energy (Moscow) 
and Institute of Physics and Power Engineering 
(Obninsk). 

In additionto traditional and known reactor radionuclides 
and pharmaceuticals on their base, cyclotron 
[^Tljchloride, [67Ga]citrate, [111ln]chloride, citrate, col
loid and complex with DTPA, p°3Pb]chloride were 
developed and 123l in form of sodium iodide solution 
and organic preparations (orthoiodohippurate, 
methaiodobenzylguanidine, butyl iodoamphetamine, 
iodoundecyne) as well. Only isotopically enriched tar
gets are irradiated at cyclotron and, as a rule, at 
reactors. In most cases extractional methods are used 
for the separation of radionuclides from cyclotron tar
gets. 

At different time radionuclide generators "Ge/^Ga, 
^Sr/^Rb, "Sr/^Y, 87Y/87mSr, "Mo /^Tc , 103Pd^03mRh, 
113Sn/113mln, 132Te/13!!l were developed; at present the 
works on creation of 188W/188Re and 1910s/191mlr gen
erators are being conducted. The column generator 
" M o / ^ T c is producedonthe base of fission no-carrier 
added "Mo with the use of adsorbent, made from silica 
gel, modified with manganese dioxide. A column with 
silica gel, treated with cerium, is used for the 113Sn/ 
113mln generator; on the column 113Sn with specific 
activity 20 - 40 mCi/mg is loaded. 

FortheMmTcgeneratorthefollowing kits are developed 
and produced: [99mTc]CaNa3DTPA, [99mTc]citrate, 
[99mTc]Re-colloid, [99mTc]pyrophosphate, [99mTc]tri-
methyl-IDA, ["mTc]p-butyl-IDA, ["TcJBr-trimethyl-IDA, 
[99mTc]phytate, [99mTc]tetramethyIenephosphonate, 
["mTc]DMSA. 

For the 113mln generator kits for the preparation of 
colloids (2 kits), polymethylenephosponate complex of 
indium, [,13mln]DTPA and [113mln]c"rtrate are developed 
and produced. 
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Production of Radionuclides at IPPE, Obninsk 

N.N. Krasnov 
Enterprise „Cyclotron" 

Institute of Physics and Power Engineering 
Obninsk, Kaluga Region 

Russia, C.I.S. 

Enterprise „Cyclotron" has been organized on the base 
of the Cyclotron Department of Institute of Physics and 
Power Engineering in 1991. 

The radionuclide production is carried out on a classi
cal 1.5 m cyclotron which was put into operation in 
1963 and it was begun to use for this aim. 

At present enterprise „Cyclotron" is the main producer 
of the radionuclides in C.I.S. Besides tasks dealing 
production the research works for targetry and target 
technology, for the development and improvement of 
the methods of chemical treatment of the irradiated 
targets, for development of methods for manufacturing 
the sources for various purposes on the base of cyclo
tron radionuclides. 

Now about 15 radionuclides are produced on the 

cyclotron. However, nearly 80% of the working time of 
the cyclotron is spent for the production of a few main 
radionuclides: 57Co, 67Ga, 111ln. 

57Co and some other radionuclides are supplied as a 
solution of the isolated radionuclides. We are planning 
to supply 67Ga and111 In in the same condition in 1992. 
The point, disk and circular sources with radionuclides 
of 57Co and 109Cd are available for X-ray analyses. The 
production of positron sources with "T i and Mössbauer 
sources with 57Co in chromium matrix is mastered. 

At the nearest time we plan an increase of production 
of main isolated radionuclides, a widening of the types 
of the hermetic radiation sources, as example the 
manufacture of positron emitting sources with MGe and 
of planar sources with 57Co for a calibration of medical 
•y-chambers. 
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Nuclear Medicine Applications in IAE Cyclotron Laboratory, Moscow 

A.A. Sebyakin 
Kurchatov Institute of Atomic Energy 

123182, Moscow, Russia, C.I.S. 

Nuclear medicine applications in IAE cyclotron labora
tory include as M1U and 123l production for Moscow 
hospitals, as the design and the construction of a mini-
cyclotron for PET center, which is being built in 
KURCHATOV Institute [1]. 

To produce M1TI according to 203TI(p,3n)20,Pb -> M1TI 
reaction a target with 97% enriched a iTI is irradiated 
with 28.6 MeV proton beam [2]. Energy loss in the 
target is 5 MeV. For 20 hours 24 uA irradiation the 
average M1TI activity after target chemical processing 
is about 300 mCi at the moment of delivery. 

High purity 123l production is based on the proton 
induced reactions on highly enriched 124Xe. The auto
mated gas target station is designed to use the method 
[3]. For 4 hours irradiation with 30 MeV 20 uA proton 
beam the 123l yield is up to 10 mCi/uAh. The calculated 
energy loss is about 11 MeV. Now, for Moscow region 
the routine 123l production is being organized. To 
optimize xenon gas target and to study alternative 123l 
production methods various experiments are contin
ued. 

For IAE PET center the mini-cyclotron is designed [4]. 
It will accelerate H'and D-ions up to the energies of 12 
MeV and 6 MeV, respectively. The external beam 

current is expected to be 50 uA, that is sufficient for the 
production of Curie amounts of 11C, 13N, 150 and 18F. 
The cyclotron will be put into operation in 1992. 

References 

[1] S.T. Belyaev, N.S. Marchenkov, V.l. Selivanov, 
A.A. Vasilev and N.I. Venikov, I.V. Kurchatov Atomic 
Energy Institute Program for Positron Emission 
Tomography. Acta Radiologica (Stockholm), Suppl. 
376, 79-80 (1991). 

[2] N.I. Venikov, V.N. Unezhev and L.I. Yudin, 
Recent Modernization of IAE Cyclotron in Moscow. 
Proc. 11th Int. Conf. on Cyclotrons and their Appli
cations (M. Sekiguchi, Y. Yano and K. Hatanaka, eds.), 
Tokyo 1986,84-86. 

[3] N.I. Venikov, V.l. Novikov, A.A. Sebyakin, D.I. 
Fomichev and V.A. Shabrov, Production of High-Purity 
123l on IAE Cyclotron. Prod2th Int. Conf. on Cyclo
trons and their Applications (B. Martin and K. Ziegler, 
eds.), Berlin 1989, 535-537. 

[4] K.D. Burbeza, A.A. Vasilev, N.I. Venikov, et al. 
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The Radium Institute of St. Petersburg, Russia 

A. Gedeonov 
V.G. Khlopin Radium Institute 

(Director: Professor Alexander I. Karelin) 
Prospect Shvernika 28 

194021 St. Petersburg, Russia, C.I.S. 

History. The Radium Institute (named after V.G. 
KHLOPIN) of St. Petersburg (formerly Leningrad) is 
the oldest scientific institute of Russia for radioactivity 
and nuclear physics and chemistry. It was founded by 
the great Russian scientist and thinker Vladimir 
Ivanovich VERNADSKY in 1908 to investigate the 
phenomena of radioactivity. At that time it consisted of 
three departments, namely: 
• Geochemistry (headed by V.l. VERNADSKY), 
• Chemistry (headed by V.G. KHLOPIN) and 
• Physics (headed by L.V. MYSOVSKY). 

In December 1921 the first samples of the Soviet 
radium were produced (V.G. KHLOPIN et al.). The 
Radium Institute (together with the Physico-Technical 
Institute of Leningrad) was the pioneer and leader in 
investigating a wide range of problems of radioactivity 
and nuclear sciences up to the 1950s. Natural and 
artificial radioactivities were intensively studied at the 
Institute and many methods were developed for de
tecting different radiations including cosmic rays (L.V. 
MYSOVSKY). 

In 1926 L.V. MYSOVSKY proposed the use of -y-rays 
for detecting defects in metals. G. GAMOV proposed 
his famous theory of nuclear a-decay in 1932. 

In 1939 the first cyclotron in Europe was installed at the 
Radium Institute of Leningrad and in 1940 spontane
ous fission of uranium was discovered by K.A. 
PETRZHAKandG.N.FLEROV.I.V.KURCHATOVtook 
part in the design and installation of the cyclotron and 
researched on uranium fission and in the discovery of 
nuclear isomerism. 

In 1945 plutonium was extracted and its chemistry was 
elaborated by V.G. KHLOPIN. Methods of detecting 
elementary particles were worked out using photo-
emulsions (L.V. MYSOVSKY, A.P. ZHDANOV) to
gether with different methods of dosimetry of radiation 
(K. AGLINTZEV). 

After World War lithe Radium Institute was involved in 
the nuclear arms race and the design and exploitation 
of nuclear research and power installations, especially 
the physics and chemistry of nuclear fuels. At the time, 
almost all this research was classified as secret and 
connections with other scientific centers of the world 

were damaged for a long time. 

Research fields. Now, the Radium Institute of today 
is returning to the community of international science. 
The main areas of scientific research which the Ra
dium Institute of St. Petersburg is currently involved 
w'rth are as follows: 
• Nuclear physics: nuclear fission and nuclear reac

tions, nuclear spectroscopy, production of the ra
dioactive isotopes for their use in medicine, radio
activity of the environment including nuclear disas
ters, and so on. 

• Radiochemistry: fundamental and applied research, 
including the methods of managing different radio
active remnants from nuclear reactors; radio-
geochemical and radio-ecological investigations in 
the geosphere and biosphere; participation in moni
toring and inspection of radioactivity of the environ
ment and related enquiry services. 

• Production of sources of different radioactive 
radiations. 

• Design and production of different detectors of 
radioactive radiation (a, ß, v and X-rays, neutral and 
charged elementary particles) and different 
radionuclide samples for use in technology and 
medicine. 

• Non-traditional research onnew materials andtech-
nologies: production, for example, of extra pure 
silicon and its aggregations (Si02, Si3N4, SiC, efc.) 
in their nano-crystal state; production of the ultra-
dispersed powders of metals (AI, Cu, Ni, Fe, Cr, Sn, 
Mo, W, Re, V and their alloys). 

Personalia. The Director of the V.G. KHLOPIN Ra
dium Institute is Professor Alexander Ivanovich 
KARELIN. 

The Deputy Directors are Dr. Evgeny Borisovich 
ANDERSON, Chemistry Department and Dr. Alexan
der Andreevich RIMSKY-KORSAKOV, Physics De
partment. 

All enquiries should be addressed to: 
Professor Alexander Ivanovich Karelin 
The Radium Institute 
Prospect Shvernika, 28 
194021 St. Petersburg 
Russia, C.I.S. 
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Closing Remarks 

Thomas J. Ruth 
TRIUMF/UBC PET Programme 

4004 Wesbrook Mall 
Vancouver, B.C., Canada 

In reflecting on the unique contributions of this meeting 
I was struck by how many ideas had their roots in other 
areas of research 20 years ago. It must have been an 
exciting time in science back then. In order to make an 
impact on the future of science I thought it appropriate 
to look into the future instead of the past so that those 
attending the 15lh Workshop can say that this was 
discussed 20 years ago. Therefore, based on what I 
learned this week I make the following predictions 
about the developments that will be reported at that 
future workshop. 

• A Heavy Metal band will sell a million records by 
recording the acoustics from a gas target on an 
RFQ accelerator. 

• IBA will fix the CYCLONE-3 so it extracts deuterons 
without extracting the Dees. 

• The Netherlands will hire the CTI team to supply 
carefully sized carbon particles to plug the leaks in 
their dikes. 

• Gerald BIDA will make an [18F]F2 target using the 
tailpipe from Jerry NICKLES' old Dodge. 

• ISOTEC sales will reach $109/year selling their 
[180]H20 to soft drink companies as a sugar sub
stitute. 

• The Baltic States and Quebec will form an eco
nomic union to make the simplest PET accelerator 
yet. Main features include: 
1. Accelerate heavy ions. 
2. High beam currents ( » 1 A). 
3. Only one target material (hydrogen, and non-

enriched as well) to make all of the PET radio
isotopes. 

4. Will use the following reactions: 
- 1H(180,n)18F 
- 1H(13C,n)13N 
- 1H(,sN,n),50 
- 1H(11B,n)11C 

In a more serious vain I believe this workshop has been 
extremely successful and has carried on the tradition 
established in the very first Workshop in Heidelberg of 
having very free and open discussions by the partici
pants. A numberof very interesting results were shared 
over the course of the gathering some of which I 
alluded to in my earlier remarks. 

I would however, like to point to a number of features 
that were unique to this 4,h Workshop. 

• The contributions by the industrial secto r has begun 
to dominate the meeting. This, I believe, is good for 

those of us in basic research as well as the compa
nies themselves. We all benefit from the continued 
open discussion and sharing of fundamental ideas 
that make radioisotope production a reality, even in 
the hospital setting. 

• The size of the workshop has grown reflecting the 
increased interest in the use of radionuclides in 
research, especially PET. It was of course encour
aging to meet our colleagues from the Common
wealth of Independent States. 

• The rapidity of new developments is truly astound
ing. In the two short years since the last workshop 
we have seen the development and testing of new 
types of accelerators with others due for testing 
very shortly. The targetry that these new devices 
will require is also at an advanced testing stage. 

• It is still amazing to me that we, as a community, 
have not established a standard for the design and 
use of a target system for the production of 
[18F]fluoridefromawatertarget.Anumberof groups 
have been quite successful while others still strug
gle with a lot of nagging problems. I feel the root to 
t his phenomenon is the fact that very few of us have 
the time to perform a systematic study of what 
works and doesn't work and why. Most of us would 
rather use what is familiar to us even if it means a 
few problems than chance a new approach that 
could result in a whole new set of problems. Maybe 
we can encourage a few centers to perform a cross 
center study which could include the exchange of 
targets as part of the study. 

• It was also gratifying to see the inclusion of a 
number issues around the use of Quality Control. 
As the regulatory agencies around the world tighten 
the standards we will have to respond to these 
demands. The need for performing these QC stud
ies under automation will only increase. Another 
important aspect to these QC discussions is the 
consciousness raising that occurs. Most of us were 
not trained in preparing radiopharmaceuticals and 
need the reminder that we are preparing sub
stances that will be injected into humans. This 
sensitizing to the need to continue the monitoring of 
our work will benefit us in the long run. 

• In a related issue we should begin to look carefully 
at the perceived problem of excess emissions from 
our labs. We should consider studying the problem 
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so that we can have appropriate responses to 
unreasonable attempts at over-regulation. Our in
tuition tells us there is not a problem but until we 
have some facts we are defenceless. 

I have mixed some thoughts on future directions along 
with my reactions to the meeting in the last part but that 

is what makes science work, the germination of ideas 
from past experience. Finally, I wish to again thank the 
organizing committee for their efforts in bring this 
meeting to the Paul Scherrer Institute. There is no 
doubt in my mind that this effort which started out as an 
idea to bring a few people together will continue to 
grow. Thank you Regin for your part in this. 

Paul Scherrer Institut 257 



TARGETRY '91 

ANNEX 1: 
PETBASE - A Database of PET/Targetry Users and Sites 

Steve McQuarrie 
University of Alberta 

Edmonton, Alberta, T8E1C1, Canada 

Principle 

The number of sites using PET has grown consider
ably following the development of this database for the 
SecondTargetry Workshop held in Heidelberg in 1987. 
In addition to a list of names of individuals associated 
with the production and application of PET 
radionuclides, information such as E-Mail id's, tel
ephone/fax numbers, major equipment, as well as 
addressesforthe PET/acceleratorsites are included in 
this database. 

The program for this database was written with dBase 
III+and compiled with Clipperto increase its execution 
speed and reduce the amount of code necessary for its 
operation. PETBASE was designed for the IBM PC/ 
XT/AT (or compatible) environment using DOS 3.1 or 
greater. The database was divided into two main files 
to simplify its use and reduce duplication of data entry. 
One file contains personnel information, the other 
information about the PET institutions. These two files 
are linked to each other through the name of the 
institution, which by design is the only element com
mon to both files. These files are designed to operate 
in tandem so that information resulting from a search 
will be extracted from both files and the results dis
played on the computer monitor or directed to an 
attached printer. 

The data elements for the personnel file contains 
information about the person's name, name of the 
institution, telephone number, computer-link ID and a 
comment field. The institution file holds information on 
its address, central telephone, fax and telex numbers, 
cyclotron(s), PETscanner(s) and also contains a com
ment field that can be used to include any additional 
information about the particular site. An additional 
explanation of this program is contained in a 
README.TXT file that is included on the computer 
disk with PETBASE. Detailed execution commands for 
the program are also contained in this file and it is 
suggested that README.TXT be copied to a printerf or 
a reference guide. The program is designed as a menu 
operated system and requires the user to have no 
knowledge of dBase III +. Options for searching either 
database and printing or displaying the results follow 

automatically from the menu selection items. 

It is hoped that the registrants of this latest Workshop 
will find the database useful. As new sites are regularly 
coming on-stream and with the movement of individu
als between these sites; PETBASE does cannot con
tain an exhaustive list of all those involved in PET 
targetry or list all the PET institutions. My apologies to 
those who are not yet in the database, for missing data 
or for any errors that may have crept in during data 
entry. An updated version of this program is available 
from the author. 

Installation Procedure 

COPYPETARC.EXEtoyourhard-driveBEFORErun-
ning as this is a compressed file and does not have 
enough free space on this disk to run. 

EXAMPLE: 
C > MD PETBASE 

(make a subdirectory for PETBASE) 
C > CD PETBASE 

(switch to this subdirectory) 
C > a: (switch to the A drive) 
A> COPY PETARC.EXE C: 

(copy the program to the hard-drive) 
A > c: (switch back to C drive) 
C > PETARC 

(begin self-extraction of the data base) 
C > ERASE PETARC.EXE 

(remove petarc.exe from the C drive to free up 
the space as PETARC.EXE is not required for 
further operation - keep this disk in a safe place 
as a backup copy. 

TO RUN THIS PROGRAM 
C > cd\petbase 
C > PETBASE 
The menu-driven program should now start. 

BACKUP OF DATA 
To backup the database to floppy disk... 
1. Insert an empty formatted floppy in drive A 
2. Run the program PETBACK.EXE 
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ANNEX 2: 
Valve List 

John C. Clark and Keith Dowsett 
MRC Cyclotron Unit 

Hammersmith Hospital 
London W12 OHS, United Kingdom 

2 - p o r t n.o. 2 - p o r t n.c. 

-9-
3 - p o r t 

K.D. 
1 3 / 0 3 / 9 0 

3 way distribution 4 way distr ibt ion 

6 way distribution 4 way changeover 

Dual 3 way changeover 6 way changeover 

J 

8 way changeover 

Where valves with more 
than eight por ts are 
available they will be 
denoted by the letter k 
followed by the number 
of ports. 

Figure 1: Key to Valve List 
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ALTEX SCIENTIFIC, Inc. 
1780 4th Street 
Berkeley, CA, USA 
Tel. (415) 527-5900 

Types CAV 2031 etc. 
Air operated slider valves (a, b, g see key) 

Rated press. 500 psi 
Contact parts Kel-F, PTFE 
Body Delrin (optional Kel-F) 
Ports 1/4 - 28 
Operation Pneumatic 
Comments • Difficult to maintain in routine use 

• Delrin body is not acid resistant 
• Also known as Cheminert valves 
• ALTEX may have been bought out 

by BECKMAN. 

ANGAR SCIENTIFIC Co., Inc. 
52 Horsehill Road 
Cedar Knolls, NJ 07927-2098, USA 
Tel. (201) 538-9700 

Types 368-2-XX-24-30 
Diaphragm valves (a, b, c see key) 

Rated press. 30 psi 
Contact parts PTFE 
Body Steel, & Aluminium 
Ports 1/4-28 
Operation Electrical 
Comments • xx denotes valve type 

• Generally good 
• Overpressure results in (reversible) 

valve opening 
• No leakage to atmosphere below 

100 psi. 

BUERKERT CONTROMATIC AG 
Hardstrasse 95, Postfach 42 
CH-4020 Basel, Switzerland 
Tel. (061) 425488 

Type 117-A-1, 2-H-TZ 1/4" 28 UNF 24/GR-R-000 
Diaphragm valves (b see key) 

Rated press. +30 psi forward, 5 psi reverse 
Contact parts PTFE, PTFE coated EPDM 
Body PTFE 
Ports 1/4-28 
Operation Electrical 
Comments • Bruno's favourite valve! 

CHEMCON (Production Techniques Ltd) 
13 Kings Road 
Fleet, Hants., UK 
Tel.(0252)616575 

TypeSVI D-3-11T-1/4-28 
Diaphragm valves (b, c see key) 

Rated press. 30 psi 
Contact parts PTFE 
Body Aluminium, PTFE 
Ports 1/4-28 
Operation Electrical 
Comments • Overpressure results in rupture of 

the PTFE diaphragm, resulting in 
leakage to atmophere. 

GENERAL VALVE Corporation 
202 Fairfield Road 
Fairfield, NJ, USA 
Tel.(201)575-4844 

Type 9-216-90 
Solenoid valve 

Rated press. 1250 psi 
Contact parts Stainless, Kalrez and Kel-F 
Body 316 Stainless 
Ports 1/8" NPT or 1/8" Swagelok 
Operation Electrical 
Comments • Suitable for dilute fluorine mixture 

HAMILTON Company 
P.O. Box 10030 
Reno, NV 89520, USA 
Tel. (702) 786-7077 

HV series valves (a, b, c, d, e, g see key) 

Rated press. 500 psi 
Contact parts Kel-F, PTFE 
Body Aluminium 
Ports 1/4 - 28 
Operation Manual (electrical option available) 
Comments • Very compact rotary valves 

• Various configurations available 
• 2 ports upwards 

HVDX and HVLX series valves (f, i, j see key) 

Comments • Six and eight port versions of 
the HV series 
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N RESEARCH Inc. 
6 Lombardy Place 
Maplewood, NJ 07040, USA 
Tel. (201) 761-4268 

225 T series valves (a, b, c see key) 

Rated press. 30psi 
Contact parts PTFE 
Body 
Ports 
Operation 
Comments 

Aluminium 
1/4 - 28 
Electrical 
• This company also makes pinch 

valves. Has anyone tried them? 

NUPRO Co. 
•4800 East 345th Street 
Willoughby, OH 44094, USA 

Types SS-SS 2 
Needle valves 

Rated press. 2000 psi 
Contact parts Stainless, Viton (optional Kalrez) 
Body Stainless 
Ports 1/8" Swagelok (SS-SS 1 = 1/16" 

Swagelok) 
Operation Manual 
Comments • Good general purpose needle valve 

Types SS-4 BMW 
All stainless, welded bellows needle valves for 
fluorine 

Rated press. 700 psi 
Contact parts Stainless (optional Monel) 

RHEODYNE Inc. 
P.O. Box 996 
Cotati, CA 94928, USA 
Tel. (707) 664-9050 

Type 50 XX P 
PTFE 6-way valves (f, h, i see key) 

Rated press. 300 psi 
Contact parts Kel-F,PTFE 
Body Stainless & Aluminium 
Ports 1/4-28 (flanged tubes) 
Operation Air 
Comments • xx above denotes valve type 

• Low dead volume 
• Electrical feedback of valve position 
• Available in 1/8" of 1/16" tubing 

Types 5301 &5302 
Three port slider valves with 5300 actuator (c see 
key) 

Rated press. 100 psi 
Contact parts PTFE & Tefzel 
Body Polypropylene 
Ports 1/4-28 
Operation Air 
Comments • Low dead volume 

• Generally reliable 
• Some evidence on older valves that 

the valve face has distorted 
• 5301 has 0.030" passages, 5302 

has 0.060" passages 

Type 7010 P 
HPLC injector valves (i see key) 

Body 
Ports 
Operation 
Comments 

Stainless 
1/4" Swagelok 
Manual 
• Metering needle valve 
• Suitable for low concentrations of 

fluorine at room temperature 

Type SS-HBS 4-C 
Pneumatically operated bellows valve (a, b see key) 

Rated press. 
Contact parts 
Body 
Ports 
Operation 
Comments 

7000 psi 
Stainless Vespei 
Stainless 
Special Rrwccvne i/i 6" compression 
Air 
• Normal HPLC injector with air 

operator 
• Vespei is not recommended for use 

with strong bases and extremely 
polar solvents 

Rated press. 3500 psi 
Contact parts Stainless, Kel-F (optional Vespei) 
Body 
Ports 
Operation 
Comments 

Stainless 
1/4" Swagelok 
Air 
• High pressure valves used on 

fluorine gas targets 

Type SS-HBS 4-CM 
As above with electrical feedback contacts 
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SKINNER PRECISION INDUSTRIES Inc. VALCOR SCIENTIFIC 
95 Edgewood Avenue 2 Lawrence Road 
New Britain, CT 06050, USA Springfield, NJ, USA 
Tel. (203) 225-6421 Tel. (201) 467-8400 

Type B 2 RX127-DC 2 Types SV-74 & SV-75 
2-port valve with push-on electrical connections (b Solenoid valves (a, b, c see key) 
see key) 

Rated press. 180 psi 
Contact parts Stainless, Viton 
Body 
Ports 
Operation 
Comments 

Stainless 
1/8" NPT taper 
Electrical 
• Large dead volume 
• Useful in low pressure gas handling 

systems 

Rated press. 
Contact parts 
Body 
Ports 
Operation 
Comments 

35 psi 
PTFE 
Steel, Aluminium 
1/4-28 
Electrical 
• Pinch valves also available from 

this manufacturer 

TypeB14DKl075-DC2 
3-port wire ended (c see key) 

Rated press. 80 psi 
Contact parts Stainless, Viton 
Body Stainless 
Ports 1/8" NPT taper 
Operation Electrical 
Comments • Three way valve, similar to above 

VALCO INSTRUMENTS Co., Inc. 
P.O. Box 55603 
Houston, TX, USA 
Tel. (713) 688-9345 

P, PX, T, TX and related valves (a, b, c, d, e, f, g, h, 
k10, k12seekey) 

Rated press, up to 3000 psi 
Contact parts Stainless, Carbon filled PTFE 
Body Stainless 
Ports Compression fittings 
Operation Manual (pneumatic or electrical 

optional) 
Comments • Interesting selection of multi-way 

valves 
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John C. Clark 
Hammersmith Hospital 

Londen W12 OHS, United Kingdom 

SIGRI GmbH 
Werner-von-Siemens-Str. 18 
Postfach 1160 
D-8901 Meitingen, Germany 
Telephone: (08271) 83-0 
Telex: 53823 
Fax:(08271)83-3127 

Ringsdorff-Werke GmbH 
Drachenburgstrasse 1 
D-5300 Bonn 2, Germany 
Telephone: (0228) 841-0 
Fax:(0228)841511 

Elettrocarbonium S.p.A. 
Viale della Liberazione, 18 
1-20124 Milano, Italy 
Telephone: (02) 67 58-1 
Fax: (02) 66 98 56 25 

Elektrodenwerk Steeg Ges.m.b.H. & Co. 
Postfach 1 
A-4823 Steeg am Hallstätter See, Austria 
Telephone: (06135) 8641-0 
Fax (06135) 864 1202 

Hamosands Grafit AB 
13, Varvsallen 
Box 223 
S-87125 Hamosand, Sweden 
Telephone: (0611) 10530 
Fax: (0611) 19122 

SIGRI Corporation 
550 Route 206 
Bedminster, N.J. 07921, USA 
Telephone: (201) 231-3100 
Fax:(201)2341953 

Polycarbon Inc. 
28176 North Avenue Standford 
Valencia, CA 91355, USA 
Telephone: (805) 257-0500 
Fax: (805) 257 2755 

L.G.D. Les Graphites Divers S.A. 
70-76, rue Edith Cavell 
F-94400 Vitry, France 
Telephone: (14) 45730431 
Fax: (14) 45730343 

Cesiwid Elektrowärme GmbH 
Neumühle 4 
D-8520 Erlangen, Germany 
Telephone: (09131) 45000 
Fax:(09131)450045 
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