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A B S T R A C T

This work provides an in-depth analysis of the extensive research and development activities on americium- 
based ceramics for space applications, particularly as heat source for radioisotope power generation. Our pio
neering efforts focus on synthesizing and characterizing various americium ceramics with fluorite, monazite, 
perovskite, zircon, and pyrochlore structures, and assessing their potential for use in Radioisotope Power Systems 
(RPSs). This study identifies uranium-stabilised cubic americium oxide as the best candidate among the ceramic 
forms analysed, due to its superior stability and performance under extreme conditions relevant to space mis
sions. The review emphasises the unique facilities and methodologies employed, including remote-handling 
techniques and advanced material characterization, to overcome the challenges posed by the high radiation 
dose and specific activity of 241Am when working with gram quantities.

1. Introduction

The main methods of generating heat and power for space missions 
are nowadays based on photovoltaics and chemical energy generation 
[1,2]. For long-term missions into the outer regions of the solar systems 
or exploration of planetary bodies with long nights, sun-independent 
power systems such as Radioisotope Heater Units (RHU) and Radioiso
tope Thermoelectric Generators (RTGs) are used, which are powered by 
the decay heat of radioactive isotopes. Heat is then used for temperature 
control or is converted into electricity by thermoelectric conversion [3]. 
The selection of suitable radioisotopes and their chemical and physical 
form as heat source material for Radioisotope Power Systems (RPSs) is 
based on a long list of criteria [4]. These include half-life long enough 
but high isotopic power, and low levels of radiation. The matrix should 
present high power density, be chemically stable and serve as a stable 
host for decay products, be compatible with encapsulation materials and 
with the operating and post-accident environments and be resistant to 
extreme conditions. It should also not disperse into inhalable small 
particles, have low solubility in the environment and the human body, 

among others.
With a few exceptions where 210Po was employed, all RHUs and 

RTGs for space exploration have used 238Pu as fuel, producing 0.57 W 
g− 1, in its oxide form (PuO2). The most well-known example is the case 
of the two Voyager interplanetary probes, which are equipped with 
RTGs providing hundreds of watts of power at the time of their launch 
using SiGe thermoelectric convertors as well as a number of RHUs [5,6]. 
However, due to the limited stock of 238Pu and the challenges in 
obtaining this radioisotope [7], alternatives such as 241Am that can be 
extracted from stockpiles of reprocessed plutonium, are becoming 
increasingly attractive.

The americium isotope 241Am is formed via β‒-decay of 241Pu (which 
has a half-life of 14.33 years). Due to its accumulation in existing stocks 
of civil separated plutonium in Europe, and its relatively high specific 
power of 0.114 W g− 1, 241Am (half-life of 432.2 years) [8] is under 
consideration by the European Space Agency (ESA) as a power source 
for future European space missions [9]. Americium (241Am and 243Am) 
is one of the main contributors to the long-term radiotoxicity of civil 
nuclear waste (after plutonium) and its separation and re-use will reduce 
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the potential impact of geological storage [10]. Thus, as part of an 
existing circular process, this approach utilises a cheaper and relatively 
abundant by-product of nuclear reactors that would otherwise not have 
obvious use [11,12]. In recent decades, significant amounts of 241Am 
have been extracted from reprocessed plutonium at the Sellafield 
reprocessing plant in the UK [13] and La Hague in France. Application 
for RPSs would thus be quite useful as it gives an opportunity to use, at 
least partially, 241Am generated in nuclear fuels used for civil electricity 
production. The potential use of 242m1Am (half-life of 141 years) in space 
applications was also under consideration [14]. However, this isotope is 
easily fissioned during reactor operation and thus found in minimal 
quantities in the nuclear waste. It can be produced by the irradiation of 
241Am with thermal neutrons, and separation from the parent 241Am can 
only occur through electromagnetic methods [15]. Very recently, pre
liminary information has appeared regarding the use of 243Am (half-life 
of 7370 years) in micronuclear batteries for very low-power applications 
[16].

In this context, ESA has initiated the EuropeaN Devices Using 
Radioisotope Energy (ENDURE) program for developing long-lasting 
heat and electricity units powered by americium for upcoming ESA 
Moon missions in the next decade [17]. Within a Collaborative Research 
Agreement between ESA and its subcontractors and the Joint Research 
Centre (JRC), a chemically stable fuel material for 241Am based RPSs has 
been investigated [18]. In parallel, our group produced and studied 
several ceramic forms containing significant specific Am-amounts. 
While previous reports focussed on individual americium compounds, 
this work represents the first systematic head-to-head comparison of 
multiple americium ceramic families (oxides, phosphates, aluminates, 
vanadates, zirconates) synthesised and evaluated under a unified 
experimental framework. This integrative approach provides a trans
parent, criteria-based selection process, which has not been attempted in 
earlier works.

2. Candidate ceramic materials

The metallic form is the material with the highest 241Am content, 
thus a specific power of 0.114 W g− 1. However, high chemical reactivity, 
low thermal stability and reduced stability under α-irradiation of 
metallic americium [19] are not favourable for RPS’s.

The next class of compounds in term of specific power density would 
be the binary oxides (AmO2 and Am2O3). Note that americium-oxygen 
system shows complex behaviour [20,21]. Cubic dioxide (AmO2) loses 
oxygen at high temperatures and in vacuum, with increase in volume 
and conversion into hexagonal sesquioxide (Am2O3). In turn, Am2O3 is 
prone to oxidation and converts into AmO2 in air (even at room tem
perature). In both cases dimensional changes can cause disintegration of 
pellet. Their stability in vacuum, oxidising and reducing conditions is 
discussed by Vigier et al. [22], who concluded that americium dioxide 
can be stabilised by insertion of uranium, leading to the cubic An2O3+x 
C-type oxide (fluorite-related structure).

Another option would be the use of a ternary ceramic oxide, although 
incorporation of other elements will further decrease the Am-content 
and specific power. Thus, compounds containing light(er) elements 
would be preferable, but many light elements are prone to (α,n) nuclear 
reactions, increasing the neutron production of the source. This makes, 
for example, materials based on lithium, boron or beryllium highly 
irrelevant for this application [23]. In oxide ceramics, such (α,n) re
actions occur for 17O and 18O having a natural abundance of 0.04 % and 
0.20 % respectively, while they do not occur for 16O (99.76 %) [24]. 
Therefore, the neutron production of the materials in the source must be 
reduced by using oxygen depleted in 17O and 18O.

In September 2025, the Inorganic Crystal Structure Database (ICSD) 
[25] summarized about 150 reports on crystalline (experimental inor
ganic and metal-organic) structures containing americium (Fig. 1), 
one-third refers to oxygen-containing compounds. More structures and 
references to Am-inorganic and organic compounds are listed in, e.g., 

“Americium: Chemistry of Actinide and Transactinide Elements” [26]. The 
low number of well characterised crystalline Am-compounds is in line 
not only with the restricted access to this element, but also with the 
limited stability under self-irradiation of the crystalline compounds. In 
the next section we will discuss those compounds that could be relevant 
as RTG source material.

3. Comparison of relevant ceramics

The following ceramic compounds of high Am-content are consid
ered in our evaluation: Am1-yUyO2-x (fluorite-related structure), AmPO4 
(monazite-like), AmAlO3 and AmVO3 (perovskite-like), AmVO4 (zircon- 
like), and Am2Zr2O7 (pyrochlore structure). The main criteria ruling the 
initial selection of these compounds were: (i) existence of stable natural 
surrogates; (ii) reduced or moderate reactivity with relevant atmo
spheres (vacuum in space, air in re-entry accidents); (iii) presence of 
literature on radiation stability of the class of compounds. In addition, 
the distribution and possible segregation of the decay product 237Np is 
an important criterion, because when segregated as a fluorite fcc sec
ondary phase it creates interfaces and induces stress in the material. 
Furthermore, the large quantity of helium released should also be taken 
into account and the design of the encapsulation adapted accordingly. 
Finally, the thermal properties, and specifically the thermal conductiv
ity, need to be considered, in view of thermal performance.

3.1. Structural features

The structures of americium compounds considered here are re
ported in Fig. 2.

They can be separated in three categories depending on their level of 
crystallographic compactness. The lowest level of compaction is 
observed for the oxyanionic compounds AmPO4 (monazite-like, P121/ 
n1) and AmVO4 (zircon-like, I41/amd), consisting of a framework in 
which trivalent americium is linked by isolated tetrahedron units (PO4

3−

and VO4
3− , respectively). Higher level of compaction is reached for 

Fig. 1. Number of ICSD reports on americium compounds per decade, high
lighting the lack of crystallographic studies on this element. Most of the reports 
are from the decade 1970–1979, with renewed attention in the last two de
cades. Note that the isotopy of americium vector is not always revealed in these 
works [27]. The more stable 243Am is currently used to a greater extent on the 
expenses of the 241Am. While the first publications originate from the Los 
Alamos Nuclear Site, since the 1970s, many of them come also from the former 
Soviet Union and the Federal Republic of Germany.
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americium compounds adopting close-packed perovskite configuration 
like AmAlO3 and AmVO3. Their structures consist of an arrangement of 
octahedron units linked to each other by their vertices and with amer
icium cation in the middle. Like all the different variations of perovskite- 
based structures, AmAlO3 (R-3cH) and AmVO3 (Pbnm) can be derived 
from the basic regular cubic perovskite configuration (Pm-3m) with 
slight distortion and tilt of the octahedron units. Finally, the highest 
level of compaction is reached for the close-packed fluorite (AmO2, Fm- 
3m) or fluorite-related compounds (like zirconate pyrochlore, 
Am2Zr2O7, Fd-3m).

Thus, AmO2 seems a logic choice, but it has a limited thermal sta
bility, and tends to lose oxygen, as discussed by Vigier et al. [22]. These 
authors concluded that americium dioxide can be stabilised by insertion 
of uranium, resulting in a fluorite-related structure. As shown by Epifano 
et al. [33,34] mixed (U,Am)O2 oxide with up to 67 % Am/(Am + U) 
content, produced by powder metallurgy [33,35,36], display a very rich 
level of cationic valences, with charge transfer leading to the presence of 
not only Am4+ and U4+ but also Am3+ and U5+, making the interpre
tation of lattice parameters complex [37,38]. The uranium stabilised 

americium oxide for space applications in our work [22] differs from 
other uranium and americium mixed oxides reported in the literature 
due to its very high americium content (Am/M = 80 %), in particular its 
high lattice parameter shows a high level of reduction. Therefore, even if 
it is related to a substoichiometric fluorite dioxide (U,Am)O2-x, it cor
responds, from the crystallographic point of view, to hyper
stoichiometric C-type sesquioxide (U,Am)2O3+x, i.e. the stabilised form 
of the reported cubic C-type Am2O3 [20].

The fluorite and fluorite-related mixed oxide show a high-level of 
chemical flexibility, with a single cationic crystallographic position 
having the possibility to contain different actinides of different valence 
states, the overall charge of the oxide being compensated with oxygen 
ions vacancies or interstitials. (U,Am)3O2+x is therefore a good host for 
237Np (daughter element) produced during α-decay of 241Am and form a 
homogeneous mixed oxide [22]. It seems, from characterisation of 
synthesised AmPO4 [28] and AmVO4 [29], that these two structures 
have a very low level of segregated NpO2 despite its presence at about 7 
% Np in the americium source, indicating that these two compounds can 
host at least few percent of the daughter element. Finally, perovskites do 

Fig. 2. Views of the structure of the different americium compounds under consideration. AmPO4 has a P121/n1 (14) monazite type structure [28], AmVO4 a 
I41/amd (141) zircon-type structure [29], AmAlO3 a R-3cH (167) perovskite structure [30], AmVO3 a Pbnm (62) perovskite structure [29,31], AmO2 a Fm-3m (225) 
fluorite structure [32], Am2Zr2O7 a Fd-3m (227) pyrochlore structure.
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not seem to be a good host for neptunium, which clearly segregated 
during the synthesis of AmAlO3 [30] and AmVO3 [29].

In the Am2O3–ZrO2 system, the specific composition with 50 % of 
americium and 50 % of zirconium cations become long-range ordered as 
shown in Fig. 2, adopting the so-called pyrochlore structure [39–41]. 
This structure, of general formula A2B2O7, or more accurately A2B2O6O’, 
is isometric (Fd-3m, Z = 8, a = 9–12 Å) and it can be commonly 
described as a fluorite-type with a double unit cell and an ordered 
deficiency of 1/8 of oxygen atoms (represented as a “” in the formula) 
[42–44]. The typical A/B radii ratio is between 1.46 and 1.80 [45], and 
the Am3+/Zr4+ value fits well in this range. Due to the relatively high 
actinide content of Am2Zr2O7, and its good radiation resistance (see 
below), it appears reasonable that 241Am2Zr2O7 could be an interesting 
source material for RPSs for space applications.

3.2. Radiation stability

In our studies, the synthesis of all the compounds was targeted to 
produce 100 mg of the final product (specific activities in the range of 
1010 Bq), except for the U-stabilised AmO2, which was made on a larger 
scale of several grams (⁓1012 Bq).

Each α-decay of 241Am emits a He-ion of 5.49 MeV energy which is 
stopped by electronic interactions over 10–20 μm, generating between 
100 and 200 displacements along its trajectory. The decay also involves 
a recoil of the daughter 237Np of 92 keV energy which is stopped by 
nuclear interactions over a much shorter distance (⁓20 nm) but asso
ciated with about 1500 displacements. The self-irradiation stability was 
determined by powder X-Ray Diffraction (XRD) analysis of the samples 
over prolonged periods (months to years). Approximately 10 mg of 
powder was immobilised in a bi-component epoxy resin on a sample 
holder for crystallographic analysis and stability studies. The material 
behaviour in this design may not perfectly mirror that of bulk materials 
in sintered pellets; however, it does offer a reasonable representation 
and allows for a meaningful comparison of the stability of each 
composition.

As shown in Fig. 3, the fluorite and fluorite-related compounds 
(zirconate pyrochlore and stabilised C-type (U,Am)2O3+x) show an 
excellent tolerance against α self-irradiation, the materials remaining 
crystalline and exhibiting a very moderate swelling (less than 1 % of the 

initial lattice volume). AmO2 keeps its crystallinity up to at least 36 
displacements per atom (dpa) [46]. (U,Am)O2 of various compositions 
[47] shows very similar behaviour as pure AmO2 with a crystallographic 
volume stabilisation at about 0.8 % of the initial volume. In contrast, 
uranium stabilised C-type (U,Am)2O3+x shows a significantly lower 
swelling [22], which can be understood from its specific C-type 
configuration with a vacant site on the oxygen sublattice and a higher 
degree of disorder on the cation sublattice.

Natural monazite-(Ce) generally exhibits moderate resistance to ra
diation damage from α self-irradiation, attributed to continuous low- 
temperature annealing [49–51]. The damage is caused by α decay 
from uranium and thorium that substitute for Ce from a few percent to 
very high amounts (see e.g. Ref. [52]). As observed for PuPO4 and 
AmPO4, amorphization of monazite-type phases can occur at relatively 
low doses of self-irradiation, depending on the composition [53,54]. For 
example, 238Pu-doped (La,Pu)PO4 remained crystalline up to a higher 
cumulative dose than pure PuPO4, which became almost completely 
amorphous. Increasing the Pu-content in monazite solid solutions di
minishes its resistance to self-irradiation [55,56]. Americium phosphate, 
AmPO4, remained crystalline under self-irradiation for circa two 
months, with a crystallographic volume swelling of ~1.5 %, and then 
was amorphising over a period of a year. However, microcrystals were 
present in the amorphous material even after a two-year period [28].

Zircon (ZrSiO4) is frequently found in nature in the metamict 
(amorphous) state due to damage caused by α self-irradiation from 
incorporated uranium and thorium decay [57]. The accumulation of 
radiation damage in zircon is associated with changes in its physical 
properties and a general decrease in its chemical durability [58]. 
Research on natural zircon, 238Pu-doped zircon, and ion-beam irradiated 
zircon has provided a clear understanding of radiation effects on zircon 
across different time scales [59]. Radiation damage causes the buildup 
of point defects and amorphous regions in zircon. Amorphous zircon 
recrystallises above 1000 ◦C in two steps, starting with formation of 
pseudo-cubic zirconia. As shown in Fig. 3, the zircon-type AmVO4 shows 
a rapid amorphization, but with a lattice contraction, possibly due to a 
phase transformation [29].

The effect of americium α-decay on americium aluminate has been 
monitored by XRD and 27Al Magic Angle Spinning – Nuclear Magnetic 
Resonance (MAS NMR) analyses. In a first step, a progressive increase in 
the level of disorder in the crystalline phase was detected, associated 
with a significant crystallographic swelling of the material. In a second 
step, the crystalline AmAlO3 perovskite was progressively converted 
into amorphous AmAlO3, with a total amorphization occurring after 8 
months and 2⋅1018 α-decays g− 1. The material showed a significant 
swelling (~5 % of the lattice volume) followed by total amorphization 
[30]. The trivalent oxidation state of americium was stabilised in the 
AmAlO3 perovskite in oxidising conditions, which is beneficial for its use 
as an americium-bearing material. As a drawback, a clear segregation 
was observed of the 237Np impurity initially present in the americium 
within the oxide phase. Moreover, the neutron yield from (α,n) in 
aluminium is not negligible for the α-decay energy of 241Am [23,60].

Pyrochlore-like compounds are found in igneous rocks (such as 
carbonatites, nepheline syenites or granite pegmatites) containing up to 
30 wt% UO2 and 9 wt% ThO2 [61]. Several studies on radiation resis
tance have been performed with actinide doping of zirconates. XRD 
measurements showed that 243Am2Zr2O7 and 249Cf2Zr2O7 both exhibits 
very good resistance to α self-irradiation [62]. The compound with 
californium, which has a shorter half-life, showed a slight swelling of the 
lattice parameter during the first months and lost progressively the 
characteristics diffraction lines belonging to the pyrochlore superstruc
ture. After six months of self-irradiation (corresponding to 1.17⋅1018 

α-decay g− 1) the diffraction lines of the superstructure disappeared but 
the compound remained crystalline, transformed into disordered fluo
rite solid solution. Two years later the compound was still crystalised in 
a cubic solid solution. In a similar study [48] it was shown that the initial 
lattice parameter of 241Am2Zr2O7 decreased by about 1 % after three 

Fig. 3. Crystallographic lattice volume variation for different americium 
compounds (including AmO2 [20] and Am2Zr2O7 [48]. The solid lines are 
exponential fit of experimental values obtained from Rietveld refinement. 
Dashed lined are only estimation: for high dose AmAlO3 and AmPO4 shows 
important peak broadening and asymmetry preventing from accurate Rietveld 
refinement, while for AmVO3 and AmVO4 the volume variation was estimated 
from two Rietveld refinements only.
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months. Furthermore, the superstructure peaks vanished slowly and 
completely disappeared after a year, corresponding to a cumulated dose 
of 0.21 dpa. The same study showed that the compound remained 
crystalline as a cubic solid solution after an experimental period of 1360 
days, corresponding to a cumulated dose of 0.8 dpa. In case the actinide 
ions are oxidized to the tetravalent oxidation state, an order-disorder 
phase transition occurs, which is the case for the americium [63–65]. 
Accordingly, the compound Am2Zr2O7 is only stable under inert 
atmosphere.

3.3. Helium release

Helium produced from alpha decay of 241Am has an influence on the 
source material behaviour because it accumulates in the crystal struc
ture and at the grain boundaries of the microstructure [66]. As a result, 
the physical and mechanical properties will evolve with time. From 
studies of helium in natural minerals containing uranium and thorium, 
as well as in nuclear fuel behaviour, the mechanisms underlying its 
behaviour are well known. Helium atoms are trapped in lattice defects, 
voids or pores, and then aggregate into gas bubbles in grains or at grain 
boundaries through lattice diffusion. With increasing time, and the 
concomitant increase of defects and He concentration, the bubbles will 
grow and aggregate further, particularly at grain boundaries. This leads 
to macroscopic swelling (in combination with the lattice swelling dis
cussed in the previous section), cracking and fragilization of the pelle
tised material.

The behaviour of helium is known in some of the selected materials. 
The diffusion of radiogenic helium in zircon and monazite has been 
studied in natural materials [67,68], in which He generating radionu
clides (Th, U) have a much lower concentration and He generation rates 
than pure americium compounds. The diffusion coefficients of 
ion-implanted helium in monazite and zircon were found to be close in 
the temperature range 575 K–873 K [69,70]. An interesting observation 
of these studies was that He diffusivity in synthetic LaPO4 was about an 
order of magnitude faster than in natural monazites. This can be related 
to the trapping effect at defects created by self-irradiation and substi
tutional impurities. Studies on helium behaviour in pyrochlore 
(Gd2Zr2O7) show a similar effect [71]. Extensive literature exists on the 
helium behaviour in fluorite structure actinide dioxides (e.g. Refs. 
[72–74]). Helium release takes place at temperatures between 500 K 
and 1400 K (with peak at 1200 K) when samples are heated in a con
tinues manner. It follows the stages described in the previous paragraph, 
with the peak release corresponding to the grain boundary opening and 
release. Also, for fluorite, the defect structure as well of the 
oxygen-to-metal ratio (O/M) of the material play an important role. 
Because RHUs and RTGs sources operate in this temperature range, 
helium diffusion takes place, and the release can be tuned by engi
neering the microstructure for the pelletised material. An open porosity 
structure must be aimed at to facilitate release, as is the case for 238PuO2 
sources [75] optimised with respect to density and mechanical stability. 
Helium release is thus only partially a material intrinsic characteristic 
and therefore is scored “zero” the performance assessment.

3.4. Thermal properties

Thermal properties of the selected americium compounds are poorly 
known [76]. While structure and radiation effects can be studied on 
small-scale samples as described in the previous sections, thermal 
property studies need large(r) quantities that are generally not available, 
except for the binary oxide. Therefore, the thermal properties must be 
assessed from lanthanide surrogates in most cases. In our work we have 
focussed on the thermal conductivity. This property is highly sensitive to 
self-irradiation effects [74,77], and thus will change rapidly from the 
moment of fabrication of the source [78–80] so already well before 
employment in space.

At room temperature a significant difference exists for the thermal 

conductivity of the compounds, with the close-packed pyrochlore at the 
lowest range (1.3 W m− 1 K− 1) [81], fluorite and monazite at interme
diate (2.5–3 W m− 1 K− 1) [82,83] and zircon and perovskite at the high 
range (>7.5 W m− 1 K− 1) [84,85]. At higher temperature, these differ
ences disappear, and the available data show thermal conductivities in 
the range of 1–2 W m− 1 K− 1. The radiation damage created by the alpha 
decay of 241Am will rapidly lead to further reduction, as has been evi
denced by heat capacity [78] and thermal diffusivity measurements 
[74]. Thus, we expect the differences between the materials to be small 
under operating conditions in space.

3.5. Performance evaluation

Based on this extended discussion, the selected criteria and scores 
used for the assessment of the ceramics under consideration are shown 
in Table 1. The limits for this comparison were defined based on the 
current knowledge, realising that due to radiological safety limitations, 
americium ceramics can only be prepared in the milligram-to-gram 
range. When synthesis scale will become larger in the future, the 
criteria and scores be can adjusted further based on new findings. The 
individual performances of the selected ceramics, for ten essential 
criteria, are summarized in Table 2. Note that some information related 
to the thermal stability under different atmospheric conditions is 
missing and not considered in the final assessment (no score) in Table 3. 
This comparative clearly shows that, among the selected compounds, 
the fluorite related Am1-yUyO2-x is the most suitable ceramic for use in 
RPSs.

4. Am-ceramics fabrication

The fabrication of Am-ceramics is complicated by the high specific 
activity of 241Am (126.91 GBq g− 1) and the fact that the α-decay of 
241Am is accompanied by a γ-emission of 59.5 keV. As a result, the 
traditional way of handling actinides, alpha-tight glove boxes, is only 
suited for small quantities in the order of a few milligrams. The solution 
to this is shielding and remote handling. Shielding of glove boxes with 
lead glass will help to limit the body dose, but not the dose on the hands; 
lead shielded gloves complicate the work significantly. These measures 
will only lead to a small increase of the quantities that can be handled. 
Therefore, remote handling and robotisation are the ultimate solution 
for the handling of larger 241Am quantities, which are required for RPSs.

The JRC-KA site of the European Commission (EC) [86] has operated 
such remote facilities for many decades, being one of the few facilities 
dedicated to the fabrication of materials containing minor actinides 
(MA) in the European Union (EU). A laboratory in operation since 2004, 
the so-called Minor Actinide Laboratory (MALab), is primary dedicated 

Table 1 
Criteria defined for the assessment of suitability of specific ceramic for use in 
space missions.

Criteria Score

− 1 0 1

Power density at 100 
% TD (W cm− 3)

<75 75–85 >85

Volume variation δ 
(%)

δ < − 2 or δ >
2

(-2 < δ < − 1) or (1 < δ <
2)

(-1< δ < 1)

Amorphization fast slow no
Stability oxidising RT – 500 ◦C 500oC–1000 ◦C >1000 ◦C

inert RT – 500 ◦C 500oC–1000 ◦C >1000 ◦C
reducing RT – 500 ◦C 500oC–1000 ◦C >1000 ◦C

237Np-distribution segregation segregation + atomic 
scale

atomic 
scale

(α,n) reaction with 
associated cation

yes ​ no

Helium release large effect mild effect no effect
Thermal conductivity 

at RT, W m− 1 K− 1
<2 2–5 >5
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to fabricating materials containing minor actinides such as americium 
and curium. It does not consist of classical hot cells, but rather of 
remotely operated gloveboxes behind thick radioprotection walls. The 
protection is composed of two layers: (i) lead bricks of 5 cm and win
dows with equivalent shielding of the γ-radiation, (ii) shielding of 
neutrons from spontaneous fission by polyethylene and water, 50 cm at 
the working level and 10 cm to shield against stray radiation (Fig. 4a). 
The protection walls are movable so that manual maintenance of the 

glove boxes and equipment therein is possible once the radioactive 
sources have been moved to storage positions with the same shielding 
equivalent.

The maximum mass of 241Am that can be handled in the MALab is 50 
g, which is not determined by the thickness of the shielding but is the 
result of the safety cases in the license. The quantities for 242m1Am and 
243Am are 0.1 g and 65 g, respectively. In fact, the thickness of the lead 
shielding is chosen for the handling of 231Pa (maximum 10 g) and that of 

Table 2 
Assessment of the individual performances of the selected ceramics based on the defined criteria. To facilitate comparisons with other materials, the power density is 
also provided in W g− 1.

Ceramic AmVO3 AmVO4 Am1-yUyO2-x AmPO4 AmAlO3 Am2Zr2O7

Structure perovskite zircon fluorite related monazite perovskite pyrochlore
Power density at 100 % TD (W cm− 3) 0.77 0.53 0.88(a) 0.62 0.86 0.60
Power density (W g− 1) 0.081 0.077 0.082(a) 0.082 0.087 0.071
Volume variation δ (%) +4.2 − 1.8 +0.4 +1.5 +5 − 0.6
Amorphization fast fast no slow fast no(c)

Stability oxidising RT–280 ◦C RT–1500 ◦C <200 ◦C (b) RT–1500 ◦C RT–1500 ◦C (d)
inert ​ ​ ​ RT–1500oC ​ ​
reducing RT–1250 ◦C ​ RT–1600 ◦C ​ RT–1400 ◦C RT-1400 ◦C

237Np-distribution segregation atomic scale + segregation atomic scale atomic scale + segregation segregation ​
(α,n) reaction with associated cation no no no no yes no
Helium release mild effect mild effect mild effect mild effect mild effect mild effect
Thermal conductivity at RT, W m− 1 K− 1 >7.5 >7.5 2.5–3 2.5–3 >7.5 1.3

a Can be improved by the optimisation of the Am/(Am + U)-ratio.
b This material oxidises between 100 and 200oC, but the structure stays the same and behaves well during oxidation.
c Phase transition from pyrochlore to defect-fluorite structure observed after a self-irradiation to a dose of 0.21 dpa.
d It oxidized into fluorite structure [41], but the temperature is not reported.

Table 3 
Score attribution based on the assessment of the individual performances of the selected ceramics.

Ceramic AmVO3 AmVO4 Am1-yUyO2-x AmPO4 AmAlO3 Am2Zr2O7

Structure perovskite zircon fluorite related Monazite perovskite pyrochlore
Power density at 100 % TD (W cm− 3) 0 − 1 +1 0 +1 − 1
Volume variation δ (%) − 1 0 +1 0 − 1 +1
Amorphization − 1 − 1 +1 0 − 1 +1
Stability oxidising − 1 +1 − 1 +1 +1 ​

inert ​ ​ ​ +1 ​ ​
reducing +1 − 1 +1 ​ +1 +1

237Np-distribution − 1 0 +1 0 − 1 ​
(α,n) reaction with associated cation +1 +1 +1 +1 − 1 +1
Helium release 0 0 0 0 0 0
Thermal conductivity at RT, W m− 1 K− 1 +1 +1 0 0 +1 − 1
Score − 1 0 +5 +3 0 +2

Fig. 4. (a) The Minor Actinide laboratory at JRC-KA showing the shielded of glove boxes at the working level (yellow), the manipulators for remote handling, and 
the metal encased shielding for the stray radiation (top). Note that the side wall in the back is opened. (b) Schematic layout of the MALab at the JRC-KA showing the 
remotely operated seven glove boxes and their function behind the radioprotection for γ- and neutron radiation.
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the neutron shielding for 244Cm (maximum 5 g), based on the JRC-KA in- 
house dose limits for workers.

This hybrid concept of heavily shielded and remotely operated glove 
boxes requires that background radiation levels in the glove boxes re
mains low and for that reason fabrication processes should be nearly 
dust-free. Wet chemistry (sol-gel, precipitation, hydro-/solvothermal) or 
infiltration methods are well implemented, whereas dry chemistry 
(powder mixing) is only used for a restricted number of steps for the 
pellet preparation. The seven cells of the MALab (see Fig. 4b) comprise 
all key processes for the fabrication such as mixing/blending, calcina
tion, pressing, sintering (in different atmospheres), plus the basic char
acterisation of the aspect and dimensions of the fabricated ceramics.

Several Am-ceramics have been synthesised and handled over the 
past decades for various purposes. These include fuels for transmutation 
comprising inert matrix fuels, ceramic waste forms, and materials for 
space applications. The syntheses are completed on a large scale ac
cording to current safety standards, using (up to) grams of 241AmO2, 
various approaches such as sol-gel and direct co-precipitation. Repre
sentative examples are fuels for the SPHERE [87] and MARINE [88–91] 
irradiation experiments.

In the frame of demonstrating the potential use of 241Am for space 
applications, a UKNNL-JRC cooperation began in 2015, focusing on the 
sinterability of Am2O3 and AmO2 powders [92]. Thus, eight pellets of 
about 0.4 g each were produced and sintered, showing that formation of 
high-density pellets of AmO2 via oxidation of Am2O3 sintered pellets is 
not a viable option.

In the past decade, approximately 15 g of americium were processed 
in the MALab, generating around 25 different compositions for the given 
purpose. Due to the rigorous use of manipulators and remote handling 
equipment, the effective radiation dose received by operators consis
tently remained well below the accepted limits. The operation was done 
with continuous support from the design office, workshop, analytical 
service, material transport, waste treatment and disposal, and radiation 
protection groups.

The pellets used for a microscale application of an americium source 
were produced using a gel-supported external hydrolysis method [22]. A 
mixed Am–U nitrate solution was dropped into an ammonia bath, 
resulting in a precipitate that was subsequently calcined. The calcination 
process involved heating for 2 h at 800 ◦C in air, followed by 6 h at the 

same temperature in an atmosphere of Ar/5 % H2. After pressing, two 
main pellets (Fig. 5a) were sintered at 1600 ◦C in an atmosphere of 
Ar/H2/H2O (2000 ppm). The first pellet (N1) had a height of 10.6 mm 
and a diameter of 6.0 mm. It had a mass of 2.96 g, which includes 2.13 g 
of 241Am. The estimated thermal power generated by radioactive decay 
for this pellet was 243 mWth. The second pellet (N2) was shaped like a 
disc, measuring 1.9 mm in height and 15.3 mm in diameter. Its mass was 
3.33 g, which contained 2.41 g of 241Am; the associated thermal heat 
power for this disc-shaped pellet was 271 mWth. Both the pellet and the 
disc achieved a density of approximately 93 % of the theoretical density 
(TD) [22].

The mechanical stability of the pellet was assessed during seven 
years post-production. A visual inspection confirmed that the pellet and 
the disc maintained their integrity, showing no signs of pulverization or 
visible cracks in their macrostructure; Fig. 5a displays images of the 
pellet and the disc right after production and after seven years. In the 
initial years of study, the phenomenon of crystallographic swelling was 
monitored as well by XRD (Fig. 5b). Observations indicated that the 
crystallographic swelling of this material reached a maximum increase 
of approximately 0.4 % of the initial value in volume for about 0.1–0.2 
dpa, representing circa half of the values reported for pure PuO2/AmO2. 
This minimal level of crystallographic swelling demonstrates the mate
rial’s favourable performance under α self-irradiation, which is prom
ising for its potential use as a heat source in space applications. 
Moreover, dimensional measurements do not show any macroscopic 
swelling over the error bar of the measurements.

5. Am-based RTG: microscale application

We present further a proof of concept, to demonstrate the feasibility 
of supplying energy to an equipment based on the heat produced by the 
above-described Am1-yUyO2-x pellets [22]. The total amount of heat 
power produced (514 mWth) was relatively small, representing only a 
fraction of what is typically needed for standard mechanical devices 
including those that employ mechanical electricity conversion (such as 
micro-piezo pumps [93], micro-electric engines [94], and 
micro-thermodynamic engines like Stirling engines [95]). Therefore, the 
decision was made to generate electricity directly from the 241Am source 
to power a real device. The operable set up had to fulfil several technical 

Fig. 5. (a) Images of the N1 pellet and N2 disc right after production (top) and after seven years (bottom) (b) Crystallographic swelling of the Am1-yUyO2-x pellet 
measured by XRD; the error bar on the y-axis (derived from Rietveld refinement) is withing the dimension of the symbols.
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constraints. 

(i) Regular and long term tested RTGs developed for electricity 
generation [96] are based on thermoelectricity conversion prin
ciple - Seebeck effect [97]. We know that typically only 5 % 
conversion of the thermal power is achievable and represents 
⁓10 mWe at best in our case.

(ii) It is not technically possible to simulate deep space conditions 
(temperature ⁓50–100 K at ultrahigh vacuum ⁓10− 6 Pa) for a 
multiyear test. Nitrogen atmosphere of the glovebox and the 
circulation imposed by safety regulations, implied the presence of 
gas flow, increasing thermal heat transfer between hot and cold 
points on the pellet and reducing ΔT and Seebeck heat conver
sion. A conservative 1–2 mWe available was taken for exploring 
technical solutions.

(iii) Simplified/robust technology as the components will be exposed 
to high radiation doses (241Am). Moreover, only a few parameters 
need to be monitored, particularly temperature, ideally without 
electrical wiring, to showcase the fully autonomous nature of the 
setup. This requires wireless communication between the pow
ered device and the receiver, using technologies such as Blue
tooth or Wi-Fi.

From a survey of existing electronic components or systems (industry 
or research) requiring a minimal amount of power to function, we 
identified an industrial microelectronics equipment [98] that could be 
adapted/diverted from its design applications and could be powered by 
a fraction of 241Am self-decay heat (⁓1 mWe). The device is working on 
the concept of harvesting heat loss from warming radiators and is used 
for wireless monitoring and controlling temperatures in industrial 
buildings or individual homes [99]. Measured temperature values are 
transferred by Wi-Fi signal to a PC with reception antenna dedicated and 
supporting a monitoring software. All the information is gathered 
without wiring any probes to the central command and can be installed 
in the glove box with the pellet. The key interest, of course, is to get a 

fully autonomous setup (pellet + electronic device) reproducing at 
microscale 238Pu-based RTG as in deep space probes [100] or on Mars 
missions [101].

To our best knowledge, the setup described (Fig. 6) is the first one 
ever reported operating completely autonomously on power generated 
by 241Am isotope, the device being operated continuously at JRC-KA in 
the MALab since 2018. Temperatures (Cold and Hot) at the pellet con
tact and the heat sink, as well as the estimated electrical power gener
ated by thermometric conversation, are reported in Fig. 7. It is important 
to emphasise that the demonstration presented here is not intended as a 
full-scale RTG prototype, but rather as the first experimental validation 
that an americium-based ceramic can power an autonomous electronic 
device over multi-year timescale. While the output remains at the 
milliwatt level and testing conditions differ from deep-space environ
ments, this proof-of-concept provides a crucial step toward practical 
deployment. It demonstrates that americium ceramics, fabricated under 
remote-handling conditions, can maintain their integrity and function
ality in a real, continuous operation.

6. Summary and outlook

This work discusses the outcome of a decade-long research effort 
focussed on producing stable americium-based ceramics, which have 
potential applications in radioisotope power sources. The long-term 
lifecycle expectations of such americium ceramics are directly tied to 
their resistance against α-decay damage and helium production. As 
shown in this work, U-stabilised AmO2 retains crystallinity with minimal 
swelling even after seven years, while other compounds (e.g. AmPO4, 
AmAlO3) undergo amorphization. Our analysis demonstrates that U- 
stabilised AmO2 offers both structural and chemical robustness to sus
tain the required multi-decade operational lifespan of RPSs.

Importantly, the aspects considered here ‒ fabricability, radiation 
tolerance, stability under varying atmospheres ‒ are crucial factors for 
the fuel form in RPSs. By identifying U-stabilised AmO2 as a leading 
candidate, this work directly supports the development of americium 

Fig. 6. (a) Principle of heat transfer in the setup and electrical power generated. The heat source (pellet/disk) should be in very good thermal contact with the 
Thermometric converter (ThermoGenerator in Package, TGP) shown in (c). In our case the heat sink is the black aluminium radiator in contact with atmosphere of 
the glove box. (b) Pellet/disc of Am1-yUyO2-x used for the experiment. (c) TGP converter with a diameter fitting with the section of the pellet. (H= Hot Side, C= Cold 
Side, We = electrical power generated by thermoelectric component powering temperature sensors (H and C) and Wi-Fi antenna (d) Unmodified device - MicroPelt © 
- rf core. (e) Set-up modified with aluminium block with the americium pellet inside and Wi-Fi antenna emitter in the glove box. Millimetre paper used for 
size reference.

J.-F. Vigier et al.                                                                                                                                                                                                                                Materials Today Chemistry 50 (2025) 103148 

8 



fuel forms for future RHU and RTG concepts of ESA, bridging the gap 
between isotope availability and system-level deployment. The next 
phase of this research should focus on upscaling of the fabrication pro
cess, including encapsulation, to produce batches ranging from tens to 
hundreds of grams, and optimising the microstructure of the ceramic 
source to facilitate helium release. This phase will likely focus on the 
realisation of the RHU design.

As described in some detail, the handling of 241Am required for 
producing two (Am,U)O2 pellets of about 3 g each was done by remote 
handling (JRC MALab). Our experience illustrates the complexity of 
working with this isotope at such a scale. The challenges for upscaling of 
source size will centre around proper management of radiation doses 
and heat production. This will require significant modifications 
compared to the current MALab design and operational practice, while 
maintaining source purity and quality, minimising handling losses. In 
particular, increase of automation/robotisation of the process will be 
necessary, and fabrication process and radioprotection approach must 
be brought in line with the feed material properties. The latter are 
currently not known, which effectively will delay the microstructure 
optimisation.

Finally, the development of a simple proof of concept demonstrated 
the feasibility of supplying electric energy to equipment with the sta
bilised AmO2 pellets. The system has operated for more seven years, 
showing that it can generate completely autonomous electric current 
while maintaining the stability of the chosen material throughout this 
period. With upscaling of the source size, future tests can be more 
representative and investigate the effects of γ-radiation on the thermo
electric couples, an issue that is not occurring for 238Pu sources.
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