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Using even low-power sources of millimeter waves, the 
local increase in temperature of the sample can be several 
degrees. At the same time, the results indicate the absence 
of non-thermal effect of millimeter waves on the water. 

The application of non-contact temperature sensing 
based on the temperature sensitivity of florescent dyes is a 
simple and novel method to detect temperature change in 
biological objects irradiated by millimeter waves. 
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RADIATION SAFETY ASPECTS DURING 11-MEV MEDICAL CYCLOTRON OPERATION  
AND MAINTENANCE 

 
The paper brings up the question of radiation safety aspects dealing with exploitation of cyclotron Eclipse RD (Siemens), that is used 

for positron-emission tomography with fluorodeoxyglucose (18F-FDG). The main sources of radiation exposure and the efficiency of a 
cyclotron shielding were analyzed. The dose rates were measured from the activated details and wastes and the effective dose to 
personnel, performing operation and technical support of a cyclotron was estimated with the help of electronic personnel dosimeters EPD 
Mk2+ and thermoluminiscence dosimeters TLD Harshaw 100. 
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Introduction. Positron-emission tomography (PET) 
plays a crucial role in cancer diagnostics and can give 
information about the location of neoplasm and 
metastases, the intensity of metabolism and allows to 
estimate the efficiency of performed treatment [4]. PET 
requires radioactive tracers, and in this connection the 
low energy cyclotrons (up to 20 MeV) have found 
widespread applications in nuclear medicine for tracer 
production technologies [2]. The most commonly used 
PET radioisotopes (11C, 13N, 15O, 18F) can be produced 
through the proton induced reactions, such as (p,n) and 
(p,a). It is obvious, that the usage of cyclotrons leads to 

radiation exposure, caused by prompt radiation, produced 
tracer and induced activity. Moreover, in most cases 
cyclotron maintenance requires handling of radioactive 
components and wastes. Therefore special attention 
should be paid to the radiation safety aspects, providing 
additional shielding and dose control for personnel, who 
perform cyclotron operation and technical support. 
Besides, the analysis of the dose values enables to make 
a conclusion about the achieved radiation safety 
conditions and implementation of new safe measures, 
directed at a minimization of radiation exposure to 
personnel according to the ALARA principle.   
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F-18 production. PET-Cyclotrons produce different 
isotopes through the proton induced reactions, shown in 
table 1. For the different isotopes different types of 
targets are used (gas and liquid), and they have special 
properties, that ensures effective tracer yield in a harsh 
irradiation conditions. 

Table  1 
 

PET tracers, produced by medical cyclotrons 
 

Product Target Type Half-life, min Reaction 
18F Liquid 110 18O(p,n)18F 
11C Gas 20 14N(p,�)11C 
13N Liquid 10 16O(p,�)13N 
15O Gas 2 15N(p,n)15O 

 
In All-Ukrainian center for radiosurgery of the Clinical 

Hospital "Feofaniya" the fluorodeoxyglucose (FDG) 
production technology was successfully implemented using 
self-shielded Siemens cyclotron Eclipse RD [1]. The self-
shielding consists of concrete, borated polyethylene and 
lead, ensuring good radiation protection from neutrons and 
gamma rays. For 18F production the enriched water with 
18O 98% enrichment and 1.2 ml volume is loaded to a 
target and due to 18O(p,n)18F nuclear reaction isotope 18F is 
produced. For this production technology the liquid target is 
used, shown in fig.1�. It consists of silver target body, 
collimator and target window, made of Havar alloy [5], 
which is pressure and temperature resistant (melting point 
for Havar is 1753 K). During bombardment the target body 
and Havar window are cooled by water and helium 
systems respectively (fig. 1b. demonstrates target working 
conditions during irradiation). The beam extraction is 
performed through the 25 �m aluminum vacuum window, 
behind which a target is installed.   

 
Target Body 
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W ater coolin g 

Target Body     Sp acer  
(Collima to r) 
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Fig. 1. 18O liquid target:  

a) construction b) irradiation conditions 
 
The tracer yield decreases with time, which is caused 

by target deterioration during irradiation. Therefore the 
target and its components must be cleaned and replaced 
periodically. Fig. 2 demonstrates the 18F tracer yield 
depending on a target usage. These data were obtained 
after 150 production runs without target rinse, and it should 
be note that with assumption of 4 working days/week and 
1 hour/day production, the target lifetime of 1950 �Ah will 
be reached after 3 months. 

Radiation exposure and dose rate measurements. 
Cyclotron exploitation is accompanied by several sources 
of radiation, that cause additional exposure to personnel: 
prompt gamma rays and neutrons, produced tracer and 
induced activity of a cyclotron components. The prompt 
radiation exists only during irradiation and the greater part 
of it is absorbed by the cyclotron self-shielding. The dose 
rate on shielding surface during irradiation is 15 �Sv/h for 
neutrons and 75 �Sv/h for gamma rays respectively. The 
working place is located in the control room, where dose 
rate does not exceed 0.3 �Sv/h. 
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Fig. 2. Tracer yield dependence on a target usage 
 

Table  2 
 

Dose rates from vacuum window,  
target and its components 

 

Element Usage, 
mkA·h 

Time after last 
bombardment, hours 

Dose rate 
at 0.1m 
mSv/h 

Target body 5210 60 0.14 
Collimator 
(spacer) 

5210 60 0.05 

Havar foil 1950 60 5.42 
Vacuum 
window 

3540 60 2.52 

 
After bombardment and tracer delivery to the lab, the 

relicts of produced tracer and induced activity become as 
the main sources of radiation. The shielding fully absorbs 
this radiation, but when the shield is open the dose rate 
near the target module can be very high (>15 mSv/h), and 
hence for technical maintenance it is necessary to wait at 
least for a one day for short-lived radionuclide decay.  

The dose rates from different target components, 
measured after 60 hours from last bombardment are shown 
in table 2. The highest dose rate was measued from Havar 
window (about 5 mSv/h). Apart from the Havar foil long-
lived isotopes are also induced in other target components 
and vacuum window, where dose rate can be up to 
2.5 mSv/h. The technical maintenance of a cyclotron is 
performed by engineer-physicist and taking into account 
these dose rates, the effective dose to engineer is mostly 
caused by the actions, to be done in a close proximity to the 
target module (these works include target replacement, 
extractor replacement, ion source maintenance, vacuum 
window replacement and other). Regardless of type of 
work, almost all of them include 3 steps, mixed with 
exposure: there are demounting and installation, 
transportation and handling of radioactive parts of a 
cyclotron. Each of these steps must be executed using 
different types of shielding, such as lead screen, lead 
containers and fume hood with lead shielding and leadglass 
window for wastes handling. Activated details handling must 
be done very carefully using tweezers and after usage they 
should be enclosed in a special storage for farther decay. 

Effective doses and data analysis. The yearly 
effective dose to engineer depends on the number of 
works, that should be done during a year. Since the 
irradiated target is the most activated detail, its 
maintenance forms the bigger part of dose. The average 
target lifetime appeared to be 1950 �Ah (3months), so 
there are minimum 4 target replacement actions per year, 
excluding periodic target leakages and blowing of vacuum 
window. Table 3 shows the type and number of technical 
works, that were done in 2013 and corresponding effective 
doses to engineer, measured with the help of EPD MK2+ 
and TLD Harshaw 100 dosimeters. There were 6 target 
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rebuilds, 1 extractor and cathodes replacement and 2 
vacuum window replacements.  

 
Table  3 

 

Doses to engineer-physicist for different types  
of actions (10.01.13–26.12.13; 150 productions) 

 

Type of work 

Dose/action, 'Sv and 
number of actions 

(EPD Mk2+ 
measurements) 

Effective dose, 
mSv/year (TLD 
measurements) 

Target rebuild  0.152 (6) - 
Extractor 
replacement 

0.075 (1) - 

Cathodes of ion 
source replacement 

0.063 (1) - 

Vacuum window 
replacement 

0.078 (2) - 

SUM 1.206 1.06 0.85 [3] 
 
For the works, presented in table 3, the sum effective 

dose for EPD measurements is 1.206 mSv/year, and 
almost 80% of it goes from the target rebuild actions. For 
TLD measurements dose value is slightly lower: our results 
give 1.06 mSv, and in the Department of Nuclear Medicine 
of All india institute of medical Sciences, where the same 
cyclotron with the same parameters is used, the effective 
dose to engineer is 0.85 mSv/year [3]. Summarizing these 
data it is clear that all doses are considerably lower than 
dose limits, adopted by International Commission of 
Radiological Protection (ICRP) [6] and the average dose is 
about 1 mSv/year, which is comparable with the average 
background dose per year.  

Conclusions. The radiation safety aspects during 
cyclotron exploitation were considered and the main 
sources of radiation exposure were analyzed. The dose 
rate measurements were performed and the effective dose 

to engineer, occupied with tracer production and technical 
maintenance was determined using EPD Mk2+ and TLD 
Harshaw 100 dosimeters.  

One of the ways to get higher radiation doses is the 
increment of production runs, which leads to faster target 
degradation and therefore to bigger number of works. 
Since April, 2014, Hospital has started tracer productions 
not only for own, but also for external needs, and now 
production intensity increased twice. In these conditions 
the effective dose is expected to be 2.4 mSv/year, and 
even in this case the effective dose is sufficiently low and 
does not exceed 15% of dose limits, adopted by ICRP. So, 
it can be concluded, that providing good shielding and 
organization of work, the usage of low energy cyclotrons 
can be absolutely safe and secure.  
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