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RTG powered spacecraft have enabled the 

identification of several icy moons within the solar system 

which may contain sub-surface oceans of water below a 

thick ice cap.  Inserting a probe into one of these oceans 

may assist in determining whether Earth is the only place 

in the solar system where life forms have existed 

attempting to answer the age long question of whether we 

are alone in the universe.  It is reported that the ice shell 

of some of the most interesting icy moons may be as much 

as tens of kilometers thick.  One concept discussed in the 

literature is to employ plutonium-238 as a heat source 

within a probe to melt through the moon’s ice shell to the 

liquid ocean.  This would then allow the investigation of 

the ocean environment. 

This paper discusses considerations for helping to 

identify potential radioisotope heat source for an icy 

moon probe, such as: thermal power output, half-life, 

future availability, etc.  Additionally, a first-order 

analysis infers that two radioisotopes (curium-244 and 

uranium-232) exhibit a number of the characteristics 

likely required for a future ocean probe to one of the icy 

moons.  The analysis suggests that compared to the mass 

of plutonium-238 required, 
244

Cm could require 75% less 

mass and 
232

U would require 88% less mass, while still 

yielding a similar thermal output.  In addition to these 

options, consideration is given to polonium radioisotopes 

(Po-208 in particular) as a potential alternative.  The 

authors highly recognize that the selection of any new 

radioisotope heat source material will require extensive; 

radiological considerations, realistic evaluation of 

obtainability, cost factors, and launch safety 

considerations.    

I. INTRODUCTION 

Several exploratory spacecraft, such as Galileo 

(Jupiter) and Cassini (Saturn), both powered by 

plutonium-238 fueled General Purpose Heat Source - 

Radioisotope Thermoelectric Generators (GPHS-RTG), 

have helped to identify several moons in the solar system 

which may have oceans below their observable surfaces.  

These moons are often called “icy moons” and are of 

considerable scientific interest; since it is believed that 

their oceans may contain the right conditions to have 

biologically supported the formation of life.  Table 1 lists 

several icy moons within the Jovian and Saturnian 

systems. 

TABLE I. Several icy moons within the Jovian and 

Saturnian and Ice Giant systems. 

Planet  Moon  Main 

Exploratory 

Spacecraft  

Jupiter 

  

Europa 

Ganymede 

Callisto 

Galileo 

Voyager 

 

Saturn 

 

Enceladus 

 

Cassini 

Voyager 

 

Uranus Miranda 

Umbriel 

 

Voyager 

Neptune Triton Voyager 

 

     There is increasing interest in the development of 

concepts for the possible future exploration of an ocean 

on one of these moons.  This appears to be a very 

complex problem consisting of various challenges, which 

may include: transit time; entry, decent, and landing 

(EDL); radiation levels from both the selected 

radioisotope and from the mission environment; 

“melting/cutting” through the ice cap; and 

communications.  

     Over the years, the planetary exploration community 

has developed a number of different mission concepts 

employing various spacecraft scenarios both in the U.S. 

(Jupiter Icy Moons Orbiter – JIMO and the Europa 

Clipper) and in Europe (Jupiter Icy Moons Explorer – 

JUICE). 

The JIMO mission development contract was 

awarded by NASA to Northrop Grumman in 2004.  The 

initial mission concept included an orbiter which would 

arrive at the Jovian system in 2021 to study Callisto, 

Ganymede, and Europa, which included a lander to 

investigate the surface of Europa.  This program was 

cancelled, and currently NASA is funding the Jet 

Propulsion Laboratory (JPL) to further develop the 

Europa Clipper mission concept.  This mission concept 

would position a spacecraft in an elliptical orbit around 

Jupiter with a number of close flybys of Europa in the 

mid- to late 2020s timeframe. 
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The JUICE orbiter mission is an approved ESA 

mission with the spacecraft being developed by Airbus 

Defence and Space. The JUICE mission currently centers 

on studying several Jovian moons including Callisto, 

Ganymede, and Europa.  Orbital insertion around Jupiter 

could be in the ~2030 timeframe. If both Europa Clipper 

and JUICE are launched, the two mission profiles would 

complement each other, and would provide a more 

comprehensive understanding of several of Jupiter’s icy 

moons particularly of Europa.  

In addition, a number of recent studies have been 

carried out exploring what missions could be feasible 

further out in the solar system. Notably the recent NASA 

ESA collaboration on missions to the ice giants explores 

the possibility of using probes and landers to complement 

orbiting spacecraft or planetary flybys.
1
  

Execution of these concept missions would be very 

advantageous in the development of future missions to the 

icy moons.  These missions could also assist in a future 

icy moons mission by obtaining a more accurate 

measurement of the thickness of the ice cap on the 

targeted mission locations.  This would allow for a more 

informed development of an icy moons probe that could 

melt/cut through the kilometers of ice to reach the liquid 

ocean.  

One innovative probe concept employs a “CHIRPS” 

(Cryo-Hydro Integrated Robotic Penetrator System) that 

would employ four GPHS modules and several 

Radioisotope Heater Units (RHU).
2
  Each GPHS (as 

employed on the Galileo and Cassini spacecraft) contains 

four ~150 gm 
238

PuO2 ceramic pellets that each produce 

~62.5Wth yielding ~1kWth in total for a notional CHIRPS.  

Each RHU contains ~2.7
 
gms of 

238
PuO2 which yields 

~1Wth.  Plutonium-238 is an alpha emitter with a thermal 

output of ~0.5Wth/g with a half-life of ~88 years.  It is 

envisioned that the four GPHS modules would be 

employed to melt/cut through the ice shell and the RHUs 

could be employed as mini-RTGs to produce enough 

electrical power for the probe.  Ultimately it was 

determined that a thermal output of ~1kWth would likely 

be insufficient for a full mission profile.  Recent work 

suggests that the thermal load required to “melt” through 

kilometers of Europa’s ice shell could be on the order of 

~7.5 kWth, equivalent to the thermal output of 28 or 30 

GPHS modules.
3
  This corresponds to ~16.8 to 18kg of 

238
PuO2.   

II. OTHER NUCLEAR MATERIALS OPTIONS 

It appears that to melt through Europa’s ice sheet a 

probe may require ~7.5 kWth requiring a significant 

quantity of plutonium-238.  This present discussion is a 

first-order effort at identifying some possible 

radioisotopes that could maybe supply the required 

thermal load.  Potential shortcomings (high activities, 

availability, cost, etc.) of the radioisotopes discussed will 

need to be critically addressed in future endeavors.   

II.A. Radioisotope selection considerations 

A Europa surface mission with a probe capable of 

reaching and investigating the sub-surface ocean would 

be one of considerable duration.  Assuming a future 

spacecraft takes ~6
+
 years to get to Europa, 2 or 3 years 

for the probe to melt/cut through the kilometers thick ice 

shell, and a 2 or 3 year ocean exploration.  For this paper 

it is assumed probe landing on Europa occurs at 10 years 

after launch with total mission duration of 15 years.  For 

the RTG being employed on the upcoming Mars2020 

mission, a 3 year pre-launch time duration was also 

included in the mission plan.
4
   

Examining a standard Chart of the Nuclides it 

becomes quickly apparent that there are literally hundreds 

of radioisotopes that might meet these general 

requirments.
5
  However, in general there are several 

property characteristics which can be used to “cull” the 

list including;  a) present and/or future attainability, b) 

activity sufficient to obtain the required magnitude of 

thermal energy, c) a half-life long enough to provide the 

required thermal energy for the duration of a selected 

mission, and d) potential for processing into a non-

metallic form such as an oxide which would likely assist 

in a future launch safety analysis.  Other possible 

selection criteria would be to identify radioisotopes that 

are primarily alpha or beta emitters with lower energy 

gammas.  These characteristics are why plutonium-238 

has been extensively employed over the last several 

decades as the radioisotope fuel in U.S. RTGs.  However, 

if the existing U.S. plutonium-238 based RPS 

infrastructure was not the primary consideration, it may 

likely not be the preferred radioisotope for a Europa probe 

mission based mainly on its relatively long half-live and 

relatively low thermal output.  The question about the 

ability to fabricate and ultimately launch a particular 

radioisotope in relation to general launch safety 

considerations is also being left to future investigations.   

Table 2 is a selected list compiled from several 

sources of radioisotopes which exhibit several of the 

aforementioned criteria that could possibly enhance a 

Europa probe melting mission.
6,7,8

  These radioisotopes 

are mainly alpha emitters, but in many cases they and 

their various decay chains, also emit either betas and/or 

gammas.  Shown in the table as a comparison are the heat 

source characteristics of polonium-210 which was the 

original U.S. RTG heat source material, plutonium-238 

which is employed as the heat source in current U.S. 

RTGs, and americium-241 which has been selected as the 

heat source material for future ESA RTGs.
9
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TABLE II. Selected radioisotopes which exhibit one or 

more of the discussed criteria characteristics for a Europa 

probe heat source and RTG related radioisotopes. 

Radioisotope Half-Life 

(years) 

Thermal 

Output/gm (W) 

Cm-244 

 

U-232 

 

Th-228 

 

Pu-238 

Am-241 

Po-210 

~18.1 

 

~74 

 

~1.9 

 

~88 

~433 

~0.38 

~2.5 

 

~0.6 

~4.4* 

~165* 

 

~0.5 

~0.1 

~141 

Po-208 ~2.9 ~18 

*Estimate of thermal output for the entire decay chain 

Given the thermal needs and mission duration, it is 

possible to perform a first order evaluation to determine 

how well suited a specific radioisotope is for a particular 

mission.  Typically, RTG designs like to look at 

radioisotopes that are primarily alpha-emitters.  This is 

due to safety and dose concerns for workers that produce 

the radioisotope.  Comparing the alpha-emitters in Table 

II shows that the heat output and half-life are closely 

related properties.  This allows us to build a relationship 

between the thermal needs for a mission and the half-life 

of an isotope.  Figure 1 shows that for a notional mission 

that requires 7.5 kWth after 15 years, the optimal alpha-

emitting radioisotope will have a half-life between 8-14 

years.  It is unsurprising to note that increasing the half-

life requires a small increase in the mass of isotope 

required, while decreasing the half-life causes a 

significant increase in isotope needs.  Changing the 

thermal needs or mission timeline would change the 

nature of the curve, but recalculating the curve is a 

relatively simple process.   
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Fig. 1.  Evaluation of quantity of radioisotope required for 

a mission requiring 7.5 kWth at 15 years.  Specific power 

properties used to generate this curve are based off 
238

Pu 

and assumes the isotope is a “pure” alpha emitter with all 

heat generated by the parent isotope. 

It should be noted that Figure 1 is not a perfect 

reflection of the heat output from a given isotope.  Figure 

1 uses the specific power of 
238

Pu and scales that power 

proportionally to the half-life value plotted on the x-axis.  

Other isotopes will have slightly different specific heat 

values, and the specific heat of an isotope is controlled by 

a number of properties, including: the energy of their 

alpha decay, the chemical form of the isotope, the thermal 

properties of the fuel, etc.  This chart also does not 

account for the heat produced by any daughter products.  

Figure 1 is meant to be a first order tool for evaluating 

radioisotopes.  A more detailed investigation is expected 

for final isotope selection. 

II.A.1. Curium-244 

As presented in Table II, curium-244 has a half-life 

of ~18.1 years and a thermal output of ~2.5 W/g.  In the 

1960s/1970s it was being considered as the potential heat 

source for U.S. RTGs instead of plutonium-238.
6,8

  It has 

a much shorter half-life compared to 
238

Pu, which was 

likely a limiting selection factor for its use in RTGs.  For 

a Europa probe mission, however, its shorter half-life is 

likely actually an advantage for certain applications, and 

Figure 1 suggests that the quantity of 
244

Cm required 

could be ~75% smaller than 
238

Pu for the mission-scope 

discussed previously. 

Several studies have already been performed 

investigating the potential of 
244

Cm as a heat source for 

RTGs such as; a) its potential availability from 

reprocessed reactor fuel, b) long term and high 

temperature compatibility of 
244

Cm2O3 with various 

refractory materials, c) general ceramic processing 

parameters for fabricating 
244

Cm2O3 pellets, and d) helium 

release studies on 
244

Cm2O3.
8,10,11

  These and other 

characteristics of 
244

Cm makes it a very interesting 

candidate material worthy of further investigations as a 

possible heat source for a Europa ocean probe. 

As previously discussed, it is currently anticipated 

that a probe on the surface of an icy moon may need 

~7,500 Wth to melt through the thick ice sheet.  If a probe 

lands on the surface of an icy moon at ~10 years from the 

production and separation of the 
244

Cm, it can be 

estimated that it would have an estimated thermal output 

of ~2 W/g at EDL as shown in Figure 2.
12

  This 

calculation does not include any possible thermal 

contribution from any of its decay chain radioisotopes. 

This suggests that the quantity of 
244

Cm fuel required 

would be less than 4.5 kg, which is significantly less than 

the 18 kg of 
238

Pu that would be required.  This also 

suggests that a lighter smaller probe may be feasible, or 

additional 
244

Cm could be employed possibly shortening 

the melt/cut time required to reach the liquid ocean.  Both 

scenarios may likely be attractive to future mission 

planners, who would also need to determine potential 

shortcomings such as cost, activity, availability, etc. 
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Fig. 2. Thermal power output of 
244

Cm and its decay 

products as a function of time (from Ref. 12). 

II.A.2. Uranium-232 and Thorium-228 

Uranium-232 is another interesting potential 

candidate as a heat source material.  As presented in 

Table II 
232

U has a relatively long high-life, however its 

decay chain includes a number of daughter products that 

significantly increases the decay heat as a function of time 

after separation.  Of course, this will likely also 

significantly increase the materials radiological output.  
232

U is an alpha emitter which results in the in-growth of 
228

Th.  
228

Th has a relatively short half-life of ~1.9 years 

and is also an alpha emitter yielding a high thermal 

output.  Most of the other radioisotopes in the decay 

series are also alpha emitters with much shorter half-lives 

before the decay series reaches 
208

Pb, which is stable.  

Some of radioisotopes in the decay series do have high 

activities which will need to be taken into account during 

heat source fabrication, its effect on other components 

within a probe, etc. 

As a quantity of newly separated 
232

U decays, its 

thermal output increases as a function of time.  Figure 3 is 

an adaptation of a figure identified in the literature which 

shows how the thermal output of 
232

U increases as a 

function of time.
7
  From initial separation to ~8 years, 

thermal output reportedly increases from ~0.65 W/g to 

~4.4 W/g.  In addition, the figure also presents that the 

thermal output only slowly decreases as a function of time 

to ~4 W/g at ~25 years.   

Thus, a reasonable estimate for a Europa probe 

mission would consist of a 6+ year transit after launch 

with up to a 3 year pre-launch time period.  Figure 3 

suggests that the surface landing of the probe and its 

initiation of melting through the surface ice layer on 

Europa may occur at a most advantageous time for a 
232

U 

based probe.  Since Figure 3 also shows that the heat 

source’s thermal output is relatively stable after passing 

its maxima, the probe would be able to utilize a high 

thermal output for the estimated 2 or 3 years that may be 

needed to melt/cut through the ice sheet to the liquid 

ocean, and to provide thermal heat for the remainder of 

the mission.     

     

Fig. 3. Thermal power output of 
232

U and its decay 

products as a function of time (adapted from Ref. 7). 

     It is also currently anticipated that a probe on the ice 

surface of an icy moon may need ~7,500 Wth to melt 

through the thickness of the ice sheet.  If the probe lands 

at ~10 years from the separation of the 
232

U fuel, it would 

have an estimated thermal output of ~4.3 W/g.  This 

suggests that the quantity of 
232

U fuel required would be 

only ~2 kg. 

II.A.3. Po-208 

     Polonium-208 can be produced using a proton 

accelerator by irradiating non-radioactive bismuth-209 

targets and exploiting the 
209

Bi(p,2n)
208

Po reaction with 

20 MeV protons.  This process was used in the 1950s to 

produce Po-208 as a possible radioisotope for space 

applications, but the program was shelved due to low 

yields as a consequence of limitations in beam currents in 

1950s accelerator technologies.
13

  These have vastly 

improved, and both cyclotron and accelerator outputs in 

terms of beam currents have increased.  In addition new 

accelerators such as high current radio-frequency 

quadrupole systems coupled to drift tube linear 

accelerators have been developed.
14

  Some potential 

benefits of Po-208 is that it is a pure alpha emitter with 

almost no gammas produced. Understanding the 

chemistry of the oxides of Po-208 would be essential to 

consider it as a potential source particularly given the low 

melting point of the metal.  A 1.6 kg quantity of Po-208 

would suffice in achieving the thermal power output 

required after a 9 year period taking into account the short 

half-life.  

II.B. Other Considerations – Isotopes for Science 

Neutron and gamma ray output from radioisotopes 

could be used for in-situ activation studies and density 

measurements assuming the probe is instrumented.
15

 

Neutron activation analysis could be used to understand 

the composition of the bulk ice material and measure the 

elemental and isotopic content.  Gamma ray backscatter 

densitometry would enable density measurements of the 
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bulk ice as a function of depth.
15

 In addition the heat 

generated and how it propagates would allow heat flow 

measurements to be carried out.
16

 

III. CONCLUSIONS 

A future mission based on inserting a probe on the 

surface of one of the solar system’s icy moons, then 

having it melt/cut through perhaps tens of kilometers of 

an ice shell to reach, and ultimately investigate, a liquid 

ocean for signs of life is a major challenge.  There are a 

number of interesting radioisotopes which could 

conceivably be employed as a heat source material for 

this mission concept.  
244

Cm and 
232

U are two interesting 

radioisotopes which appear to exhibit promising 

characteristics.  This first-order review indicates that both 

of these radioisotopes would require significantly less 

mass (75% less for 
244

Cm and 88% less for 
232

U) 

compared to 
238

Pu.  This suggests that if either 
244

Cm or 
232

U was employed as the heat source, in lieu of 
238

Pu, the 

probe design may have significantly less mass and require 

significantly smaller quantities of radioisotope.  It could 

also be feasible that using additional quantities of either 
244

Cm or 
232

U could significantly reduce the time required 

to melt/cut through the ice shell to reach the liquid ocean.  

Due to the current costs associated with the U.S. 

production of plutonium-238, it would also be advisable 

to perform a thorough examination and estimate for the 

costs of producing the other radioisotopes.   

A possibility of using Po-208 has also been initially 

explored with the understanding of likely needing the 

development of Po-208 in a ceramic form due to its low 

melting temperature. 

It is recognized that the selection of any new heat 

source concept for an icy moon probe will require 

significant additional evaluation including a detailed 

thermal analysis of the probe in the context of the type of 

ice that might be encountered on the surface of an icy 

moon. In addition, it is recognized that the selection of 

any new heat source radioisotope will require a much 

more thorough and extensive scope of work related to 

potential shortcomings including; radiological 

considerations, realistic evaluation of obtainability, cost 

factors, and launch safety considerations.    
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