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Introduction 

Boron nitride nanotube (BNNT) nanomaterials [1-5] can be used in a recoil escape target to produce 11C at low proton energy (7-11 MeV). This would enable 11C production for economical low-energy cyclotrons [6-9], and it could be used to increase production from conventional 11C gas targets on MiniTrace and RDS-111 cyclotrons. Preliminary experiments have demonstrated recoil escape production and recovery of small quantities of 11CO2, and there is continued research effort to develop a target design and platform that can be used to produce viable yields for a commercial system. 
Conventional gas targets for 11C production (for higher energy cyclotrons) operate by proton bombardment of nitrogen gas [10-13]. Due to the low nuclear cross-section of the 14N(p,α)11C nuclear reaction below 11 MeV, this production method is not commercially viable for low-energy cyclotrons. Adding BNNT nanomaterials to the target allows for an additional production route via the 11B(p,n)11C nuclear reaction which has a higher cross-section at low proton energy [14]. If the produced 11C can be effectively recovered from the target, the total yield of 11C will be greater than currently achievable using a  conventional gas target.
Material and Methods
Three prototype targets have been tested at the RDS-111 cyclotron at Lawrence Berkeley National Laboratory (LBNL). Preliminary work was performed using BNNT materials with natural boron (19.9% boron-10 and 80.1% boron-11) and a target for the turret-style target changer. The target featured a cylindrical target chamber 1.0 cm diameter by 1.0 cm length. The BNNT target media is composed of long, flexible, highly-crystalline boron nitride nanotubes with impurities of elemental boron and hexagonal boron nitride (h-BN), as shown in Fig. 1.
Using the prototype, sufficient quantities of 11CO2 were produced and recovered to demonstrate feasibility of the new method. Operating parameters for the prototype target and cyclotron were investigated to determine conditions that offer maximum yield. The principal technical challenge was identified to be minimizing damage to the BNNT target media that occurs during target operation at high current. Irradiation at 20 μA resulted in a dramatic reduction in 11C saturation yield and physical damage to the BNNT material, including  the formation of a cavity in the center of the target chamber with translucent glassy crystals along its margins, as shown in Fig. 2.
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Figure 1. Scanning Electron Microscope (SEM) image of BNNT material
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Figure 2. Photograph of BNNT material in prototype target, showing material damage resulting from irradiation at 20 μA beam current
Two additional prototype targets have been tested on the LBNL RDS-111 external beam line. The targets feature cylindrical target chambers with dimensions 1.1 cm diameter by 6.0 cm length (BN-124 target) and 1.1 cm diameter by 1.5 cm length (BN-131 target). Tests were performed using 98% enriched boron-11 BNNT (11BNNT) to increase 11C yield and reduce production of long-lived contaminants, such as beryllium-7.
Results and Conclusion 
Proton beam tests were performed using the BN-124 prototype, which has 6.0 cm depth and 5.7 cm3 volume, for beam currents between 1-10 μA at load pressures between 200-800 psi using a fill gas of nitrogen with 1% oxygen. The target was loaded with 377 mg of 11BNNT, corresponding to an effective BNNT density of 0.07 g/cm3. Recovered target saturation yield of 11CO2 as a function of beam current and load pressure is shown in Fig. 3. More than 95% of the recovered activity was in the desired form of 11CO2, as indicated by soda lime trapping and confirmed by gas chromatography (GC) measurements. Target saturation yield increased with pressure between 200-600 psi, and then began to drop off. Saturation yield was highest at 1 μA, which corresponds to the lowest target heat input.
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Figure 3. 11CO2 saturation yield for BN-124 target
Saturation yield was measured starting at 1 μA for the suite of load pressures. The target was then opened and visually inspected before each increase in beam current. Following the 1 μA runs, the material changed color from gray to white, which is attributed to removal of elemental boron impurities by thermal oxidation into boron oxide (B2O​3). Material shrinkage of the BNNT target media into the back of the target was observed, with additional shrinkage occurring for higher currents, as summarized in Table 1. Following the 8 μA runs, observed changes in the BNNT material included crystallization, gray and black spots, and a white powdery buildup coating the inside walls of the target. Due to the additional material shrinkage, there was a 3.1 cm depth void in the front of the target, which is more than half of the chamber depth. 
	I
(μA)
	Lvoid
(cm)
	LBNNT
(cm)
	Observations

	0
	-
	6.0
	Gray color

	1
	-
	6.0
	White color

	3
	2.5
	3.5
	White color, shrinkage

	5
	2.5
	3.5
	White color, shrinkage

	8
	3.1
	2.9
	Crystallization, powdery buildup coating walls


Table 1. Material shrinkage measurements and visual observations for BN-124 target post-irradiation
Photos of the BN-124 target media post-irradiation are shown in Fig. 4 and Fig. 5. It is important to note that shades of gray and white can be very misleading due to variations in the angle of the photo and lighting conditions.
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Figure 4. BN-124 target post irradiation at 1 μA (left) and 3 μA (right)
[image: image6.jpg]


[image: image7.jpg]



Figure 5. BN-124 target post irradiation at 5 μA (left) and 8 μA (right)
Operating with a large voided region in the front of the target is not ideal, as many of the protons will interact with the nitrogen gas prior to reaching the BNNT media, thus impacting total yield. Increasing the effective density in the BN-124 target would require significantly more 11BNNT material, which is both cost prohibitive (> $1000/g) and inefficient, due to the range of the protons. Stopping power calculations indicate only 250 mg of BNNT are needed for the target to be axially range thick to 11 MeV protons. 
To address these issues, a second prototype target (BN-131) was designed and fabricated with reduced target depth of 1.5 cm, resulting in a volume of 1.4255 cm3. The target was loaded with 400 mg of 11BNNT, and proton beam irradiations were performed at 5 μA, for 200, 400, and 600 psi, using both nitrogen gas with 1% oxygen and helium gas with 1% oxygen. Since helium gas does not offer a competing production pathway for 11C, the intention was to confirm the amount produced by the 11BNNT nanomaterials versus the amount produced by the nitrogen fill gas.
Total saturation yield of 11C in all forms (11CO2 and 11CO) for the BN-124 and BN-131 targets at 5 μA for 200 and 400 psi nitrogen gas with 1% oxygen is shown in Fig. 6. Results are similar at 200 psi, however the BN-131 target yield did not increase with target pressure, as was observed for the BN-124 target. This may indicate that the prior boost in yield was due to the voided region that formed in the front of the target and independent of the nanomaterials. Another surprising result was that the percentage of 11C activity recovered in the form of 11CO2 was reduced from >95% for the BN-124 target to roughly 50% for the BN-131 target.
Additional yield data was collected for the BN-131 target using helium gas with 1% oxygen. Comparison to data collected using nitrogen gas with 1% oxygen is shown in Fig. 7. When compared to nitrogen, the helium gas at 200 psi produces roughly 65% as much yield of 11CO2. This could be due to not producing via the 14N(p,α)11C reaction in the gas, as well as due to the reduced stopping power of the gas. Helium has a smaller atomic mass than nitrogen, thus more gas is needed to slow the recoiling carbon atoms and allow formation of CO and CO2 species. Increasing helium load pressure from 200 psi to 400 psi increases the 11CO2 yield to roughly 85% of the yield from using nitrogen gas. Helium load pressure was increased to 600 psi to see if the yield would continue to increase, however it appears to plateau.

For both gases, roughly 50% of the activity was recovered in the desired form of 11CO2, as shown in Fig. 8. A low percentage of 11CO2 is typically attributed to an oxygen-deprived environment. The experiment was repeated using helium with 2.5% oxygen, however there was no improvement in the recovered fraction of carbon dioxide.
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Figure 6. Saturation yield of 11C from BN-124 and BN-131 targets at 5 μA using nitrogen with 1% oxygen
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Figure 7. Saturation yield of 11CO2 from BN-131 target at 5 μA
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Figure 8. Percent 11CO2 recovered from BN-131 target at 5 μA.

Efforts to increase the recovered 11C saturation yield, while achieving a high percentage in the form of carbon dioxide, will continue. Damage to BNNT materials at higher beam currents is most likely a result of elevated temperature in the target. Improved cooling will be incorporated into the design of future prototypes to mitigate thermal effects in the BNNT material and attempt to enable production at higher beam current.
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