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Abstract

:

A new target material combination was modelled to replace the existing uranium-aluminium design used for 99Mo manufacture to increase the sustainability of the production process. Previous efforts to develop a more sustainable uranium target for 99Mo production, resulted in the levels of 239Pu in the target after irradiation being elevated due to the increase in 238U present. MCNP6.2 was used to model 4 different cylindrical targets based on 4–7 days irradiation to further understand this effect. To reduce the resultant 239Pu levels, ratios of 0–99% of Ce were used as a replacement for 238U. The results show that the addition of 140Ce and the removal of 238U reduced the 239Pu levels in the target significantly thus increasing the sustainability of the target and giving a slight increase to the 99Mo output of the targets.
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1. Introduction


In efforts to explore the development of a method for 99Mo production using fission of very low enriched to non-enriched uranium targets previous results have led to two main causes of concern:




	(1)

	
Increased amounts of 238U waste compared to low-enriched uranium targets [1];




	(2)

	
The higher amount of 238U in the target leads to increased amounts of 239Pu being produced per GBq of 99Mo produced which could be a cause for non-proliferation concerns [2,3,4].









Therefore, a potential downside of using 1% enriched uranium targets which have a high sustainability index is that there is a lot of 238U that still present that would end up being combined with mixed fission products and so be considered as waste. Given that in the current enrichment process 238U is removed from natural uranium as a waste product, this 238U is not contaminated with other radioactive products and can be used in industry for useful applications such as radiation shielding, ballast for aircraft, and military uses [5].



A potential improvement for a sustainable target could potentially be to substitute some or most of the portion of 238U in the target for another material that has similar properties in terms of thermal conductivity, crystal structure and irradiation behaviour to 238U to reduce the amount of total uranium and plutonium waste in the spent target. A possible substitution for UO2 in the target could be CeO2 which has similar chemical, thermal and physical properties whilst undergoing no fission reaction [6,7,8,9]. 140Ce has a thermal neutron cross section of 0.59 ± 0.06 barns [10] and when 140Ce captures a neutron it transmutes to 141Ce which undergoes further beta decay to the stable 141Pr with a half-life of 32.508 days [11]. CeO2 was found to have comparable thermophysical properties to UO2 below temperatures of 1673 K [12].



CeO2 has been found to have a high chemical stability as well as thermal stability [13] which would make it suitable for use in a target structure. CeO2 and UO2 was mixed to create the stable compound 2CeO2·UO2 [14] and using solid state reactions uranium and cerium can be synthesized into U1−xCexO2−δ where x ranges from 0 to 0.1 [15]. The mixing of UO2 and CeO2 was found to have nearly zero mixing enthalpies making it an ideal solid solution [16] and cerium was found to be soluble in UO2 [17]. Cerium dioxide has been used as a simulant for uranium dioxide to study radiation damage from a materials point of view [18,19,20,21,22]. Similarities in grain boundaries were found between UO2 and CeO2 indicating that from a radiation damage perspective, the addition of CeO2 to the target would not compromise target structure under irradiation conditions [23]. However, there are some small differences as it was found that the Ce in the CeO2 is more likely to be displaced under irradiation conditions than the U in the UO2 [24]. Furthermore, a comparison of the mechanical properties of CeO2 and UO2 such as swelling and cracking over temperature ranges showed that under irradiation conditions CeO2 is a suitable surrogate for a UO2 target [25,26,27,28].



In terms of production cost, cerium oxide has a price of approximately $1150 USD per metric tonne [29] whereas the price of uranium oxide is expected to be around $100,000 USD per tonne [30] therefore presenting a significant cost saving if a large portion of the targets are made from cerium oxide.




2. Materials and Methods


2.1. Varying amounts of 140Ce and 238U in the Target


The following simulations were performed using MCNP6.2 [31] and CINDER90. MCNP stands for Monte Carlo N-Particle and is a radiation transport code that simulates in 3 dimensions and can model 37 particle types for functions such as criticality, shielding or burnup for example. Monte Carlo radiation transport methods were developed in 1947 and widely used in Los Alamos National Laboratory (LANL) where the code underwent various evolutions until in 1977 MCNP was born. MCNP6 is the merger of MCNP5 and MCNPX and it can utilise the ENDF/B-VII.1 database for nuclide parameters [31]. MCNP6.2 can track different particle types over a large range of energies and is a general-purpose, continuous-energy, generalised geometry, time-dependant Monte Carlo radiation-transport code [31]. MCNP6.2 can be used with target geometry, materials and reactor conditions as inputs and outputs include fission product yields and burnup of uranium which are directly related to the aims of this thesis. MCNP is currently used in the 99Mo production industry for forecasting theoretical yields which is another reason it was chosen as the preferred software package to use for this thesis.



The reactor dimensions and target positioning in this paper were identical to the model reactor used previously [32,33,34] and a diagram of the model is shown in Figure 1. The main change in this study is the target material. 140CeO2 was added to the model for simplicity due to its 88.449% natural abundance [35] in increments of 10% with a corresponding reduction in the amount of 238U by the same percentage with a 1% 235U level maintained throughout. There is little difference in the thermal neutron absorption cross section of natural Ce (0.63) with that of 140Ce (0.59). Table 1 shows the parameters used.




2.2. Sustainability Index


As defined in Raposio (in press) [32], a simplistic way to describe the current methods of production are based upon the following formula which gives the amount of saleable product from a scheduling point of view:


  Output =     99  Mo     GBq     T i m e     w e e k s      



(1)







To achieve a high output from a target design perspective it is necessary to consider the following factors: uranium density, mass, flux at irradiated position, reactivity worth, heat flux, total heat as well as accident analysis. When considering uranium density and mass to produce a high output it is logical to pack as much 235U into the target as possible to ensure the maximum number of total fissions per unit time. In this case, the 235U is in a state of saturation as there is significantly greater quantities present in the target than will ever fission in a short amount of time in a reactor.



An argument for the proposed alternative “lower waste” method could look like this:



99Mo target efficiency (   ε  targ   )   could be stated as the amount of activity of 99Mo produced per gram of 235U initially present in the target:


   ε  targ   =     99  Mo    produced      GBq       235  U    in   target     g    =    A T        99  Mo        m T        235  U      



(2)







Additionally, the efficiency of a 99Mo target in terms of waste minimisation may also be expressed as the amount of activity produced per gram of 235U burned up, or     235   U b   , rather than—as discussed above—per gram of 235U initially in the target. Hence:


      ε  targ  ′    =     99  Mo    produced      GBq       235   U b     g         =    A T      GBq       235   U b     g        



(3)







An important point is that the target efficiency is not absolute and will behave differently under different irradiation conditions such as flux and irradiation time and thus target efficiency needs to be optimised for the typical irradiation conditions it will experience. 99Mo target efficiency when used in isolation would lead to poor target design if it were hypothetically taken to its extreme. A target of 100 atoms of 235U would be highly efficient given the extremely high probability of all the 100 atoms fissioning to produce approximately 6 atoms of 99Mo which is of no use to a 99Mo producer who is used to dealing with activities in the GBq range. Therefore, an efficient target would be one that minimises the amount of 235U needed to produce the required activity of 99Mo to satisfy customer demand and would lead to minimisation of waste. A highly efficient target however does not consider the additional requirement of 99Mo producers for a certain production output needed for customer demands. So, taking it one step further, a target which minimises both the amount of 235U burned up and considers the need for 99Mo total output (   A T   ), can be expressed by a parameter termed ‘target quality’ or    Q  targ    , where:


   Q  targ   =  ε  targ  ′  ×  A T      GBq  2  ·  g  − 1      



(4)







Thus, a target with a high    Q  targ     would produce the highest 99Mo output for the 235U burned. However, is does not tell us about the remaining 235U left in the target which would naturally be in excess therefore, it is desirable to consider the total amount of 235U originally in the target before irradiation, 235UT, because the amount remaining in the target after the target’s use should—all things being equal—be minimized, so a target with a lower 235UT would be superior. Hence, a target sustainability index Starg is proposed, where:


      S  targ     =    ε  targ  ′   A T      235   U T         =    Q  targ       235   U T         =    A T 2      235   U T  ·   235   U b        Bq  2  ·  g  − 2         



(5)




where    A T    is a predefined amount of 99Mo desired to be produced in the irradiation,     235   U T    is the total amount of 235U in the target before the irradiation, and     235   U b    is the amount of 235U burned up in the irradiation [32]. The sustainability index was used previously in the modelling of the targets to compare how different variables in target composition, geometry and irradiation times affect the amount of waste produced by the targets after irradiation.



Four different theoretical targets were designed to give a 99Mo output of approximately 9000 GBq based on cylindrical geometry as it was found that cylindrical geometry leads to an optimal sustainability index and 99Mo output [33]. The target dimensions are given in Table 2 and the targets were in the vertical orientation which was the same as the reactor core to maximise neutron interactions. The targets were placed in the middle of the horizontal plane of the reactor core also to maximise neutron interactions. The output target of 9000 GBq of 99Mo was based on a small 99Mo producer for proof of concept to give a weekly output of approximately 37,000 GBq (1000 Ci) if 4 runs per week were completed, which is an indicative of a size of a regional producer [36]. For larger producers increased output can be obtained by increasing target volume whilst maintaining constant density [33]. Consistent with previous research [34], irradiation times of 4–7 days were used as this was found to be the optimal irradiation times for maximising the sustainability index of the targets.



The number of initial neutrons for the simulations was set to 50,000 as this was previously found to contain relatively low errors, compared to using a lower number of initial neutrons. The target modelled in this study was a 1% enriched UO2 target as this was found to have the highest sustainability index compared to using targets in the enrichment range of 3–20% [32]. Targets were modelled for sustainability index, 99Mo output and 239Pu levels to determine if changing the material of the target has any effect on these values. 239Pu levels in the burnt-up targets were compared against the amount of 239Pu required to produce 1 bare critical mass (BCM) which is 10.4 kg and of proliferation concern [3]. Previously [32,36] the amount of 239Pu produced in the target after irradiation was normalised to determine how many 100,000 GBq runs are required to produce 10.4 kg of 239Pu and in this study the same approach was used. Due to 140Ce not undergoing fission reactions and forming any uranium isotopes, it is expected that there will be very little to no change on the sustainability index or the 99Mo output but a noticeable reduction in 239Pu levels post irradiation due to lowering the amount of 238U in the target.



MCNP6.2 [31] can also determine the heating of materials that undergo interactions with neutrons via the “F6 heating tally” function. The F6 heating tally uses the probability of neutron interaction and neutron energies to calculate the energy deposited in the material in MeV/g [37]. The heating of the target’s during irradiation was examined using the F6 tally to determine if the addition of Ce would cause a problem due to targets obtaining excess heat and this was compared to previous work on target heating in a pure UO2 target [33]. Typically, LEU targets produce a considerable amount of heat and so are designed for this to be quickly dissipated during irradiation.




2.3. Errors in Graphs


MCNP6.2 [31] is known to have small statistical errors in its calculations. These errors have been found to be less than 5% for low levels of burnup [38]. Since it is expected that the addition of Ce in the target composition will have no effect on the 99Mo output or the sustainability index of the 4 target types, the data provided by the simulations is thought to produce a horizontal line, i.e., no difference as Ce levels increase and 238U levels decrease. Errors in sustainability index and 99Mo output were therefore calculated by the following formula:


  E (%)   =       V a l u e − A v e r a g e   A v e r a g e     × 100  



(6)




where E(%) is error, value is the result from the simulation and average is the result from the 11 values for that target from the simulation. This error calculation was applied to all 4 targets and displayed in error bars on the figures.




2.4. Target Radius


To determine the effects of increasing the target radius whilst maintaining a consistent target height, targets with height of 10 cm and radius 1–3 cm (with increments of 0.1 cm in radius) were modelled. Target volumes versus radius can be seen in Figure 2. The target model was based on an example consisting of 20% enriched uranium blended with 140Ce to down blend the uranium to 1% enriched. In this case, the target composition is 95% 140Ce, 4% 238U and 1% 235U.





3. Results


The sustainability index was examined for the CeO2-UO2 targets 1–4 as shown in Figure 3.



The 99Mo output of the 4 target types is given in Figure 4.



The number of 100,000 GBq production runs to produce 10.4 kg 239Pu for each of the four target types is plotted in Figure 5.



The heating tallies of the four target types is given in Table 3.



Changes in Radius


Figure 6, Figure 7 and Figure 8 show the effects of changes in target radius for a fixed height target on 99Mo output, sustainability index and 239Pu levels produced in the targets.





4. Discussion


The objective of this study was to determine if the replacement of 238U with 140Ce would have any detrimental effect on the sustainability index or 99Mo output of 4 different targets configurations and any positive effect on the 239Pu levels produced in the target. For targets 1–4, Figure 2 and Figure 3 show that the sustainability index and 99Mo output are relatively the same for all amounts of 140Ce percentage from 0% up to 99% which was to be expected. Figure 2 and Figure 3 also highlight the combinations of variables that can go into a target to produce similar output such as material composition, geometry and irradiation time which were all varied to produce approximately 9000 GBq of 99Mo which is the amount of a regional producer. The factor that remained constant was that 1% enriched cylindrical targets were used. The errors in the results were within the accepted levels that are produced by MCNP6.2 [31,38].



Figure 4 shows how many 100,000 GBq production runs it takes to produce 1 BCM of 239Pu. When the ratio of Ce in the target is low approximately 100,000 production runs are possible before reaching 1 BCM, however as the ratio of Ce in the target increases the number of runs it takes to produce 1 BCM increases exponentially to over 1,000,000 production runs needed which is a ten-fold increase. Figure 9 compares the number of 100,000 GBq production runs to produce 1 BCM of 239Pu with previous research done on pure 238U/235U targets [33].



It was expected that 239Pu levels increase in targets with lower enrichment as a previous study found a 50-donefold increase in 239Pu levels when comparing HEU and LEU [39] and higher levels of 239Pu were found in lower enriched targets in the simulation. Figure 8 shows that the substitution of 238U with 140Ce offsets this disadvantage and leads to the number of production runs for the 50% Ce target to be higher than for a 3% enriched target, and for a 90% Ce target the number of production runs is even higher than that of the 20% enriched target which means that the 90% Ce target is a much lower proliferation risk compared to the 20% LEU targets currently being used when normalised for 99Mo output of 100,000 GBq due to the removal of 238U in the target.



Table 3 indicates that there is no issue with the addition of Ce into the target in terms of target heating as the highest average target heat was found to be 3.13 × 10−4 MeV/g which is comparable to the pure UO2 targets modelled previously [33].



Figure 6 shows that the amount of 99Mo output in the target can also be increased by increasing the target radius as the output increases consistently with increasing target radius. Another study on a uranyl nitrate solution 99Mo production method that used MCNP to model natural uranium found that the 99Mo output doubled when the amount of 235U in the solution was doubled [40]. When the target volume was doubled in this study by increasing the radius of the target the 99Mo output also doubled which agrees with the uranyl nitrate study.



The sustainability index shown in Figure 7 displays a small decrease as target radius increases which does indicate a small loss in efficiency as target radius increases and this difference can be attributed to the increasing effects of self-shielding as to be expected when increasing the thickness of the target. Looking at Figure 8 the amount of 100,000 GBq runs decreases as the target radius increases also indicating a loss of target efficiency, though with over 1 million runs to produce 1 BCM of 239Pu a larger 99Mo producer might be willing to trade off the much larger 99Mo output against the slightly less target sustainability.




5. Conclusions


In addition to modifying target geometry and enrichment, this study also demonstrates that the composition of the target can be changed from 238U to Ce whilst maintaining a high sustainability index, a predictable 99Mo output, and lowering the amounts of 239Pu present in the target after irradiation. This would also present a significant cost saving to the target user due to much lower (1/100th) of the cost of cerium oxide versus uranium oxide. The heating in the CeO2-UO2 target was also found to be comparable to the pure UO2 target. This study has expanded the possibility for uranium target designs that could allow for more flexibility in the parameters used and this could lead to less production and waste compared to a 100% uranium-based target. Some example applications of the ability to alter the material composition could be target manufacturers who possess 20% enriched uranium could make up a target of 5% of this uranium and 95% Ce to get a 235U content of 1% in the mixture to produce a highly sustainable target whilst at the same time reducing the world supply of enriched uranium instead of having to continue enriching natural uranium for target creation and burn it up the more traditional way. A larger 99Mo producer might be able to modify the target radius to suit production requirements was this was shown to increase output at the cost of a slightly reduced target sustainability and slightly more 239Pu production.
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Figure 1. Visual representation of reactor model to show target location. 
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Figure 2. 1% enriched target with height 10 cm and target volume compared to radius plotted. 
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Figure 3. How the sustainability index varies with increasing amount of Ce in targets with 4 days irradiation. 
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Figure 4. 99Mo output of 4 target types with varying amount of Ce. 
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Figure 5. Comparative 239Pu levels in targets with varying amounts of Ce. 
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Figure 6. 99Mo output versus target radius for a fixed target height of 10 cm. 
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Figure 7. Sustainability index versus target radius for a fixed target height of 10 cm. 
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Figure 8. Number of runs to produce 1 BCM of 239Pu versus target radius for a fixed target height of 10 cm. 
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Figure 9. Comparison of number of 100,000 GBq runs to produce 1 BCM of 239Pu with different enrichment levels in [32] compared with 50% and 90% Ce added to the target. 
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Table 1. Material compositions of targets.
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	Ce in Target (%)
	235U in Target (%)
	238U in Target (%)





	0
	1
	99



	10
	1
	89



	20
	1
	79



	30
	1
	69



	40
	1
	59



	50
	1
	49



	60
	1
	39



	70
	1
	29



	80
	1
	19



	90
	1
	9



	99
	1
	0
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Table 2. Geometry of 4 different targets to produce approximately 9000 GBq.
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Target Number

	
Irradiation Time (Days)

	
Shape

	
Height (cm)

	
Radius (cm)

	
Volume (cm3)

	
235U

(grams)






	
1

	
4

	
cylinder

	
10.4

	
1.13

	
41.72

	
0.7593




	
2

	
5

	
9

	
1.13

	
36.10

	
0.6570




	
3

	
6

	
8.2

	
1.13

	
32.89

	
0.5986




	
4

	
7

	
7.8

	
1.13

	
31.29

	
0.5695
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Table 3. Results of F6 heating tallies for 4 target types.
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	Target Type
	Average Heat (MeV/g)
	Average Relative Error





	1
	3.13 × 10−4
	3.60 × 10−3



	2
	3.12 × 10−4
	3.80 × 10−3



	3
	3.09 × 10−4
	3.83 × 10−3



	4
	3.07 × 10−4
	4.00 × 10−3
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Sustainability Index vs Target Radius (1% enriched)

2500000

2,000,000

500,000

1,000,000

500,000

Sustainability Index

o

4-7 days irradiation

1111213141516171819 2 212223242526272829 3

Target Radius (cm)

eddays
osdays
o6days
o7days





media/file4.png
Target Volume (cm?)

300

250

200

150

100

50

Target Volume vs Target Radius

1 111213 141516171819 2 21 22 23 24252627 2829 3
Target Radius (cm)

—\/0|Ume





nav.xhtml


  jne-03-00017


  
    		
      jne-03-00017
    


  




  





media/file18.png
Number of runs to reach BCM Pu-239

1,800,000

1,600,000

1,400,000

1,200,000

1,000,000

800,000

600,000

400,000

200,000

0

Number of 100,000 GBq production runs required to create 10.4 kg ?3°Pu

W 20% enriched

m 10% enriched

B 7% enriched

B 3% enriched

1% enriched

® 1% enriched (50% Ce)
W 1% enriched (80% Ce)
® 1% enriched (90% Ce)

4 5 6 7

Days Irradiation





media/file16.png
2,500,000

2,000,000

1,500,000

1,000,000

Number of Runs

500,000

Number of Runs to Produce 1 BCM 23°Pu
(1% enriched)

11112131415161.71819 2 2122232425262.72829 3

Target Radius (cm)

® 7 Days





media/file2.png
D:0






media/file5.jpg
Sustainability index versus percentage of Ce in targets.
2500000

3

B BB E R PR LR

>

150000

H osdms
2

£ 1,000,000 ®5days
5

] ecams
3 so000 orams

R EEEEERE)
Amount of Ce in Target (%)





media/file3.jpg
Target Volume (e

0

30

20

150

100

Target Volume vs Target Radius

1111213141516171819 2 212223242526272829 3
Target Radius (cm)

—volume





media/file1.jpg





media/file7.jpg
99Mo output (GBq)

10,000
9000
8000
7000
6000
5000
4000
3000
2000
1000

99Mo output versus percentage of Ce in targets

10

2

0 0 0 e 7w
Amount of Ce in Target (%)

0

%

100

oaduys
osdays
o6days
o7days





media/file10.png
Number of runs

Number of 100,000 GBq production runs to produce 10.4 kg 23°Pu
1,800,000

1,600,000 o
1,400,000
1,200,000

1,000,000 o 4 days

[ ]

800,000 ® 5 days
® 6 days

600,000 .

® 7 days

400,000

200,000

0 10 20 30 40 50 60 70 80 90
Amount of Ce in Target (%)





media/file12.png
Mo Output vs Target Radius (1% enriched)
4-7 days irradiation

® 6 days

! ' ® 7 days

w
o
o
o
o

’

80,000
70,000 %
60,000 §
g % % ; ¢
© 50,000 $
5 § § ® 4 days
& 40000 ERE. o
2 : 5 '
s ®
2

20,000 '
g 66
10000 g § v

0
1 111213141516 17 18 19 2 21 22 232425 26 27 28 29 3

Target Radius (cm)





media/file9.jpg
Number of runs

Number of 100,000 GBq production runs to produce 10.4 kg **Pu

1800000

1600000

1,400,000

1.200000

1,000,000

500000

600,000

400000

200,000

o

10

2

H
0 0 0 &
Amount of Ce in Target (%)

0

%0

cadays
esdays
c6days
o7daps





media/file0.png





media/file14.png
Sustainability Index

2,500,000

2,000,000

1,500,000

1,000,000

500,000

0

Sustainability Index vs Target Radius (1% enriched)
4-7 days irradiation

1 1112131415161.71819 2 212223242526272829 3

Target Radius (cm)

® 4 days
® 5 days
® 6 days

® 7 days





media/file8.png
?Mo output (GBq)

10,000
9000
8000
7000
6000
5000
4000
3000
2000
1000

Mo output versus percentage of Ce in targets

10

20

30 40 50 60 70
Amount of Ce in Target (%)

80

90

100

® 4 days
® 5 days
® 6 days
® 7 days





media/file11.jpg
60000

é

Mo Output (6Ba)

SRR

Mo Output s Target Radius (1% enriched)
4-7 days irradiation

111121314151617 1819 2 212223 242526272829 3
Target Radius cm)

cadaps
oscap
o6
ordp





media/file6.png
Sustainability Index

Sustainability index versus percentage of Ce in targets

2,500,000

2,000,000

1,500,000

1,000,000

500,000

HEEEEEEEE

0 10

20 30 40 50 60 70
Amount of Ce in Target (%)

80

90

100

® 4 days
® 5 days
® 6 days
® 7 days





media/file15.jpg
2,500,000

2000000

1,500,000

1,000,000

Number of Runs

500,000

Number of Runs to Produce 1 BCM 23%Pu
(1% enriched)

1111213141516171819 2 212223242526272829 3

Target Radius (cm)

o705





media/file17.jpg
Number of 100,000 GBa production runs required o reate 10.4 kg 2Py

L






