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H I G H L I G H T S

• Fluorine-18 production with cyclotron is described.

• The release of radionuclidic impurities generated by proton irradiation of enriched water as a function of target ageing.

• Gamma spectrometry of irradiated samples.

• Monte Carlo simulation of radionuclide generation inside cyclotron target materials.

• Comparison between Monte Carlo simulation and experimental measurement have been reported.
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A B S T R A C T

In this work we present a characterization of the radionuclidic impurities originated by proton irradiation of
enriched water [18O]H2O in a medical cyclotron through Monte Carlo simulations and experimental measure-
ments. A set of standard samples of enriched water loaded in the cyclotron target cell have been irradiated at
30 μA proton current for 1 h each and, after an appropriate cooling time, measured by HPGe gamma spectro-
metry. In this way it was possible to study the direct release of radionuclidic impurities from target components
as well as the release as a function of target ageing. Previously to experimental measurements, Monte Carlo
calculations with the PHITS Code have been carried out to estimate the radionuclides generated within the target
components (in particular Havar® foil) with the aim to identify the nuclides expected to be found in the irra-
diated water due to cell-to-water transmission mechanisms. Comparison between simulations data and experi-
mental measurements by gamma spectrometry showed that only a very small amount of the radionuclides
produced in the target window are released in the enriched water through corrosion/erosion effects, while the
release decreases with increasing aging of the target.

1. Introduction

Cyclotron-based radionuclide production and chemical synthesis of
the marked molecule constitute the two main processes of the pro-
duction of the most common radionuclides for Positron Emission
Tomography (PET) (Alauddin, 2012) such as [18F]2-fluoro-2-deoxy-D-
glucose [18F]FDG. In the production process, (p,n) nuclear reactions
induced by 18MeV proton beam into a target which contains the [18O]-
enriched water sample give rise to the production of 18F (IAEA, 2009).
However, interactions of protons with the materials of the target cell

and material activation due to the neutron secondary radiation field
produced by the (p,n) reaction (IAEA, 2011), causes the formation and
release of radionuclide pollutants during the irradiation process
(Bowden et al., 2009; Gillies et al., 2006). The estimation and quanti-
fication of these pollutants is an important issue from a radiological
point of view because these determine the most efficient way to remove
them during [18F]FDG synthesis procedures for the final radio-
pharmaceutical product to be administrated to patients, and, further-
more, to maximize yields during 18F fluorination reactions (Tewson
et al., 1988).

https://doi.org/10.1016/j.apradiso.2019.01.026
Received 21 July 2018; Received in revised form 26 January 2019; Accepted 29 January 2019

∗ Corresponding author. Applied Nuclear Energy Laboratory, Via Aselli 41, University of Pavia, I-27100, Pavia, Italy.
E-mail address: daniele.alloni@unipv.it (D. Alloni).

Applied Radiation and Isotopes 146 (2019) 84–89

Available online 31 January 2019
0969-8043/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09698043
https://www.elsevier.com/locate/apradiso
https://doi.org/10.1016/j.apradiso.2019.01.026
https://doi.org/10.1016/j.apradiso.2019.01.026
mailto:daniele.alloni@unipv.it
https://doi.org/10.1016/j.apradiso.2019.01.026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apradiso.2019.01.026&domain=pdf


2. Fluorine-18 production with cyclotron

The cyclotron installed at the Applied Nuclear Energy Laboratory
(LENA) of the University of Pavia, is an IBA cyclotron (model Cyclone®

18/9) set up for 18MeV proton bombardment of a highly 18O-enriched
H2O target (18O > 98.0 Atom %, provided by Huayi Isotopes Co.) with
a nominal 30 μA beam current. The ion source generates H− ions that
are subsequently accelerated in the vacuum chamber by a 42MHz
radiofrequency field and maintained in a planar circular orbit by a
strong static magnetic field (about 1.5 T at the centre of the machine).
When the H− ion beam reaches the 18MeV energy value, it is in cor-
respondence of the extraction radius. At this point, the H− beam tra-
verses a thin carbon foil (stripping foil) undergoing electron stripping
and becoming a proton beam, which is then directed to the target due to
opposite action of the Lorentz force. Before reaching the enriched vo-
lume water, the proton traverses two windows separated by a cooling
helium gas flow (see Fig. 1). The first window, made of titanium with a
thickness of 50 μm, separates the target body and the flowing helium
gas for cooling from the vacuum chamber. The second one, made of
Havar®, with a thickness of 25 μm, is, together with niobium cell, in
direct contact with the standard 2450 μL loaded volume of enriched
water.

3. Formation of radionuclides inside the target cell

Since March 2016, the cyclotron provides two daily productions of
18F delivered to hospital, corresponding to a work load of 10 produc-
tions/week, while the remaining time is dedicated to research and
machine tests. Every four months a maintenance intervention is
scheduled for the cyclotron, in particular, for the more stressed parts
such as target components, mechanical and electronic subsystems.
During proton bombardment the target cell is the part that is most
exposed to the direct proton beam which, with an initial energy of
18MeV, stops entirely in the loaded enriched water volume, after tra-
versing the target collimator (see Fig. 2) and the two windows. The
consequent release of heat in enriched water (about 160W/cm2,

reaching a temperature of about 240 °C at 20 bar standard irradiation
pressure) causes erosive action processes which lead to damage to the
niobium cell internal surface, while the windows, in particular the
Havar® one, which is in contact with the enriched water, is submitted to
direct proton beam interaction as well as corrosive water action. The
irradiation-induced water radiolysis pattern responsible for the pro-
duction of highly reactive species (e.g. radicals, ions, and H2O2), makes
water an extremely corrosive media with an overall change of water PH
value as also outlined in former works (Le Caër, 2011; Buxton, 1987;
Spinks and Woods, 1990). The main corrosion damage of cyclotron
target Havar window internal surface is caused by the appearance of
high local concentrations of these reactive species in the proximity of
the internal surface of the window foil. These species diffuse through
Havar surface, chemically interacting with the metallic substrate, gen-
erating oxidized species of the metals-based Havar alloy which are,
subsequently, are partially released into water afterwards.

Havar foils are usually used for high pressure target applications
because of their high mechanical strength and flexibility (IAEA, 2012),
allowing the use of thin beam windows for minimal beam energy at-
tenuation. As a general approach, a target window material has to fulfil
a number of mechanical and thermal requirements and also must have
high corrosion resistance to irradiated water (Roberts et al., 1995).
Upon designing the target for radioisotope production, the selection of
proper materials able to meet all of the recalled requirements, is not
always possible. Previous works (Skliarova et al., 2015; Wilson et al.,
2008) reported that the use of thermally and mechanically suitable
substrate materials (e.g. Havar), protected by chemically resistant
coating (e.g. Niobium), might be the right technological choice.

From the attenuation/interaction of the proton beam with Havar®

window and water, a secondary neutron radiation field (Alloni and
Prata, 2017) is also originated by interacting with the target cell and
target body materials. Protons and neutrons activation processes yield
different radionuclides in cell target and Havar windows which, in turn,
are responsible of the enriched-water contamination. In general, the
release amount of these pollutants is related to the damage level of the
Havar window, and its replacement is the main action to be performed
to guarantee and maintain a low contamination level, an improved
target efficiency and performance and to prevent, in case of window
breakage, undesirable downtime period for restoring the standard ir-
radiation conditions of the cyclotron and its subsystems.

Moreover, an additional water con0074amination radionuclide,
that has not been investigated in the present study, is due to the for-
mation of beta-emitters such as tritium via the competing 18O(p,t)16O
reaction (Schwarz, 2000) Different studies have been published earlier
(Ito et al., 2004; Bowden et al., 2009; Remetti et al., 2011; Marshall
et al., 2014) which have clearly shown that the tritium activity
achieved is related to the on the activity of 18F which, in turns, depends
on the proton irradiation conditions (beam current and shape, water
pressure, gas flow, water cooling temperature, loaded enriched water
volume etc.) and whether any 3H remains in the target cell from pre-
vious irradiations. Moreover, during routinary production of 18F, the
irradiation conditions are always maintained as stable as possible in
order guarantee the respect of the daily irradiation run time schedule
and to fulfil the 18F standard activity requested to be delivered to the
hospitals. These stable conditions, together with the irradiation of a
new water sample at each irradiation run (water provided by the same
supplier), ensures that the tritium production is quite stable and not
influenced by the ageing of the target materials.

The presence of these radiochemical pollutants affects the final
yield, since they are competitors and/or inhibitors in all its stages of the
subsequent FDG synthesis process. The initiators of the development of
these interfering species in the target environment can be grouped in
different categories as described for example in Remetti et al. (2011).

In this work we focus on the Monte Carlo and experimental char-
acterization of the radionuclidic impurities contained in the proton-ir-
radiated [18O]H2O originated in the Havar window. Moreover, Monte

Fig. 1. 3D sketch of the internal target cell.

Fig. 2. Target cell disassembled for maintenance. Left: details of the target
collimator. Centre: titanium and Havar® windows. Right: niobium cell cavity.
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Carlo simulations, as a support to our experimental measurements, al-
lowed for an estimation of the list of the main radionuclides produced
in the target Havar window to be compared with experimental mea-
surements.

4. Target modelling and Monte Carlo simulations

All of the Monte Carlo calculations have been performed with the
PHITS code, version 3.02 (Particle and Heavy Ion Transport code
System), a general purpose particle transport simulation code that can
deal with the transport of all particles over wide energy ranges, using
several nuclear reaction models and nuclear data libraries (Sato et al.,
2013). The PHITS code has been extensively used in the past years and
benchmark comparison studies, showing the reliability of PHITS cal-
culation in different areas, have been published in previous works (see
for example Sihver et al., 2007; Iwamoto et al., 2017; Sihver et al.,
2008).

After particle transport calculation, the PHITS subroutine D-CHAIN
estimator allowed to calculate the induced radioactivity after irradia-
tion (EOB – End Of Beam). A detailed model of the whole target has
been developed and used (see Fig. 3) as input for the simulations, set-
ting up irradiation parameters to reproduce the standard irradiation
conditions (beam energy and shape, target materials, etc).

The target cell (see Fig. 1) is composed by niobium body (inserted in
an aluminium holder) and Havar window (thickness 25 μm, density
8.3 g/cm3; typical composition (Goodfellow® disks): 42.5% Co, 20% Cr,
13% Ni, 2.8% W, 2.4% Mo, 1.6% Mg, 0.2% C, plus residual Fe).

Monte Carlo runs have been performed with a number of starting
particles high enough to guarantee a statistical uncertainty less than 5%
in the simulation results. Moreover, simulations of proton irradiation
have been performed, taking into account the complex and complete
geometrical structure and composition of the target.

Transport of primary particles (protons) inside the model have been
followed by transport of the secondary particle field such as neutrons
and photons. However, some approximations related to the dynamics
inside the target cell have been considered. First, recoiling nuclei
generated by proton interaction with Havar are not considered in the
simulation because of their approximatively zero recoil energy due to
the incident proton beam energy of 18MeV. In the simulations, these
nuclei have been considered with zero probability to migrate outside
Havar® window and so their Monte Carlo histories have been termi-
nated inside Havar® volume, resulting also in an appreciable reduction
of calculation time. Second, water target has been considered in liquid
state with its nominal density of 1.111 g/cm3, therefore proton beam
stops entirely inside the water target volume and interaction with

internal niobium cell surface can be neglected. The last approximation
does not consider target water in vapor state during proton bombard-
ment (i.e low density state), that is a short-time transition condition
that appears during long time bombardment. These transition condi-
tions are characterized by water boiling flow and convection mechan-
isms due to heat transfer. Consequently, a fraction of protons does not
stop entirely in the water volume being in a non-homogeneous state
and can interact with niobium cell surface generating isotopes such as
93mMo,92m,91m,90Nb (Ditrói et al., 2009; Lawriniang et al., 2016) that
are released into water. However, the concentration of these isotopes
must be measured within a couple of days due to their short half-live
with respect to the main radionuclides coming from Havar, as the ones
reported in this work. As will be discussed later, any contribution of
radionuclidic release from niobium is clearly not detectable in the ex-
perimental setup presented here, that is through gamma spectrometry
after one week of sample cooling. For these reasons, the Havar window
under irradiation remains the main source of contaminants release
detectable in these measurement conditions.

During the simulation of the primary and secondary radiation
transport, the PHITS-coupled subroutine estimator D-Chain has been
used to simultaneously calculate the activity of radionuclides inside the
Havar® window exposed to the proton beam, as well as its time evo-
lution during, either the bombardment, or after the end of beam.
Among the nuclide set obtained by PHITS calculation our attention was
mainly focused on to the ones affected by uncertainties not higher than
5% and excluding very short half-life radionuclides. Table 1 reports the
results of specific activities of these dominant radionuclides produced
in Havar window @ EOB.

Fig. 4 presents the time dependence of the simulated specific ac-
tivities for the dominant radionuclides from beam start to EOB
(60min). Simulated total activity (TOT ACT) is also reported.

5. Experimental setup and results

The main goal of this study was to estimate radiochemical pollu-
tants generated in the Havar® window through MC simulations and to
quantify their release to the enriched water during proton bombard-
ment through gamma spectrometry. Scheduled maintenance program
of the 18F target helped us to carry on this study. Every four months, the
18F target is disassembled (see Fig. 2) and the main parts affected by
radiation damage and heating stress are replaced with new ones. Within
these parts, the target cell is the most important. Before replacement,
the new Havar window and the niobium target cell, which are in direct
contact with enriched water, have been cleaned with ethanol and ul-
trasonic bath to remove Havar manufacturing metallic residues which
can be released during bombardment and heating, giving further

Fig. 3. Model of the whole target built with the PHITS code.

Table 1
Monte Carlo estimation of the specific activities of the dominant radionuclides
in the Havar® window of the target cell @ EOB after 60min of irradiation @
30 μA beam current. The third column (i.e. Rate [%]) represents the percentage
over the total activity for the specific radionuclide. The total specific activity @
EOB is also reported (this value is bigger with respect to the sum of the activ-
ities of the reported radionuclide, since short and very short half-life radio-
nuclides were excluded). Uncertainties for each simulation data on specific
activity are less than 5%.

Nuclide Reaction channel Specific activity
[Bq/cc]

Rate [%] Half-life
[d]

51Cr 52Cr(p,n + p)51Cr 2.6933×109 0.19 27.7
55Co 54Fe(p,γ)55Co 4.0550×1011 28.09 0.72
56Co 57Fe(p,2n)56Co 1.6734×1011 11.34 77.27
58Co Ni(p,x)58Co 5.1319×1010 3.55 70.86
52Mn 52Cr(p,n)52Mn 6.1231×109 0.42 5.59
54Mn 54Cr(p,n)54Mn 4.7152×109 0.33 312.30
183Re W(p,x)183Re 1.0456×108 0.22 70.02
Total activity 1.4438×1012 – –
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contamination and potentially affecting the estimation of pollutants
release from the Havar window.

After target maintenance, three samples of irradiated water were
produced, transferred to the hot cell and collected in standard glass
vials (without further dilution), following this scheme: first sample after
maintenance, followed by two sample, each of them separated by ten
productions (corresponding temporally to one week).

Each collected sample has been irradiated in the same conditions
(2450 μL of enriched water volume @ 20 bar pressure) for 60min @
30 μA proton beam current. Table 2 reports the main irradiation para-
meters for each 18F production.

Irradiated samples have then been collected at room temperature.
Gamma spectrometry for radionuclidic content evaluation has been
performed on a low-background HPGe coaxial, vertical dip-stick de-
tector (EG&G ORTEC), which has a relative efficiency of 25–30% and a
resolution of 1.95 keV FWHM at 1332 keV (with a peak to Compton
ratio of 55/1). Background correction has been considered measuring
in the same condition a blank sample. The gamma-ray acquisition
system consists of MAESTRO® multi-channel Analyzer (MCA) emulation
software card, coupled to the detector via electronic modules, all
manufactured by EG&G ORTEC. The multi-purpose gamma ray analysis
software Gamma Vision® has been used for peaks identification and
evaluation. Detector efficiency calibration curve has been obtained
using a pointlike standard multigamma source (Am-241, Cd-109, Co-
57, Ce-139, Sn-113, Cs-137, Mn-54, Zn-65, Co-60 - product code
12ML01EGMA15, serial number 50131) provided by AREVA NP – LEA,
as indicated in Fig. 5. For obtaining this curve, there were performed
several measurements to evaluate the efficiency as a function of the
geometry, since the vial used for F-18 delivery was not a pointlike
source. The reported curve in Fig. 5 is a weighted average of the effi-
ciencies obtained for different positions of the calibration source (i.e.
for different distances between the source and the HPGe detector sur-
face).

Fig. 6 reports, as an example, the spectrum of run#1 sample after
maintenance analysed in this work. Labelled peaks indicate the energies

of the gammas emitted by radionuclides released from Havar, while
marked ROIs (Region of Interest) of the spectrum refer, as an example,
to the energy regions of the gammas emitted by 93mMo originating by
proton interaction with Niobium and released into the enriched-water
volume. As discussed earlier, no evidence for 93mMo (t1/2–6.85 h) peaks
is present in the spectrum because one week after EOB, for each ana-
lysed sample, basically all the 93mMo has fully decayed to 93Nb (stable).
Tables 3–5 report the data of activities for each sample measurement.

6. Discussion

The comparison of the experimental and simulation results (see
Fig. 7) have shown that the amount of nuclides produced in Havar
window are several orders of magnitude higher than the ones measured
in the irradiated water, indicating that only a very small portion of
material is released from the Havar foil to the irradiated enriched-water

Fig. 4. Buildup for both total specific activity (TOT ACT) in Havar® window and
main dominant nuclides contribution which have been calculated with D-Chain
subroutine of the PHITS code.

Table 2
Main irradiation parameters for the three runs.

Run code #1 #2 #3

Irradiation date, EOB time Feb 07/18, 15:30 Feb 14/18, 08:45 Feb 21/18, 13:20
Irradiation length (min) 60 60 60
Beam current (μA) 30 30 30
Cell pressure (Bar) 20 21 20
Measured 18F activity @ EOB (Bq) 8.576× 1010 8.456× 1010 8.606× 1010

Yield (mCi/μAh) 244 240 245

Fig. 5. Detection efficiency curve experimentally determined as a function of
energy for the HPGe detector.

Fig. 6. Spectrum of run#1 sample after maintenance with labelled peaks that
indicate the energies of the gammas emitted by radionuclides released from
Havar. Marked ROIs (Region of Interest) of the spectrum (grey regions with
triangle symbols above) that indicate the energy regions of the gammas emitted
by 93mMo.
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volume during the bombardment phase following erosion/corrosion
effects. Similar results have been found in previous woks using different
Monte Carlo codes (Remetti et al., 2011). In general, differences be-
tween induced activity calculations with Monte Carlo codes carried out
with the same irradiation parameters, depend on several factors among
which the compositions of the materials, the nuclear libraries, the detail
of the geometry modelling, and the approximations assumed in the
physical model to be described.

Moreover, on the experimental side, other works (e.g. Marengo
et al., 2008) reported a significant variability of the impurities as
measured total activities between different runs. This variability has
been attributed to fluctuations in the operating conditions during pro-
duction (e.g., variations in the integrated charge imposed by production
requirements, foil usage, target heating). Despite this variability, some
general trends have been drawn from the distribution of the different
impurities among the individual components.

The data from gamma ray spectrometry presented in Fig. 7, have
shown that this release process tends to reduce with time, irradiation
after irradiation, keeping operating conditions during production as
stable as possible. This effect can be attributable to an overall reducing
effect of the action of reactive chemical species generated in water that
react with metals on the surface of the Havar window. This effect in-
volves the formation of a passivation film on Havar surface resulting in
a protective action against further oxidative reactions. The formation of
a thin passivation layer that covers internal surface of the window acts
as a trap reducing the release in subsequent irradiation (target ageing).

Previous works (e.g Skliarova et al., 2015; Wilson et al., 2008) have
been also dedicated to the study of the effect of chemically inert coat-
ings with sputtered niobium and niobium oxide on Havar entrance
window as a solution to prevent erosion to decrease the amount of ionic
contaminants released from Havar. In general, a higher initial release of

nuclides can be avoided by carefully cleaning all the spare parts in-
volved in target cell maintenance and keeping all the irradiation con-
dition as stable as possible could reduce the probability to introduce
further effects on cell target. As a typical example, the increase of beam
current on target to reach irradiation condition efficiency to guarantee
high 18F production yield, can induce further release of nuclides due to
higher temperature and pressure (e.g. exponential increase of target
pressure for increasing beam current) effects on Havar window.

7. Conclusion

In this work a systematic study of the release of nuclides by the
target cell material during production of 18F in a medical cyclotron has
been presented, showing a decrease of radionuclidic contaminant re-
lease as a function of target ageing. The possibility to carry on this study
was also due to the presence of a University laboratory equipped with
HPGe instrumentation for gamma spectrometry, usually dedicated to
the research of environmental radioactivity, which is not the case in
most medical centers with a cyclotron. Moreover, detailed studies on
cyclotron components behavior, such as target performances under
different irradiation conditions, with respect to the standard routine
production, were possible, as being the LENA cyclotron not full-time
dedicated to the commercial radioisotpes production.
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Table 5
Results of gamma spectrometry on sample RUN#3.

Nuclide Peak energy (keV) Yield (%) Efficiency Uncertainty (%) Half-life (d) Activity @ EOB (Bq) Nuclide % vs. 18F @ EOB

Cr-51 319.89 9.83 7.042× 10−2 0.57 27.7 2.33× 103 2.71× 10−6

Co-55 1321.37
1359.79

7.13
4.30

1.881× 10−2

1.872× 10−2
10.01
18.24

0.72 2.33× 104

2.31× 104
2.71× 10−5

Co-56 1238.01
1771.16

67.65
15.70

1.943× 10−2

1.340 10−2
2.49
7.22

77.27 2.34× 102

2.40× 102
2.72× 10−7

Co-57 122.25
136.48

85.60
10.60

1.615× 10−1

1.478× 10−1
0.77
3.56

271.73 1.62× 102

1.70× 102
1.98× 10−7

Co-58 810.47 99.45 2.969× 10−2 0.43 70.86 2.19× 103 2.54× 10−6

Co-60 1174,47
1332.97

99.86
99.98

2.050× 10−2

1.800× 10−2
41.00
7.50

1925.33 31.50
33.00

3.66× 10−8

Mn-52 744.23
935.54

85.00
93.00

3.233× 10−2

2.578× 10−3
0.93
0.94

5.59 1.10× 102

1.22× 102
1.28× 10−7

Mn-54 835.02 99.98 2.882× 10−2 11.10 312.30 15.10 1.74× 10-−8

Re-183 57.76 43.00 1.702× 10−1 15.18 70.02 20.00 2.32× 10−8

Fig. 7. Distribution of the experimental activity @ EOB for the dominant nu-
clides compared with simulation results obtained with the PHITS code.
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