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System Background: Radioisotope systems are 

common to many deep space systems beginning as 

early as the Navy Transit 4A mission in 1961 [1].  

They provide a reliable means of power where access 

to sunlight may not be available. Common systems use 

thermocouples to produce energy from the the General 

Purpose Heat Source (GPHS) module [2].  Several 

options have been proposed for improving the energy 

efficiency of heat conversion, Fig. 1 [3].  

 
Figure 1. Energy Conversion Options [3] 

NASA Glenn has proposed one in which the photons 

emitted by the heated GPHS module are converted 

directly into electrical energy through photovoltaic 

cells [4].  A 250WT system has a specific mass of ap-

proximately 160kg/kW and a conversion efficiency of 

17% [4].  This research aims to improve the perfor-

mance of this system. 

Heat Source: Due to its half-life and decay energy, 

Pu-238 has long been the choice for RTGs [1]. How-

ever, PuO2 has very poor thermal conductivity which 

causes high thermal gradients in the source [5,6]. To 

maximize the performance, the surface emissions 

should be in an energy range in which photovoltaic 

cells are most efficient.  The use of a metal matrix can 

improve the thermal conductivity of the heat source 

and maximize its surface temperature thus improving 

performance.  Additionally, the matrix material must 

be chosen such that re-entry and containment concerns 

are satisfied as in the Step-2 GPHS modules. Several 

matrix materials were investigated revealing tungsten 

and titanium diboride as leading canidates.  Expected 

surface temperatures for a 250WT system using these 

matrix materials ranged from 1350K - 2000K depend-

ing on the matrix geometry. 

Spectral Control: Spectral Control to reduce less 

efficient wavelengths is commonly accomplished 

through the use of selective emitters and filters [7].  

Interference, plasmonic, resonant array, and tandem 

filters [8,9,10] were investigated here. However, most 

filters were found to have adverse photon absorption 

and temperature stability.  Still, with achieveable tem-

perature control, a tandem Se/Sb filter under investiga-

tion by NASA Glenn offers promising performance [4]. 

The focus here is a superior method of spectral con-

trol through the use of a selective emmiting surface.  

This eliminates the parasitic absorption of filters.  

Common selective emitters investigated included rare-

earth ceramics, tungsten and other metal coatings, and 

2-D photonic crystals (PHC) [7,11, 12,13]. Of these 

systems, PHC’s showed the most promise. These high-

ly specialized resonant emitters have periodic micron-

scale cavities such that their size and lattice structure 

are tuned to a desired wavelength [14].  Tungsten 

PHC’s are under heavy study by MIT [15];  however, 

the performance of these microstructures at higher 

temperatures may degrade unless grain growth can be 

controlled[16]. 

It is important to note that the use of such spectral 

control will decrease the power intensity of the system 

increasing the PV size/mass.  This effect is especially 

evident in highly selective emitters/filters such as the 

VERTE[17]. 

Thermionics: Starting at around 1500K, the source 

surface emits a significant amount of electrons, particu-

larly tungsten due to its low work function [18].  A 

metallic mesh, or resonant array filter, that collects 

these electrons as a current can boost system power.  

Employing thermionics not only increases efficiency 

but also system lifetime by reducing PV cell damage 

from free electrons.  Thermionic efficiency is tied to 

the carnot efficiency defined by the operational tem-

perature difference of the metallic mesh collector and 

emitter and collector resistance[19].  Testing of a ther-

mionic system with a cesium plasma gap needs to be 

performed, but an efficiency boost of 5% can be antic-

ipated.  Suggested improvements to dedicated thermio-

nic designs  such as oxygen seeding, oxide coatings, 

etc. were considered but degrade system performance.  

Thus, a simple thermionic array is of primary interest. 

Photovoltaics:  The optimal type of photovoltaic 

(PV) is primarily driven by the surface temperature of 

the emitter [20].  Ideally, this temperature should pro-

duce a blackbody peak that is higher energy than the 
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band gap of the PV.  Cells utilizing multiple band-gaps 

[21] as well as nano-antenna systems [22] to collect 

longer wave-length photons were considered;  howev-

er, due to their low TRL in comparision to performance 

improvement, these systems were left out of the final 

anaylsis.  Instead, a 0.6eV InGaAs photovoltaic cell 

developed by Creare was analyzed for the system [23].  

It can be seen that the performance of this PV cell is 

highly dependent on its operating temperature.  This 

temperature can be optimized with needed radiator size 

in order maximize specific power. 

Radiators:  Carbon K1100 composite radiators 

were investigated. Mass was calculated for multiple 

cylindrical heat pipes with fins.  It is believed that fur-

ther reduction in mass could be accomplished by in-

corporating a flat heat-pipe design geometry given the 

anticipated size of the radiator. 

System Performance Estimates: The impact of 

each of these components on the system performance 

was analyzed using an idealized 1-D model of heat 

transfer and energy conversion based on the quantum 

efficiency of the photovoltaic cells and material emis-

sivity measurements.  Parasitic system absorption 

losses were largely neglected with the exception of 

filter absorption.  The energy boost from the thermio-

nic system was determined using conservative esti-

mates based on given materials and operating tempera-

tures. All filters were assumed to be thermally coupled 

with the photovoltaic cells at a temperature of 300K. 

Figure 2 displays key high-performance systems of 

interest analyzed using a tungsten matrix heat source. 

 
Figure 2. Calculated System Performance Estimates 

Discussion:  As seen from Fig. 2 significant per-

formance benefits in RTPV systems can be achieved 

through the use of CERMET matrices, advanced spec-

tral controls of selective emitters, and thermionic sys-

tem boosts at high temperatures. 

Future Work: As this research was primarily con-

ceptual and focused on identifying some of the most 

promising design enhancements, there is plenty of 

room for additional research.  Some key aspects in-

clude: 

 Acquisition of material specific data at high tem-

peratures for optical depth, thermal and electrical-

conductivity, dielectric constant, and index of re-

fraction to improve model estimations 

 Examination of high temperature performance ef-

fect on 2D PHCs 

 Examination of temperature stability of frequency 

selective surfaces and their use as filters 

 Analysis of electron emission impact on system 

lifetime 

 Expansion of  model to include resistance losses in 

PV cell, cavity efficiencies, and system losses 

 Adjustment of radiator model to reduce mass for 

higher power/temperature systems and account for 

limitations on shrinking provided heat pipe geome-

try and heat transfer in working fluid 
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