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Abstract. Plutonium isotopes are one of the most popular sources used for making 

nuclear weapons. This is because the production of plutonium isotopes is quite a 

lot in nuclear reactors and has characteristics suitable for nuclear weapons. The 

resulting plutonium can exist in different phases depending on temperature. The 

delta phase is one of the phases most similar to metal, so it is easily forged and 

used as a nuclear weapon. The isotope of plutonium most often used as a nuclear 

weapon is the odd-numbered isotope because it has fissile capabilities, especially 

Pu-239, which is produced the most. One way to protect the isotope Pu-239 from 

being misused is to set up a plutonium isotope barrier. The regulation in question 

is adding (doping) and changing the composition of Pu-239 with an even-

numbered isotope of plutonium. In this research, an analysis of the doping effect 

of even-numbered plutonium isotopes on Pu-239 will be carried out by focusing 

on the isotopic barrier parameters of plutonium, such as decay heat (DH), 

spontaneous fission neutron (SFN), bare critical mass (BCM) and Rossi-Alpha. 

These parameters were obtained by simulating a plutonium isotope fission event 

using a 4C MCNP with JENDL 3.3 library. Based on the simulation, the highest 

increase in decay heat was obtained by doping Pu-238. In the case of spontaneous 

fission of neutrons, it was found that Pu-238 doping gave high growth. Doping 

Pu-242 gives the highest increase in bare critical mass compared to other even-

numbered isotopes. So for the decay heat and spontaneous fission neutron 

parameters, Pu-238 doping is the most effective doping. For bare critical mass and 

Rossi-alpha parameter, Pu-242 doping is the most effective.  

Keywords: Bare Critical Mass; Decay Heat; Isotopic Plutonium Barrier; Plutonium 

Doping, Rossi-Alpha; Spontaneous Fission Neutron. 

1 Introduction 

Since the 1970s, plutonium conversion to explosive material has received 

significant interest. One of the most common sources used to create nuclear 

bombs is plutonium isotopes. Aside from the plutonium that already exists from 
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nuclear bombs, the growing amount of plutonium from spent fuel increases the 

need for its security. Nuclear reactors produce a sizable amount of plutonium 

isotopes, which have properties that make them appropriate for nuclear weapons. 

Depending on the temperature, the resultant plutonium can exist in a variety of 

phases. One of the phases that resembles metal the most is the delta phase, which 

makes it simple to create and utilize as a nuclear weapon. 

The odd-numbered isotope of plutonium, in particular Pu-239, which is the most 

produced, has the ability to fission, making it the isotope most frequently utilized 

in nuclear weapons. Early in the 1980s, a good summary of the efforts to make 

plutonium less desirable for explosives was published [1]. Establishing a 

plutonium isotope barrier is one technique to stop the isotope Pu-239 from being 

abused. A further ineffective method involved mixing gamma emitter nuclides 

with plutonium [2] and even burning plutonium in the form of an inert matrix fuel 

[3]. The easiest method, however, is to add more Pu-238 to the total amount of 

plutonium, either through modified fuel cycles [4], prolonged irradiation [5], 

admixing Np-237 [6], or admixing all minor actinides into uranium fuel [7]. Other 

methods, such as adding (doping), involve replacing Pu-239 with an even-

numbered isotope of plutonium. Pu-238 can significantly influence the features 

of plutonium due to its intrinsic properties, which include a relatively high DH of 

567 W/kg and an SFN rate of 2660 n/g/s. Following IAEA criteria, plutonium 

that contains 80% Pu-238 is not a proliferation threat [8]. Pu-240 and Pu-242, 

which have SFN of 1030 and 1720 n/g/s, respectively, and Pu-238 both share 

comparatively excellent qualities in terms of proliferation deterrent. As a result, 

the interaction between these even-mass-number plutonium isotopes will 

influence the features of plutonium that make it resistant to propagation. 

In this research, an analysis of the doping effect of even-numbered plutonium 

isotopes on Pu-239 will be carried out by focusing on the isotopic barrier 

parameters of plutonium, such as decay heat (DH), spontaneous fission neutron 

(SFN) and bare critical mass (BCM). These parameters were obtained by 

simulating a plutonium isotope fission event using a 4C MCNP with JENDL 3.3 

library. 

2 Analysis and Methods 

Isotopes barrier parameters including Rossi-alpha, bare critical mass, 

spontaneous fission neutron, decay heat, and material attractiveness all made 

reference to the Figure of Merit (FOM) idea [9] and the ATTR, as well as 

Kessler's denaturing plutonium theory [10] and Plutonium content, which the 

IAEA examination [11] and [12] both exclude. One of the most crucial elements 

to becoming a material that may be utilized as a parameter to protect isotope Pu-

239 from being exploited is the isotopic composition of plutonium with an even 
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mass. To get these characteristics, the 4C MCNP [13] and JENDL 3.3 library [14] 

were used to simulate a plutonium isotope fission event. 

These features are used for determining proliferation resistance based explicitly 

on the plutonium composition since they are somewhat sensitive to the 

composition of plutonium isotopes. These crucial measurements include neutron 

spontaneous fission and decay heat. Even plutonium mass, such as Pu-238, Pu-

240, and Pu-242, is utilized as a doping agent in the composition of Pu-239, a 

compound plutonium. Additionally, Based on the plutonium isotope composition 

as a function of time during reactor operation, these parameters were analyzed 

[15]. Equations (1) through (4) demonstrate those relationships between decay 

heat, spontaneous fission neutron, and elapsed time. 

𝐷𝐻𝑖 = 𝐷𝐻𝑖
𝑖𝑛𝑑𝑥𝑟𝑓𝑃𝑢𝑖      (1) 

𝐷𝐻𝑐𝑜𝑚𝑝 = ∑ 𝐷𝐻𝑖
𝑛
𝑖=1      (2) 

𝑆𝐹𝑁𝑖 = 𝑆𝐹𝑁𝑖
𝑖𝑛𝑑𝑥𝑟𝑓𝑃𝑢𝑖      (3) 

𝑆𝐹𝑁𝑐𝑜𝑚𝑝 = ∑ 𝑆𝐹𝑁𝑛
𝑖=1      (4) 

𝛼 ≡
𝑘𝑒𝑓𝑓−1

𝜏𝑜
      (5) 

Expression of 𝐷𝐻𝑖 defines a 𝐷𝐻𝑖
𝑖𝑛𝑑  is the decay heat value of each plutonium 

isotope for 100% pure isotopic plutonium, and 𝑓r𝑃𝑢𝑖 is a fraction of the plutonium 

isotopic vector composition in the overall plutonium content as weight 

percentage. The DH comp parameter describes a plutonium compound's overall 

decay heat value, calculated using the contributions of all of its isotopes. The DH 

calculation also referred to in the Calculation of Spontaneous Fission Neutrons 

section, demonstrated that each SFN value of a specific plutonium isotope 

contributes to the SFN of the entire compound [15]. 

The ratio of super criticality (Keff-1), which essentially determines the energy 

yield of fissionable material to prompt neutron lifetime (τo), was demonstrated 

using the Rossi-alpha parameter as stated in equations (5) [16] and [9]. Based on 

the doping of Pu-239 with even-mass plutonium isotopes (Pu-238, Pu-240, and 

Pu-242), the Rossi-alpha value can be determined. 

3 Results and Discussions 

This section explains the relationship between doping addition and isotopic 

plutonium barrier parameters such as bare critical mass (BCM), Rossi-alpha, 

decay heat and spontaneous fission neutron (SFN). The discussion will be divided 
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into two parts, the first covering BCM and Rossi-alpha and the second covering 

heat decay and SFN. The discussion is limited to plutonium in the delta phase. 

3.1 Effect of Even Mass Plutonium Doping to BCM and Rossi-

alpha 

 

Figure 1 Bare Critical Mass (BCM) as a function of even mass plutonium doping 

composition. 

Figure 1 shows the relationship between Bare Critical Mass (BCM) to the 

addition of doping. For the case of doping with Pu-238, the greater the addition 

of doping, the BCM will decrease. However, the decrease is not significant. This 

is because the BCM of Pu-238 is smaller than Pu-239, so a mixture of the two 

isotopes will give more or less the same BCM and decrease closer to BCM Pu-

238 as the composition of Pu-238 increases. Meanwhile, for cases of doping with 

Pu-240 and Pu-242, the resulting BCM will be greater as the doping composition 

of Pu-240 and Pu-242 increases. This is also in line with the magnitude of the 

BCM of the isotopes Pu-240 and Pu-242. 
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Figure 2 Bare Critical Mass (BCM) for each plutonium isotope. 

The BCM for each plutonium isotope can be seen in Figure 2. Doping the isotope 

Pu-242 to Pu-239 will significantly increase BCM because it has the largest BCM 

value compared to other plutonium isotopes. The greater the BCM value, the 

more difficult it is for a material to be used as a nuclear weapon because it needs 

an enormous mass to become critical. 

 

Figure 3 Rossi-alpha for each plutonium isotope. 
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Figure 4 Rossi-alpha as a function of even mass plutonium doping composition. 

Rossi-alpha is the ratio of super criticality to prompt neutron lifetime. Rossi-alpha 

value and BCM indicate the same thing for criticality. The difference is that 

criticality conditions will be more challenging to achieve with high BCM and low 

Rossi-alpha. The Rossi-alpha of each plutonium isotope follows Pu-238 > Pu-

239 > Pu-241 > Pu-240 > Pu-242, as shown in Figure 3. This causes Rossi-alpha 

for doping Pu-238 to Pu-239 to increase following the increase in the composition 

of Pu-238. Likewise, Rossi-alpha mixed with Pu-240, or Pu-242 doping will 

decrease as the composition of Pu-240 or Pu-242 increases. The relationship 

between Rossi-alpha and the addition of doping can be seen in Figure 4. Thus, 

doping Pu-242 to Pu-239 will provide the most effective results for increasing the 

isotopic barrier parameters of BCM and Rossi-alpha. 
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3.2 Effect of Even Mass Plutonium Doping to Decay Heat and 

Spontaneous Fission Neutron (SFN) 

 

Figure 5 Decay heat for each plutonium isotope. 

The results of the decay heat calculation from [17] are shown in Figure 5. The 

calculations found that the pure Pu-238 isotope had the highest decay heat 

compared to other plutonium isotopes in the order Pu-238 > Pu-240 > Pu-242 > 

Pu-239 > Pu-242. The higher the decay heat value, the higher the isotopic barrier 

parameter. This is because the high decay heat value requires a high heat-resistant 

handler/material, which will complicate its implementation in manufacturing 

nuclear weapons.  

 

Figure 6 Spontaneous Fission Neutron (SFN) for each plutonium isotope. 
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Figure 6 shows the calculation results of spontaneous fission neutron (SFN) from 

[17], which is the intensity of spontaneous neutron production in the material. 

The higher the SFN value, the more neutrons are produced, which causes the 

material to become more unstable and challenging to control, so the isotopic 

barrier parameter is also higher. The SFN obtained are very large and quite 

similar for the even mass plutonium but very small for the odd mass plutonium. 

 

Figure 7 Decay heat as a function of even mass plutonium doping composition. 

Figure 7 indicates the relationship of doping to the isotope Pu-239. The decay 

heat value of the Pu-239 isotope mixture increases with the Pu-238 or Pu-240 

isotope composition but will decrease for the Pu-242 isotope. This is because the 

decay heat values of Pu-239 and Pu-240 are more significant than the decay heat 

values of Pu-239, and Pu-242 is the smallest among other plutonium isotopes. 
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Figure 8 Spontaneous Fission Neutron (SFN) as a function of even mass 

plutonium doping composition. 

Based on Figure 8, it was also found that the doping of the even-numbered isotope 

of plutonium against the isotope Pu-239 produced a somewhat similar SFN. The 

larger the isotope composition with an even number, the higher the SFN value in 

Pu-238-Pu-239 > Pu-242-Pu-239 > Pu-240-Pu-239. Thus, doping with the 

isotope Pu-238 to Pu-239 gives the most effective results for increasing the 

isotopic barrier parameter decay heat and is quite good (second position) for SFN. 

4 Conclusion 

The primary metrics for assessing proliferation survival based on plutonium 

composition are the barrier parameters for isotopic plutonium, such as decay heat, 

spontaneous fission neutrons, bare critical mass, and Rossi-alpha. To prevent the 

misuse of plutonium, especially for Pu-239, which has the highest fissile capacity, 

by adding or changing the composition of Pu-239 with even mass plutonium (Pu-

238, Pu-240, and Pu-242). 

The highest increase in decay heat was obtained by doping Pu-238. In the case of 

spontaneous fission of neutrons, it was found that Pu-238 doping gave high 

growth. Doping Pu-242 gives the highest increase in bare critical mass compared 

to other even-numbered isotopes. Pu-238 doping is therefore the most efficient 

doping for the neutron parameters of spontaneous fission and decay. For bare 

critical mass and Rossi-alpha parameter, Pu-242 doping is the most effective. 



 Plutonium Proliferation Evaluation For Delta Phase 231 

 

 

References 

[1] DeVolpi A (1982), Denaturing Fissile Materials, Progress in Nucl. Energy, 

10[2], 161. 

[2] Selle J.E. et al. (1979), Technical Consideration of the Use of Nuclear Fuel 

Spikants for Proliferation Deterrence, Nuclear Technology, 45,269. 

[3] Degueldre C. (2004), Zirconia Inert Matrix Fuel Deployment for Reducing 

Plutonium Stockpile in Reactors, the First International Science and 

Technology Forum on Protected Plutonium Utilization for Peace and 

Sustainable Prosperity, March 1 - 3, Tokyo, Japan. 

[4] Massey J.V. and Schneider A. (1982), The Role of Plutonium-238 in 

Nuclear Fuel Cycles, Nuclear Technology, 56, 55. 

[5] Peryoga Y. et al. (2002), Effect of Transplutonium Doping on Approach to 

Long-life Core in Uranium-fueled PWR, Journal of Nuclear Science and 

Technology, 39[8], 838. 

[6] Nikitin K. et al., (1999), An Approach to Long-Life PWR Core with 

Advanced U-Np-Pu Fuel, Annals of Nuclear Energy, 26, 1021. 

[7] Peryoga Y. et al., (2004), Inherent Protection of Plutonium by Doping 

Minor Actinide in Light Water 

[8] Reactor Environment, submitted to Journal of Nuclear Science and 

Technology. 

[9] International Atomic Energy Agency (1972), Information Circular, 

INFCIRC/153. 

[10] Artisyuk, Vladirmir, Saito, Masaki, Ezoubtchenko, Alexey, 2008. 

Development of methodology to assess proliferation resistance of nuclear 

heavy metals. Proc. Nucl. Enery 50, 647-653. 

[11] Kessler, G., 2007. Plutonium denaturing by Pu-238. Nuc. Sci. Eng. 155, 

53-73. 

[12] IAEA, Safeguards Glosary, International Nuclear Verification Series No.3, 

2001. 

[13] Wydler, P., Heer, W., Stiller, P., Wenger, H.U., 1980. Auranium-

putonium-neptunium fuel cycle to produce isotopically denatured 

plutonium. Nuc. Tech. 49, 115-120. 

[14] Briesmeister, J. (Ed), 2000. MCNP-A General Monte Carlo NParticle 

Transpotr Code Version 4C, LA-13709-M, LANL. 

[15] Shibata, K., et al., 2002. Japanase evaluated nuclear data library version 3 

revision-3: JENDL-3.3. J. Nucl. Sci. Technol. 39, 1125. 

[16] Permana Sidik., 2020. Analysis on different material attractiveness concept 

based on plutonium composition of FBR blanked system. Nuc. Eng. 127, 

2-3. 

[17] Kimura, Y., Saito, M., Sagara, H., 2012. Improvent of evaluation 

methodology of plutonium for intrinsic feature of proliferation resistance 

based on its isotopic barrier. Ann. Nucl. Energy 40, 130-140. 



232   Ismail Humolango, et. al 

 

[18] Saito, Masaki, Sagara, Hiroshi, Peryoga, Yoga, 2004. Development of 

innovative nuclear technologi to produce protected plutobium with high 

proliferation resistance (P3-Project) – I. Trans. Am. Nucl. Soc 91 (1), 323-

324. 

 


