Radionuclide by-products characterization of a 2 hours 100µA 16MeV proton beam irradiation use for 18F- production with a single [18O]-H2O target
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Introduction 

The industrial cyclotron based production of 18F- for [18F]Positron Emission Tomography (PET) tracer is done with nuclear interaction of a protons beam and a 18O enriched water target. This process generates formation of both cold and radioactive by-products in the target microenvironment which may have implications in labelling efficiency, radiopharmaceutical product purity, waste streams handling and radioprotection guidelines. Such studies were already published on this subject but have generally been carried with a limited beam intensity compared to actual and future needs. The aim of this report is the characterization of the radionuclides generated during the irradiation of the 18O water target with a 100µA 16.5MeV proton beam of 2 hours. The investigation on the by-products quantification was run both on irradiated 18O water, directly recovered from the target, and on subsequently synthesized [18F]FDG performed with a cassette based system. A particular attention was dedicated to study not only Gamma emitters but also on possible Tritium.
Material and Methods 
Fluorine 18 production

Proton irradiated 18O water and [18F]FDG samples were produced in “Advanced Accelerator Applications, a Novartis company” (AAA) production site of Saint Genis Pouilly (France), based on a GE Medical System PETtrace 880 cyclotron. HPGe gamma spectrometry and Liquid Scintillation Counting analysis were performed in the “HEPIA, HES-SO University of Applied Sciences”, Geneva (Western Switzerland) physic laboratory. Target system and material were provided by “GEMS PET Systems AB”, Uppsala (Sweden).
 18F- is produced with 18O(p,n)18F reaction, induced with a maximal current of 100µA [1] on target of 16 MeV protons on [18O]H2O (enrichment > 97%) and using a commercial [18O]H2O vessel with a Niobium body (the water container cell) designed with a single Havar® (Alloy containing Co 42.5%, Cr 20%, Fe 18.1%, Ni 13%, W 2.8%, Mo 2%, Mn 1.6%, density 8.3 g/cm3) foils entrance windows (figure 1). The un-collided beam interacts with the 18O enriched water at an energy range from 8 to 16 MeV accordingly with the relative diffusion path of the protons into the different zones of the water target. The amount of produced 18F- with a single target is 400GBq for a standard 2 hours irradiation with a protons currents of 100µA. The target holder is constituted of high purity metallic Niobium and commercially named “18F- Nb27 self-shielded”. The water volume loaded into the system is set at 2.7ml. Due to valves and transfer line, the volume of irradiated water contained in the target cell is 2.2ml. To prevent the irradiated media excess of boiling phenomena, linked to the 1600 Watt protons beam heat load, the target rear side is cooled with deionized water circulation and the cell is over pressurized at 30 bar with gaseous He (high purity).
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Figure 1. Commercial GE 18F Nb27 self-shielded target assembly drawing (from GE official documentation).

Expected by-products
Havar® foil of the target is degraded as a direct consequence of the interaction with the protons beam (Figure 2). Damage on the Niobium body surface is mainly due the intense heat release in the enriched 18O water. The mechanical properties of the Niobium allow to largely minimizing the erosive action of the boiling natural-convection flow in the enriched 18O water, which was the preponderant cause of the former target generation (Silver cell) damage mechanism. The Figure 2 shows the typical conditions of the Niobium cell and the Havar® foil after a cycle of use in normal operative conditions. 
Although the amount of water contained in the target cell is generally adequate to attenuate all incoming protons, some direct interactions of the protons with the Niobium body due to transitory high vapour/liquid ratios in the beam interaction area are also possible.
Interaction of protons occurs with materials of the cell and with the enriched water sample itself. Neutrons are mainly produced in the target with the 18O(p,n)18F and in the Havar® foil. The Monte-Carlo simulation [2] shows that their peak energy is about 2.5 MeV with a steep drop down of the curve after 10MeV. This secondary radiation field of neutrons may interact with the cell walls or with surrounding materials present in the accelerator area such as copper, aluminum, stainless steel, lead and concrete. 
The activation due to protons and neutrons causes the formation of radionuclides, especially in the Havar® foil and in the target cell, which may be present the irradiated water. The possible nuclear reaction that could occur with natural stable isotopes for the concerned species under protons and neutrons bombardment has been described in the litterature [2], [3], [4], [5] and [6]. It has been also pointed out by several authors [5], [6], [7], [8] and [9] that Tritium is generated with fragmentation reaction 18O(p,t)16O on the 18O water and occurs at the same time as the 18O(p,n)18F reaction for typical proton energy range (10-20MeV).
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Figure 2. Example of normal conditions of the Niobium cell (left) and Havar® foil (right) after a cycle of 191 irradiations of 2 hours at 55µA (from AAA archive).
Experimental

The irradiation procedure applied for the samples production has been done according to the steps described below. First  target cell and the transfer line were rinsed with 16O water several time (allowing to get rid of potential products coming from prior irradiations) and a new volume of 97% pure enriched 18O water, from Marshall Isotope, was set as the target for 18F- production. Then enriched 18O water volume of 2.7ml was placed in the GE Nb27 self-shielded target vessel using the Liquid Target Filler system. A 16MeV proton beam was directed into the enriched water target at a steady state current of 100𝜇A during 2 hours. Typical proton current manual ramping, from 25 to 100𝜇A, was applied during the first 8 minutes to start the irradiation, followed with 112 minutes of stable current at 100𝜇A (Figure 3). The irradiated enriched 18O water was then transferred into a standard 10mL glass vial located in a hot cell.
Next to this irradiated 18O water delivery, the target used was filled with 2.7mL of 16O water, from Braun water for injection bag. This non irradiated 16O water volume was sent into the same 10mL glass vial to recover the major part of the activity remaining trapped into the target cell and the transfer system. The 18F- activity received in the collection vial was 380GBq at End Of Beam (EOB) time (10h35 on the 10th of November 2017) which correspond to a 18F- volume activity of 7.04E+10 Bq/ml.
The irradiated enriched 18O water sample was left in the hot cell during 72 hours to allow the 18F- sufficient decay before shipment in A-type box (shielding container) to the HEPIA HES-SO laboratory for measurement. Once received, the sample was immediately installed in the HPGe gamma spectrometer for analysis in order to count the shorter half-life radionuclides species. The results were then decay corrected to the EOB time (t0). 
For the pure beta emitter, the Liquid Scintillation Counting, using a Packard 2900TR machine, was performed later with a pyrolysis process in order to extract all the Tritium from the sample. The 12.3 years half-life of this specie allows the measurement to be done with a longer delay without precision loss.
 The Tritium quantification in the final product ([18F]FDG) was done with a sample produced on the 25th of May 2017 with a similar irradiation protocole and beam parameters. A typical [18F]FDG process, using a cassette based synthesizer (GE Mx), has been run next to this 18F- production. A volume of 5ml was collected, after 18F- decay, in the 15ml [18F]FDG mother vial and sent for the pyrolysis analysis.
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Figure 3. Target current distribution for the 100𝜇A 2 hours irradiation (10th of November 2017). From top to bottom: foil, target and collimators irradiation currents.
Results and Conclusion
The results obtained here are in line with the previous measurement studies done in the past years at lower irradiation current, both for Beta and Gamma emitters. It is assumed that the by-products distribution is homogeneous inside the irradiated water and the [18F]PETtracer radiopharmaceutical solution.
Gamma emitters 
Concerning the Gamma-Beta emitters, 15 species have been sorted: 51Cr, 52-54Mn, 55-56-57-58Co, 57Ni, 95Tc, 95mTc, and 181-182-182m-183-184Re (Table 1) for a total volume activity of 1.46E+04 Bq/ml (EOB time) which represents only 2.08E-05% of the initial 18F- volume activity. Measurements performed in the past years on [18F]FDG samples, obtained with a 2 hours single beam irradiation at 65µA, shown that the Gamma emitters volume activity found in the radiopharmaceutical product was 1.69E+01 Bq/ml. This small amount that represents only 2.11E-07% if compared to the [18F]FDG 15ml mother vial 18F- activity concentration of 8E+09 Bq/ml demonstrates the synthesis process filtration efficiency. 
These elements are all extracted from the Havar® foil with the erosive action of the boiling natural-convection flow in the irradiated 18O water and this phenomenon may depend on power deposition. 
By comparing by-product amounts found in this study and previous ones (Table 2), a proportional relationship with the applied irradiation current can be suggested (Figure 4). 52Mn, 56-57-58Co were found on all studies reported and represent 11.5% of the total by-product activity at t0. The relevance of including or not 93mMo (sorted only by one author [6]) can be pointed out. Indeed, this specie has a high measurement uncertainty of 37% and was found to be the second most abundant element (after 55Co) with 17.4% of total by-product activity at EOB. It has been rejected from the list as the reaction probability (93Nb(p,n) 93mMo) is too low compared to the one of other well established species. Few Bq of 54Mn were seen with also a relatively high uncertainty (25%) but this specie has been spotted by 5 authors [2], [3], [5], [6] and [10] and, even if its represents only 0.02% of the total by-product activity at t0, it has been kept in the conclusive results regarding its half-life of 312 days. 55-56-57-58Co have been clearly found but not the 60Co. According to the referenced literature, 60Co has been only found by one author [5] with an 18MeV cyclotron in the Havar® foil after 11 days of decay. The reasons to explain the presence of 60Co could be the generation of a higher flux of thermal neutron on this accelerator, different target type and, perhaps, coupled with a higher target load at that study date. Chemically speaking the Cobalt isotopes have the same properties and their extraction mechanism from the Havar® foil to the irradiated water will remain basically the same. It has to be added also that the gamma rays of the 60Co (1173 and 1332 keV) is very specific and in consequence difficult to miss in the counting data analysis.
	Element
	Half life

[d]
	Decay product
	Volume activity at t0 [Bq/ml]
	Abund-ancy [%]

	
	
	
	
	

	51Cr
	27.7
	51V 
	1.20E+03
	8.21

	52Mn
	5.6
	52Cr 
	2.19E+02
	1.50

	54Mn
	312
	54Cr 54Fe 
	2.85E+00
	0.02

	55Co
	0.73
	55Fe
	5.53E+03
	37.84

	56Co
	77.3
	56Fe 
	1.35E+02
	0.92

	57Co
	271.8
	57Fe 
	7.71E+01
	0.53

	58Co
	70.8
	58Fe 
	1.25E+03
	8.55

	57Ni
	1.48
	57Co
	3.98E+02
	2.72

	95Tc
	0.83
	95Mo 
	2.37E+03
	16.22

	95mTc
	61
	95Tc
	1.40E+01
	0.10

	181Re
	0.83
	181W
	1.79E+03
	12.25

	182Re
	2.7
	182W 
	1.50E+03
	10.26

	182mRe
	0.6
	182Re
	8.34E+01
	0.57

	183Re
	70
	183W 
	4.13E+01
	0.28

	184Re
	35.4
	184W 
	4.28E+00
	0.03


Table 1. Gamma emitters present in the irradiated 18O water (100µA, SB, 2h) at t0.

	Total current [µA]
	Single-Dual Beam
	Irradiation time [min]
	Irradiated water [Bq/ml]

	
	
	
	

	37
	SB
	67
	1.77E+03

	65
	SB
	120
	8.03E+03

	100
	SB
	120
	1.46E+04


Table 2. Gamma emitters measurement in irradiated 18O water performed by AAA.
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Figure 4. Gamma emitters total volume activity measurement in the irradiated 18O water: measured results, Dual Beam 65 and 100µA extrapolation.

Beta emitter

From the results of this study, the previous measurements (Table 3), and the different publications ([2], [5], [6], [7], [8] and [9]) it rose up that the 3H amount contained in the irradiated water is closely linked to the amount of 18F- produced and so to the protons beam intensity. Increasing the irradiation current will so increase the 3H quantity in the target product media in a linear curve (Figure 5). The produced quantity remains minimal as the 9.10E+04 Bq/ml of 3H found in the 18O water, directly recovered from the target, represents only 1.29E-04% of the initial 18F- volume activity.
The measurement performed on the [18F]FDG sample, obtained with the same irradiation parameters, also demonstrate the synthesis process filtration efficiency. The 3H volume activity found in the radiopharmaceutical product was 8.6E-01 Bq/ml, and compared to the [18F]FDG 15ml mother vial 18F- activity concentration of 1.6E+10 Bq/ml, this 3H amount represent only 5.38E-09%. Volume activity found in irradiated 18O water, 9.1E+04 Bq/ml, and in recovery 18O water, 9.07E+04 Bq/ml (Table 2), are very similar. The primary ion exchange cartridge (QMA) was also analyzed and 2.29E+00 Bq of 3H were measured for a total resin mass of 0.13g, which correspond to a 3H mass activity of 1.76E+01Bq/g. These results seem indicated that the 3H fixation in the different sub elements present along the synthesis process is very limited and almost all the 3H quantity stays in the recovery 18O water vial.  
The 3H quantification results are strongly dependent to the initial sample volume, mass, collection protocol and preparation (dilution with the scintillation liquid) leading to complications when trying to achieve comparison with the previous studies. The pyrolytic method applied in our case allows the extraction of all the 3H present in the sample with a very high precision. Nevertheless, we still need to be cautious regarding the potential error induced with the dilution effect along the production sample preliminary steps.
	Total current [µA]
	Single-Dual Beam
	Irradiated water [Bq/ml]
	Recovery water

[Bq/ml]

	
	
	
	

	37
	SB
	NA
	3.83E+04

	100
	SB
	9.10E+04
	9.07E+04

	120
	DB
	NA
	1.13 E+05


Table 3. Tritium measurement in irradiated and recovery 18O water performed by AAA.
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Figure 5. Tritium volume activity measurement in the irradiated and recovery 18O water: measured results and DB 100µA extrapolation.

Conclusion

This study on radionuclides species generated with a high irradiation current bring an updated vision of the by-product released in the 18O enriched water during the 18F- production with particles accelerators. The beam intensity tends to increase to gain in final activity and in flexibility. Productions at 100µA on each target will most probably be a standard in close future for all industrial companies. This study gives information’s both for worker radioprotection guidelines and produced radioactive waste management which is fully dependent of the characterization and quantification of these species. It has been demonstrated here that both Beta and Gamma by-products amount are proportional to the irradiation intensity. 
On the radioprotection aspect, if 55Co is preponderant in term of activity in the early hours after the production, it could be considered as fully decayed after 7 days, when 58Co remain present during almost 2 years before exhausting. Tritium is mainly present in the irradiated and recovery 18O water but does not cause any radiation safety problems. 

3 nuclides present in the list have a half-life greater than 100 days: 54Mn, 57Co and 3H. But their absolute values of activity and activity concentrations, per synthesis, are far below the exemption limits set in EURATOM Council Directive 2013/59.
Concerning the purity aspect, it has been once more demonstrated that the cassette based, with QMA cartridges, for [18F]PETtracers process successfully allow to remove these by-products at the expense of the radioactive waste stream. Keeping their amount, both for Beta and Gamma emitters, in the radiopharmaceutical product extremely limited.
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