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ARTICLE INFO ABSTRACT

Keywords: Medical isotope production of *1C is commonly performed in gaseous targets. The power deposition of the proton
C-11 beam during the irradiation decreases the target density due to thermodynamic mixing and can cause an increase
Carbon-11

PET-Isotope
Medical cyclotron

of penetration depth and divergence of the proton beam. In order to investigate the difference how the target-
body length influences the operation conditions and the production yield, a 12 cm and a 22 cm Nb-target
body containing N2/O2 gas were irradiated using a 13 MeV proton cyclotron. It was found that the density

reduction has a large influence on the pressure rise during irradiation and the achievable radioactive yield. The
saturation activity of ['1C]CO for the long target (0.083 Ci/pA) is about 10% higher than in the short target

geometry (0.075 Ci/pA).

1. Introduction

Carbon-11 is widely applied in positron emission tomography (PET)
for numerous medical applications or life science studies. Regarding its
half-life of approximately 20 min and the positron emission ratio of
99.8% (Magill et al., 2018), ¢ is well suited for PET studies.

1¢ and other widely used positron emitters are produced by low
energy cyclotron irradiation of gas targets. Roughly, about 1000 of these
small cyclotrons are globally available (Schaffer et al., 2015) and enable
convenient on-site preparation of imaging pharmaceuticals. To guar-
antee appropriate production of PET tracers in small cyclotrons, exten-
sive knowledge of gas target irradiation using low energy charged
particles is mandatory.

In the past years, multiple studies aimed to improve gas target
radionuclide production by optimizing target geometry and reducing
adsorption of radionuclides at the walls of the target (Buckley et al.,
2000, 2004; Zacchia et al., 2018). These studies concluded that pro-
duced ''C nuclides can stick to the target wall, reducing the achievable
radioactive yield. A decrease of the adsorption of 1'C on the target wall
was achieved by using niobium as the inert target body material
(Buckley et al., 2004). Furthermore, changing the target geometry to a
conical shape instead of a cylindrical shape showed a slight improve-
ment of radioactive yield due to the adjusting of the target body to the
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beam broadening (Buckley et al., 2000). Similarly, Jahangiri et al.
(2016) showed increased production yields using a conical shaped
niobium target, justified by the superior natural convection of cylin-
drical shaped target geometries. This observation was further confirmed
by Uittenbosch et al. (2018), investigating the influence of natural and
forced convection on the production yield of gas target irradiation.

Originally, convection studies were performed addressing the den-
sity reduction in gaseous targets upon charged particle beam irradiation
first observed around the 1960s and 1970s (Oselka et al., 1977; Rob-
ertson et al., 1961; McDaniels et al., 1972). Further extensive in-
vestigations on the density reduction of gas targets at impinging protons
beams revealed a dependency of the penetration depth and geometry on
the beam current and gravity in gaseous as well as liquid targets
(Heselius et al., 1982; Heselius and Solin, 1986; Jahangiri et al., 2018)
resulting in a self-sustained pressure oscillation (Jahangiri et al., 2018).
This oscillation was explained due to the proton beam leaving the back
of the target due to heat induced density reduction, causing less energy
deposition followed by less heat transfer, resulting in a cooling of the
target and an increase of density. Therefore, the proton beam was fully
stopped in the target volume, starting the heating period of the gas
target again.

Considering the density reduction and corresponding increase in
beam penetration, the design of a “beam-thick” target, a target where
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the beam is fully absorbed inside the target, is desirable. High beam
currents are advantageous to increase the yield, but targets that are too
small to fully compensate for the density reduction might result in the
beam penetration exceeding the target length and not depositing all its
energy in the target, which in turn causes lower product yield.

To further investigate the extend of density reduction in gas target
radio nuclide production, we studied the pressure increase and pro-
duction yield for the production of 1'C at different target lengths. The
production of 1*C by the MN(p,a)''C reaction was carried out in a 12 cm
and a 22 cm long cylindric shaped target body, monitoring the target
performance and the production yield. The pressure rise in the two
targets was analyzed with our previously published model (Jahangiri
et al., 2016).

2. Materials and methods
2.1. Irradiations

The influences of a long body target in comparison to a short body
target were studied using TRIUMF’s TR13 cyclotron (Vancouver BC,
Canada, from Advanced Cyclotron Systems Inc., Richmond BC Canada).
TR13 is a 13 MeV shelf-shielded negative hydrogen ion cyclotron. Pro-
tons were obtained by removing the electrons from the hydrogen ions
using a thin carbon foil followed by a change of charge. The final beam
was collimated to a 10 mm wide circularly Gaussian beam entering the
target body. The target bodies were shielded from cyclotron vacuum
using a 25 pm thick aluminum foil and a 38 pm thick HAVAR® foil
(Goodfellow Corporation Corapolis, PA, USA) containing a helium
cooling stream of 120 L min ! between both foils. This separation set up
caused a beam attenuation to 12 MeV (0.2 MeV absorption originating
from the aluminum foil and 0.8 MeV from HAVAR® foil (Jahangiri et al.,
2016); calculated using SRIM 2013 software (Ziegler et al., 2010) at

Short Target Body

Water
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entrance of the target. Further cooling was achieved by outside water
cooling of the target bodies using a flow of 3 L/min. A schematic
depicting of the applied target setups is presented in Fig. 1.

All irradiations (regardless the target size) were performed using a
proton beam between 21 and 32 pA current. The starting target pressure
was set to be between around 288 and 323 psi (19.9-22.3 bar) providing
a sufficiently high amount of target material while leaving enough room
for pressure increase. An increasing pressure, exceeding 450 psi (31
bar), entails the risk of the separation foils failing. An irradiation time of
24-36 min was chosen. A summary of the irradiation parameters is
presented in Table 1.
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Fig. 2. Production cross section for *N(p,«)''C. Data from (IAEA, 2022).
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Fig. 1. Schematic of the short (top) and long (bottom) target body with the proton beam in orange. The light blue arrows depict the He flow across the two entrance
foils for cooling, while the dark blue arrows indicate the water-cooling flow over the target body.
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Table 1

Beam current I, initial target pressure po and irradiation time t for the short and
long target irradiation. The yield was measured in the short target for S1, S2, and
S4, and in the long target for L1, L3, and L4. The error on the pressure is +0.5 psi
and the error on the time is £0.5 min.

Run Target 1(pA) Po (psi) t (min)
S1 Short 23.6 + 0.4 323 32
S2 Short 249+ 0.4 314 30
S3 Short 29.2+0.5 312 31
S4 Short 30.0 + 0.5 312 30
L1 Long 20.9 £ 0.3 319 36
L2 Long 25.5+ 0.4 295 31
L3 Long 26.4 + 0.4 288 30
L4 Long 31.5+ 0.7 289 24
2.2. Targets

2.3 Two target bodies were constructed out of Nb with different
lengths and diameters, see Fig. 2. Both target bodies have a flange
which allows the target to be mounted onto the cyclotron onto a
helium cooling window. The targets each have a connection to the
product gas line functioning as in- and outlet to load and unload the
target remotely with the target gas mixture. Both have an aluminium
jacket around the target body with water inlet and outlet to provide
water colling during irradiation. The only difference between the
two designs is the size of the gas chamber. The short target has an
inner gas chamber length of 120 mm and an inner diameter of 15.7
mm. The long target has an inner gas chamber length of 220 mm and
an inner diameter of 19.0 mm. These dimensions were chosen, as a
SRIM simulation (Ziegler et al., 2010) of 13 MeV protons impinging
into the target gas with a typical loading pressure of 312 psi showed a
maximum proton range of 80 mm. This means that any difference in
yield between the short and long target is likely due to density
reduction and thermodynamic effects.Pressure rise measurement

The pressure p in the two targets during irradiations was measured
after tuning the beam and compared to the initial loading pressure py. It
was then analyzed with our previously published model (Jahangiri et al.,
2016). In summary, the target reaches thermal equilibrium very shortly
after the start of the irradiation and the beam power deposition S = AT e
H is a product of the temperature rise AT above the initial temperature
To, and the overall heat removal H, which is defined based on the overall
heat transfer coefficient h of the target chamber system and the contact
area A, with H = he A.

Together with the ideal gas law = ne R e T/V, with n the number of
moles of the gas, T the temperature of the target, R the Avogadro con-
stant, and V the volume of the target, and a linear expansion of the heat
transfer coefficient h = hy + h; ¢ S/S, with Sy, the maximum beam
deposition, we found that the pressure rise can be approximated as (see
(Jahangiri et al., 2016) for the details of the derivation):

s
LA

(€]
Po (h0+hloﬁ> eAeT,

This is consistent with the empirical solution P%: 1+ael’ by

(Wojciechowski et al., 1988) with a and b being fitting parameters. Eq.
(1) gives a more physical meaning to the fitting parameters hy and h;. As
without beam present, h reduces to hy, this can be interpreted as the heat
transfer coefficient only dependent on geometry and material consid-
erations. In contrast, h; is dependent on the beam power and the target
temperature rise. A large h; can be interpreted as a large amount of heat
removal due to strong convective currents being formed in the target
during irradiation.

Applied Radiation and Isotopes 199 (2023) 110911
2.3. Activity measurement

For the production of ''C, natural N, gas, containing mostly N
isotopes (99.64%) (Magill et al., 2018), was irradiated resulting in
almost exclusively 14N(p,a)“C reactions. The cross sections for this re-
action are presented in Fig. 2. Additionally, 0.5% O gas (Zacchia et al.,
2018; Jahangiri et al., 2016) was added to the N, target gas, to enable
the formation of 1'CO, gas as product. The product gas was driven out
through a stainless-steel tube (0.159 cm ID (1/16 in.)) (Jahangiri et al.,
2016) connected to the target body through a high-pressure valve using
the Ny/O, target gas mixture by repeatedly pressurizing and
de-pressurizing the target chamber. The product stream was led into a
hot cell. In the hot cell, the [11C]C02 was separated from the product
stream by directing it over a nitrogen cooled Porapak N trap (Uitten-
bosch et al., 2018) containing porous polydivinylbenzene polymer
beads, absorbing the [HC]COg. The Porapak N trap was flushed with the
product stream multiple times to ensure quantitative absorption of [*1C]
CO4, before disposing the exhausted target stream. The activity absorbed
on the polymer was measured using a Capintec ionization chamber
capable of detecting ''C.

The saturation activity A, is calculated according to (Buckley et al.,
2004).

A=Ay, 010 (1 — e"") 2

with A being the measured activity decay-corrected to end of
bombardment (EOB), I the beam current, and 4 being the decay constant
of 11C with a half life of 20.34 min.

3. Results & discussion
3.1. Pressure rise measurement

All irradiation results are summarized in Table 2. The pressure rise p/
po during irradiation is shown in Fig. 3. Both targets show an overall
trend of p/pp rising with increasing beam current. This is expected as
higher beam current correlates with increasing heat influx into the
target, and according to the ideal gas law the pressure p in a closed
system of volume V depends linearly on the temperature T of the system.
While the target gas is not an ideal gas, it can serve as a good approxi-
mation to explain trends in the experimental results.

Overall p/py is larger in the long target than in the short target. This
is not expected as for a given beam current, the same amount of power is
deposited in each target. The same difference in power leads to the same
difference in temperature rise, which should result in the same differ-
ence in pressure rise. One explanation could be, that a greater portion of
the beam in the short target is not deposited in the gas but into the target
body walls due to density reduction, resulting is a lower temperature rise
and consequently in a lower p/py. But even p/py in the long target does
not linearly depend on the beam current.

Also in Fig. 3 are the results from fitting the experimental data to Eq.
(1). The fitting results are summarized in Table 3. It should be noted that
the initial pressure py is not the same for all measurements. We showed
in (Jahangiri et al., 2016) that at least for our experimental conditions at

Table 2

Pressure rise and activity results from the short and long target irradiation.
Run p/po (psi) A @ EOB (Ci) Asqr (Ci/uA)
S1 1.372 + 0.004 1.230 £+ 0.031 0.0777 £+ 0.0020
S2 1.366 + 0.004 1.225 + 0.031 0.0762 + 0.0026
S3 1.407 + 0.004 not measured not measured
S4 1.407 + 0.004 1.391 £+ 0.035 0.0717 £+ 0.0025
L1 1.392 + 0.004 1.265 + 0.021 0.0850 + 0.0022
L2 1.502 + 0.004 not measured not measured
L3 1.517 + 0.004 1.423 + 0.036 0.0834 £ 0.0029
L4 1.536 + 0.004 1.482 £+ 0.030 0.0834 + 0.0030
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Fig. 3. Pressure rise p/po for different beam currents and the results from our
model (Jahangiri et al., 2016).

Table 3
Fitting results from model.
w w
ko (mz oK) b (m2 OK)
Short target 224 + 50 311 + 60
Long target 131 + 38 51 £47

the TR13 cyclotron, hy is only a weak function of py. On the other hand,
h; does depend on py. For the short target, the initial pressure varies only
by 11 psi, while for the long target it varies by 31 psi. This is reflected in
the large error bar of h; for the long target and the larger deviation of the
curve from the data points in Fig. 3.

The comparison between the two target shows that hy is larger in the
short target than the long target. As the materials of the two targets are
the same, this must be a consequence of the difference in geometry,
either the larger diameter or the larger length of the long target. As
density reduction may result in part of the beam being deposited into the
back wall of the target, this will be less of an effect in the long target. In
addition, a larger target diameter will result in less beam being lost to
the target walls due to scattering. This results overall in a larger effective
beam power deposition in the long target than in the short target, as
already discussed above. Therefore, the short target needs to remove
heat from only part of the beam power, and it appears to be more
efficient.

For the short target hy is larger than hy, indicating that convection is
the main driver for cooling. This is not the case for the long target. For
the long target h; is much smaller than for the short target, indicating
that more cooling is removed due to convection in the short target than
in the long target. One explanation could be that the smaller target has a
larger temperature gradient between the center beam axis and the outer
target wall, which might be more efficient in creating large convection
currents. But more data with a smaller spread in initial pressure is
necessary to decrease the error bar of h; in the data of the long target.

3.2. Yield measurement

Fig. 4 shows the saturation activity as a function of beam current.
While from equation (2) it is clear that Asqe should not depend on I, the
results from the short targets shows a clear decrease of Ay for increasing
L. Even for the long target it may still decrease, although this is within
the error. Again, this can be explained with the effect of density

Applied Radiation and Isotopes 199 (2023) 110911

—m— short target
—e— |ong target

20 22 24 26 28 30 32
[ (uA)

Fig. 4. Saturation activity as a function of beam current. The solid line is a
spline of the data to guide the eye.

reduction: for increasing I, the density reduction increases, increasing
the losses of the beam to the target body wall. The lost portion of the
proton beam cannot contribute to the production of ''C. As in section
3.1, this effect is larger in the short target.

Fig. 5 shows the effect of the initial loading pressure py on the
saturation yield. The loading pressure is proportional to the amount of
gas in the target. However, for a ‘thick’ target, where the beam is fully
absorbed by the target material, an increase of target atoms in the target
body overall does not increase the amount of target atoms that interact
with the proton beam, and therefore does not influence the saturation
activity. It is clear from Fig. 5 that in our experiment A, increases with
increasing pp for the short target and maybe even for the long target,
although the effect is within the error bars. The deviation from a flat
behavior is again larger in the short target, indicating a larger density
reduction effect than in the long target.

4. Conclusion

We investigated the effect of density reduction on the operating
pressure and radioactive yield of Nb-body targets of different length and

0.086 |- .
0.084 |- .
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<C 0.076 - E
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0.072 - —m— short target .
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285 200 295 300 305 310 315 320 325
Po (Psi)

Fig. 5. Saturation activity as a function of initial pressure. The solid lines are
splines of the data to guide the eyes.
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diameter for the production of [HC]COZ. It was found that despite a
nominal proton range of only ~80 mm, the 120 mm long target of 120
mm and 220 mm length showed effects of density reduction. Even the
long target with a length of 220 mm may show a small density reduction
effect, although the observation is within the measured error. This
demonstrates that under the discussed irradiation conditions, even a
target body 2.75 times the length of the proton range in a static gas may
not be enough to avoid the loss of protons to the target-body walls due to
thermodynamic effects and the resulting density reduction. This should
be considered for any new gas-target body design.
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