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The clouds of Venus, seen by Venus Express (top: 
upper clouds in UV [VMC, MPS/ESA]; lower left: low 
clouds as seen in near-IR [VIRTIS, LESIA/INAF/ESA] 

EXECUTIVE SUMMARY 
Of all our planetary neighbours, Venus should be the most Earth-like: its size, bulk composition and distance from 

the Sun are very similar to those of the Earth. Its original atmosphere was probably similar to that of early Earth, with 
large atmospheric abundances of carbon dioxide and water. While on Earth a moderate climate evolved, Venus 
experienced runaway greenhouse warming, which led to its current hostile climate. Where did it all go wrong for 
Venus? What lessons can we learn about the life story of terrestrial planets in general, including our own Earth? 

While ESA’s Venus Express mission is answering many questions about Earth’s sibling planet, several key 
questions require in situ investigation, in particular relating to the noble gas isotopic signatures of past history and the 
complex cloud-level atmosphere. Here, we show that these fundamental questions can be addressed using a fairly small 
in-situ mission based on a single balloon probe, called the European Venus Explorer (or EVE).  

The science goals for the EVE mission are the following: 
1) To elucidate the origin and evolution of Venus, and its relationship to Earth and Mars, that is: 

* To unambiguously determine which kind of accretion scenario gave rise to Venus (“gas-rich” or “gas-poor”). 
* To establish the origin and eventual loss to space of volatile species over the history of Venus. 
* To constrain the degassing history of the planet, with an emphasis on early degassing.  
* To search for active volcanism, remnant magnetic field and other clues to solid planet history. 
* To trace back the evolution of the atmosphere with the main goal to constrain water and climate histories, to 

construct a unified scenario for the formation and evolution of the terrestrial planets. 
2) To investigate the current climate of Venus and its stability, with a focus on the cloud-level environment, that is: 

* To investigate the complex coupled chemical, radiative, and dynamical processes governing the Venus clouds.   
* To study the mean and transient dynamics of the cloud-level atmosphere, from small-scale to global scale. 
* To study the role of clouds in maintaining the enormous greenhouse effect of Venus.  
* To measure for the first time the electrical and magnetic environment at cloud level, including lightning.  
* To investigate the habitability of Venusian clouds. 
Considered together, these science investigations will contribute to the central theme of the mission, which is to 

understand the origin and evolution of Venus and its climate, with relevance to terrestrial planets everywhere. 

EVE in Cosmic Vision  
The Cosmic Vision programme prioritizes ESA’s space missions for the next decade. The first two questions it 

seeks to address are 1. What are the conditions for planet formation and the emergence of life? and 2. How does the 
Solar System work? Central to both questions is the study of terrestrial planets. The three terrestrial planets in the Solar 
System - Earth, Mars, and Venus - cover a wide range of evolutionary pathways, and so represent a key to 
understanding planets and their habitability, both in our own solar system and for exoplanetary ones. Earth research of 
course is well established, and Mars exploration has its dedicated robotic exploration programme, including the near-
future Exomars mission. Study of Venus similarly deserves to be prioritised highly.  

Venus science builds on important foundations from early missions by the US and USSR, in particular the latter’s 
series of Venera and Vega missions which included in 1984 the successful deployment of two small balloons in Venus’ 
atmosphere. However, in the 21st century it is Europe which is playing the leading role in Venus research with the 
highly successful Venus Express spacecraft. EVE would continue Europe’s leadership in this field, and would permit 
increased value to be obtained from the Venus Express dataset by providing in situ data to improve interpretation of the 
remote sounding observations from Venus Express. 

TTTooowwwaaarrrddd   aaa   uuunnniiifffiiieeeddd   sssccceeennnaaarrriiiooo   ooofff   ttteeerrrrrreeessstttrrriiiaaalll   ppplllaaannneeetttsss   fffooorrrmmmaaatttiiiooonnn   aaannnddd   eeevvvooollluuutttiiiooonnn   

AAAnnn   iiinnn---sssiiitttuuu   mmmiiissssssiiiooonnn   tttooo   uuunnndddeeerrrssstttaaannnddd   ttthhheee   eeevvvooollluuutttiiiooonnn   ooofff   VVVeeennnuuusss   aaannnddd   iiitttsss   cccllliiimmmaaattteee   
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Mission baseline  
In 2007, the EVE team proposed an ambitious mission consisting of one balloon platform floating at an altitude of 

50-60 km, one descent probe provided by Russia, and a polar orbiter for data relay as well as orbital science. Here, we 
propose a much simpler mission consisting of a single balloon platform, which will perform a complete 
circumnavigation of Venus and communicate directly to Earth. We show that this simpler mission, which is achievable 
by ESA alone, will satisfactorily address many of the key science questions at Venus. 

The lifetime of the EVE balloon is 10 days, much longer than the 46 hours period during which Russia's VEGA 
balloons returned data. Earth-based VLBI and Doppler measurements will provide tracking information for the balloon 
when it is visible from the Earth, allowing measurements of the cloud-level wind field. 

EVE is an M-size mission that will be launched by a Soyuz Fregat 2-1b from Kourou (capacity of >1400 kg). A 
nominal launch date is proposed in early 2023, with a possibility to launch in 2021. EVE consists of a carrier 
spacecraft, which will deliver the balloon entry probe to Venus before performing a trajectory correction manoeuvre in 
order to fly past Venus. The balloon, which like the successful Vega balloons will be a helium superpressure balloon, 
will be deployed at an altitude of 55 km, which is in the heart of the convective cloud deck. Entry phase data and initial 
scientific data will be transmitted to Earth via the carrier spacecraft during the first 2 hours of the float phase; a direct-
to-Earth communications link will be used to return scientific data during the rest of the mission. The total volume of 
science data returned from the balloon is estimated to be ~50 Mbits.  

The balloon gondola is equipped with 15 kg of science payload. One part of this payload is devoted to the 
characterization of cloud chemistry and climate. The key instrument in this field is a sophisticated GCMS system to 
analyse the cloud and gas composition; this is backed up by optical spectrometry of the cloud particle composition, and 
measurements of dynamics, radiative balance, and microphysical properties. The other part of the payload consists of 
an ultra-precise noble gas isotopic analyzer, taking benefit of the long integration times (~ hours) allowed by the stable 
balloon platform. Note that the VEGA balloons of 1984, while demonstrating the technological feasibility of deploying 
balloons on Venus, carried only a very small payload of pressure, temperature, light flux, and backscatter sensors.  

International cooperation 
The science team for the EVE mission, built on co-operation formed within the VEX and Akatsuki projects, 

includes over 220 scientists from across Europe as well as from Russia, USA, Canada, and Japan.  
The proposed mission could be flown without the non-ESA partners; their participation in the science team will, 

however, strengthen the mission. Several opportunities for internationally contributed instruments or instrument 
subsystems have been identified. Discussions are also underway with several partners about the possibility of them 
independently launching a Venus orbiter that would operate at the same time as the EVE mission, carrying out its own 
orbital science as well as data relay and contextual observations for the EVE balloon mission. 

 
1. SCIENCE CONTEXT   

1.1 Introduction 
 
 The first phase of Venus spacecraft exploration by 

the Venera, Pioneer Venus, and Vega missions (1962-
1992) included flyby spacecraft and orbiters, descent 
probes and balloons. It established a basic description of 
the physical and chemical conditions prevailing in the 
atmosphere and at the surface of the planet (Taylor, 2007; 
Titov et al., 2006). Radar mapping by the Venera-15, -16 
and Magellan orbiters, combined with earlier glimpses 
from landers, provided a major expansion of our 
knowledge of Venus’ geology and geophysics. 

These early missions provided an ever-more detailed 
snapshot of the hostile conditions on Venus today. 
However, they offered little clue as to how these extreme 
conditions had arisen. Many mysteries persist to this day: 
What surface-atmosphere interactions exist to maintain 
such a massive atmosphere, including possible 
volcanism? What chemical and physical processes are 
responsible for the enormous, planet-encircling cloud 
layer? How did this planet evolve such a powerful 
greenhouse effect? At what stage in its history did Venus 
lose its magnetic field and apparently its tectonics, and 
how did this affect the evolution of its climate? Which 

role did volcanism play in shaping Venus surface and 
degassing to its early atmosphere? How has the 
interaction of this planet with the solar wind determined 
the evolution of the climate? How is it that the 
atmosphere rotates 50 times faster than the solid planet 
below?  

Beyond the specific case of Venus, resolving these 
issues is of crucial importance in a comparative 
planetology context and notably for understanding the 
long-term climatic evolution processes on Earth. 
Comparison of the climate on the three terrestrial planets 
would also help to determine the boundaries of the 
habitable zone in the Solar System, i.e. the range of 
distances to the Sun within which the conditions on the 
planets can remain suitable for life.  

After more than a decade of neglect, Venus is again 
being visited by a dedicated spacecraft. Venus Express 
(VEX), the first ESA spacecraft to Venus, was inserted 
into orbit around the planet on April 11, 2006 and has 
now completed almost five Earth years of successful 
observation (Svedhem et al., 2009). VEX focuses on the 
global remote sensing investigation of the atmosphere 
and plasma environment from a polar orbit. In December 
2010, the Japanese Space Agency (JAXA) “Akatsuki” 
orbiter – also known as Venus Climate Orbiter, or 
PLANET-C – will have arrived at Venus and started its 
mission dedicated to continuous meteorological 

AAA   bbbaaalllllloooooonnn   fffooorrr   ssstttuuudddyyyiiinnnggg   aaatttmmmooosssppphhheeerrreee,,,    ccclllooouuudddsss   aaannnddd   eeevvvooollluuutttiiiooonnn   

AAA   mmmiiissssssiiiooonnn   iiinnnvvvooolllvvviiinnnggg   ooovvveeerrr   222222000   sssccciiieeennntttiiissstttsss   fffrrrooommm   aaarrrooouuunnnddd   ttthhheee   wwwooorrrlllddd   
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 observations of the planet (Nakamura et al., 2009). VEX 
and Akatsuki are remote sensing missions that provide a 
global survey of the atmospheric and plasma processes. 
The analysis of the data from these missions is allowing 
scientists to address many of the fundamental open issues 
mentioned earlier, but many of them will require further 
investigation with in situ measurements. 

1.2 Main science questions at Venus 
This section gives a brief summary of the outstanding 

science questions that will still be left unsolved following 
the investigations by Venus Express and Akatsuki. 

• It is generally believed that Venus received 
similar amounts of volatiles from the proto-planetary 
nebula as the Earth did. The atmosphere of Venus 
contains about twice as much carbon and nitrogen than as 
the atmosphere, hydrosphere and sediments of the Earth 
(Lécuyer et al., 2000). The low quantity of water in the 
present atmosphere of Venus could result from a 
combination of crustal hydration and past escape 
processes. The present value of the D/H ratio on Venus, 
enhanced over that on Earth by more than a factor of 100, 
suggests that hydrogen escape has played an important 
role in removing water from the Venus atmosphere. 
Recent results from the ASPERA instrument on Venus 
Express show that oxygen is escaping at rate about half 
that of hydrogen (Barabash et al., 2007a), suggesting that 
significant escape of both H and O through non-thermal 
processes has occurred during Venus history. Although 
thermal escape is no more effective at the present time, 
large amounts of these water-forming constituents could 
have been removed by hydrodynamic escape (the content 
of one or several terrestrial oceans) during the few first 
hundred million years (Kasting and Pollack, 1983; 
Gillmann et al. 2009). Volatile loss could have also 
occurred through catastrophic early impacts (Zahnle, 
2006). These primitive episodes of atmospheric losses, 
which probably also affected Earth’s and Mars 
atmospheres, are suggested by noble gas elemental and 
isotopic data, which remain quite incomplete for Venus. 
The presence of an early massive atmosphere of water 
vapour on Venus, which further escaped to space, and/or 
was trapped in the interior in the form of hydrates, is 
generally considered to have initiated the strong 
greenhouse effect observed today (Shimazu and Urabe, 
1968; Rasool and de Bergh, 1970). This massive H2O 
atmosphere may have resulted, (i) either from the 
evaporation of a primordial water ocean, followed by 
hydrodynamic escape of hydrogen (Kasting, 1988), (ii) or 
the degassing from the primordial magma ocean, not 
necessarily followed by the formation of a (transient) 
water ocean (Gillmann et al., 2009).  

Major constraints on evolution models are provided 
by noble gas elemental and isotopic spectra, and light 
isotopes. Noble gas elemental and partly isotopic 
abundances in Venus' atmosphere were measured by 
Pioneer Venus and various Venera missions. These 
reconnaissance data have widely contributed to our 
present-day views on understanding of the accretion and 
degassing history of Venus, and allowed first order 
comparisons with Earth and Mars, as discussed in the 
science section (2.2). However, the data base is highly 

largely incomplete, many data have very large 
uncertainties and some analyses were plagued by severe 
experimental problems (e.g. Donahue and Pollack, 1983 
and refs. therein). In particular, the heaviest elements – 
xenon and krypton - have either never been measured 
(bulk xenon and its nine isotopes) or have large 
uncertainties spanning more than an order of magnitude 
(bulk krypton). A more complete, more accurate and 
more reliable noble gas data base than what could be 
provided more than 30 years ago is therefore urgently 
needed and is a high-priority goal for future missions to 
Venus. The composition of the isotopes of the light 
elements, namely H, C, O, N, S, which provides 
exceptional insights into the origin and processing of 
planetary atmospheres, has also to be more extensively 
and accurately measured. 

• The climate of Venus today is dominated by the 
strong greenhouse effect which heats its surface 
temperature to be some 500 K above its effective 
radiometric temperature, due to gaseous and particulate 
absorbers. In contrast to Earth and Mars, a significant 
portion of solar energy is deposited at the cloud tops. 
Better modelling of the radiative balance today will 
require measurement of the optical scattering properties 
of the cloud particles, and their spatial variability, as 
well as measurement of trace gases in the lower 
atmosphere. Measurement of solar and thermal fluxes in 
a range of different cloud conditions, latitudes and solar 
zenith angles, would significantly enhance our 
understanding of the greenhouse mechanism and 
radiative forcing of atmospheric dynamics (Crisp and 
Titov, 1997; Titov et al., 2007). 

• Venus is completely enveloped by clouds. 
Particulate matter can be found at all atmospheric levels, 
from near-surface hazes at only 1-2 km altitude (Grieger 
et al., 2003) to stratospheric hazes above 100 km in 
altitude (Wilquet et al., 2009). Most clouds lie between 
48 km and 70 km in altitude: this layer includes a region 
of convective cloud from 50-60 km altitude, as well as 
stratospheric cloud from 60-70 km. This deep layer of 
cloud encompasses a diverse range of environments, with 
pressures and temperatures ranging from 1.5 bar and 
100°C at the cloud base to ~40 mbar and -40°C at the top 
of the stratospheric cloud; it is expected that the diversity 
of environmental conditions is reflected in a rich variety 
of chemical, dynamical and microphysical processes in 
each of the different cloud layers. 

• The composition of much of the cloud layer is 
still unknown. The lower cloud was found by the Pioneer 
Venus large probe to contain large, non-spherical ‘Mode 
3’ particles (Knollenberg and Hunten, 1980). Soviet X-
ray measurements found evidence of iron, phosphorus 
and chlorine in the cloud particles (Andreichikov et al., 
1987), an observation that has been impossible to follow 
up with subsequent missions.  A third mystery found in 
the cloud layer occurs at 60-70 km altitude in the upper 
cloud, where most of the solar energy absorbed by Venus 
is deposited; half of this energy is deposited in an as yet 
unidentified UV absorber. The intervening main 
convective cloud layer, stretching from 50-60 km in 
altitude, is thought to be akin to tropospheric clouds on 
Earth, but with sulphuric acid taking the place of water as 
the main condensable species. Measuring the 
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 composition of the cloud particles, as well as measuring 
trace gas abundances in the cloud layer, will be essential 
in order to unravel the complicated cloud chemistry. A 
balloon float altitude of 55 km is optimal for the study of 
the main convective cloud layer. It may also permit 
identification of the controversial Mode 3 particles 
(during updrafts) and possibly also the unknown UV 
absorber (in downdrafts). 

• Venus rotates very slowly around its axis – one 
rotation takes 243 Earth days – but its atmosphere at 
cloud level, spins some 50-60 times faster. The 
mechanisms responsible for maintaining this zonal super-
rotation are not well understood at all. While Venus 
Express and Akatsuki are providing magnificent maps of 
cloud-top and cloud-base altitude wind fields, in situ 
measurements of winds to determine momentum 
transport, and improvements in the understanding of the 
radiative balance and its variability, will be needed. The 
characteristics of solar thermal tides in the atmosphere 
and their role in the meridional and vertical momentum 
transports also need to be determined (Limaye, 2007).  

• Orbital radar mapping revealed that the Venus 
surface is one of the youngest in the Solar System and 
that the planet might be still geologically active (Hansen 
et al., 1997; Crumpler et al., 1997; Basilevsky et al., 
1997; Smrekar et al., 2010). Important issues that remain 
poorly understood or unsolved are the extent and nature 
of current volcanism; composition and mineralogy of 
tesserae and lowlands – two main types of surface on 
Venus; surface-atmosphere interactions; surface hidden 
below the young lavas, and inner structure of the planet. 
Solving of most of these problems would require in-situ 
measurements at the surface of the planet. Nevertheless, 
an aerial platform offers the opportunity to detect and 
quantify phenomena such as active volcanism, remnant 
crustal magnetisation or the presence of water in the 
subsurface, all closely related to the history and 
evolution of the solid planet. 

1.3  Progress expected from Venus-Express 
and Akatsuki, and science questions that 
will remain unsolved 
Venus Express is the first European mission to Venus 
(Svedhem et al., 2007A, 2009), launched in November 
2005, in orbit since 2006 and still successfully 
operational. VEX is a remote sensing mission whose 
suite of spectrometers, imagers and in situ plasma 
instrumentation has returned a wealth of information 
from the surface up to the magnetosphere. The Japanese 
Akatsuki mission, also known as Venus Climate Orbiter 
or PLANET-C, was successfully launched in May 2010 
and – all going well – will have been injected into Venus 
orbit on the 7 Dec 2010 (Nakamura et al., 2007). The 
main goal of Akatsuki is to investigate the dynamics and 
meteorology of the Venus atmosphere from orbit. The 
payload consists of five cameras to map Venus in several 
spectral bands from the UV to the thermal IR, sounding 
different levels in the atmosphere. The spectrometers in 
the VEX payload will provide invaluable composition, 
temperature and altitude information for the imagery and 
cloud tracking data of Akatsuki; the polar orbit of VEX, 

with its focus on polar Southern latitudes, is also 
complementary to the nearly equatorial orbit of Akatsuki. 

 
Table 1: Science topics and their coverage by Venus Express, 
Akatsuki (VCO) and by the proposed EVE mission. 

• Science Topics 

• 
V

E
X

 

• 
V

C
O

 

• 
E

V
E

 

ORIGIN AND EVOLUTION    
• Origin and evolution 
• Initial volatile inventory 
• Accretion scenario (“gas-rich”/”gas-poor”)  
• History of degassing 
• History of escape 
• History of climate and water 

 
- 
- 
- 
○ 
- 

 
- 
- 
- 
- 
- 

 
●
● 
● 
● 
● 

• Surface and interiors 
• Search for volcanism 
• Mantle composition 
• Subsurface structure  
• Search for remnant magnetism 

 
● 
- 
- 
○ 

 
○ 
- 
- 
- 

 
● 
○ 
○ 
● 

VENUS CLIMATE SYSTEM    
• Composition and chemistry 
• Detailed abundances of trace gases  
• Composition in the cloud layer 

 
● 
- 

  
○ 
- 

 
● 
● 

• Clouds 
• Horizontal distribution 
• Vertical structure 
• Composition 
• Microphysical and optical properties 
• Identification of Mode 3 particles 
• Identification of UV absorber 

 
● 
○ 
○ 
○ 
○ 
○ 

 
● 
○ 
- 
- 
- 
- 

 
● 
○ 
● 
● 
● 
○ 

• Radiative balance 
• Study role of clouds in greenhouse warming 
• Radiative-dynamical-microphys. coupling 
• Measure scattering properties of clouds 

 
● 
○ 
○ 

 
○ 
○ 
○ 

 
● 
● 
● 

• Dynamics 
• Wind field at cloud tops 
• Global-scale waves 
• Vertical winds in the clouds 
• Investigation of thermal tides 

 
● 
○ 
- 
○ 

 
● 
● 
- 
○ 

 
- 
○ 
● 
○ 

Electrical and magnetic environment 
• Search for lightning 
• Mechanism of lightning generation 
• Search for Schumann resonances 

 
● 
- 
- 

 
● 
○ 
- 

 
● 
● 
● 

● = well addressed; ○ = somewhat addressed; - = not addressed 
 

The Venus Express mission has already significantly 
improved our knowledge about the atmosphere of Venus 
by providing global long-term remote sensing 
observations of the atmospheric structure, composition, 
dynamics and plasma properties with complete coverage 
in latitude and local solar time (Titov et al., 2009); 
Akatsuki’s mission will deliver similar improvement, 
particularly in the field of dynamics (Nakamura et al., 
2007).  The cloud deck will be studied by utilising the 
near-infrared spectral window wavelength and through 
extensive radio occultations; however, many properties 
of the cloud deck can never be determined by remote 
sensing alone and will require in situ measurements. In 
situ measurement would thus provide “ground truth” to 
validate and constrain interpretations of the satellite 
measurements, enhancing the value of the VEX and VCO 
datasets in addition to providing new and unique insights. 

Table 1 lists the outstanding science questions in the 
physics of Venus, how they will be addressed by Venus 
Express and Akatsuki, and which of them will remain 
open and will be addressed by EVE. 
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2 SCIENCE OBJECTIVES  
The open science issues that will remain unsolved 

after the Venus Express and Akatsuki remote surveys 
have been summarised in the Table 1. These questions 
form the basis for formulating science goals for the 
European Venus Explorer described in this section.  

2.1 Venus today 
 Clouds and chemistry 

Venus has a large and complex cloud system. Clouds 
and hazes extend from 45 to 80 km (Fig. 1), spanning an 
enormous range of environments from temperatures and 
pressures of 100°C and 1-2 bar at the cloud base to -70 
°C and ~ 1 mbar at the upper hazes. Visible opacity of 
the cloud deck is in the range 20 – 40 and total mass 
loading is thought to vary from 0.1 to 10 mg/m3.  

Most of the opacity appears to be in a main cloud 
deck that stretches from 50-60 km. Temperature profiles 
from descent probes and radio occultation show this 
region to be convectively unstable, suggesting that most 
of the cloud formation here is convectively driven, as are 
cumulus clouds on Earth.  

 
Figure 1: Chemical abundance measurements from Venus 
Express. Note the absence of any data in the cloud level (From 
Svedhem et al., 2007b). 

 
Remote sensing observations show that the upper 

cloud, at least, consists of micron-sized droplets of 
75%H2SO4:25%H2O; this sulphuric acid is 
photochemically produced at the cloud tops by 
combining water vapour and sulphur trioxide. Sulphuric 
acid was also detected by in-situ analysis on descent 
probes, but they also measured the presence of chlorine, 
phosphorous, and perhaps even iron in the lower clouds, 
measurements that cannot be explained by current cloud 
models. The mechanisms involved in the formation of 
this convective cloud are still unclear, despite insights 
gained from Venus Express (e.g. Barstow et al. 2011, 
McGouldrick et al. 2008)  

An additional puzzle in the cloud composition is the 
nature of the unknown UV absorber that is responsible 
for the distinctive features seen at the cloud tops at UV-
blue wavelengths; dozens of possible substances have 
been proposed, but it will be impossible to resolve 
without in situ chemistry measurements (Markiewicz et 
al., 2007; Titov et al., 2008). Venus Express is currently 
monitoring morphology and global structure of the cloud 

layer but cannot provide a definitive answer to the 
question of its chemical origin. The EVE mission will 
carry out an in-situ investigation of cloud particle 
composition, using a range of complementary 
measurement techniques. Together with the analysis of 
the gas phase these measurements will unveil the 
chemical cycles maintaining the giant cloud system.  

Measurements by the Venera and Pioneer Venus 
descent probes sounded the vertical structure of the 
cloud; the Pioneer Venus large probe also carried the 
Large Cloud Particle Spectrometer (LCPS) which 
measured number density, size distribution, shape and 
refractive index (Esposito et al., 1983). One of the 
surprises was the discovery of a multi-modal size 
distribution that could indicate that several distinct 
processes are involved in the formation of the cloud 
system, and large particles > 3 µm in size and number 
density ~10 cm-3 which may well be solid crystals and 
thus cannot be composed of sulphuric acid. The existence 
of these large “Mode 3” particles and their composition 
remains a hotly debated topic, which is impossible to 
resolve without in situ measurements. All cloud models 
to date are based on the particle size distributions 
observed from a single descent profile – that of the 
Pioneer Venus Large Probe (Knollenberg and Hunten, 
1980) – but observations from Venus Express have now 
revealed strong variability of the cloud properties across 
the planet (e.g. Wilson et al., 2008, Barstow et al., 2011). 
The EVE mission will study how cloud properties vary 
spatially, as functions of latitude, local solar time and 
cloud thickness. Such a measurement is urgently 
needed for the understanding of the processes 
governing the cloud formation and dissipation 
mechanisms. This in situ data will also provide a key for 
unlocking the enormous Venus Express dataset of 
global cloud observations, providing “ground truth” to 
enable calculation of global thermal balance.  

The chemistry of the atmosphere is fundamentally 
different above and below the clouds: above the clouds it 
is dominated by photochemical processes in a 
convectively stable environment (Mills and Allen, 2007, 
while below, UV radiation is much reduced and high 
temperatures play a more significant role in governing 
reactions (Krasnopolsky, 2007). Chemical abundances 
above the clouds have been well probed by generations 
of orbiters, in particular by the occultation spectrometry 
of Venus Express (Bertaux et al., 2007; Vandaele et al., 
2008). Venus Express is also the first orbiter to exploit 
the near-infrared spectral windows to measure chemical 
abundances in the lower atmosphere (see Fig. 1). 
However, chemical processes in the intervening cloud 
layer remain poorly understood and very difficult to 
measure either from orbit or from rapidly-dropping 
descent probes. Profiles of H2SO4 vapour abundance 
from 40-55 km may be obtained by studying radio 
occultation from VEX and Akatsuki (Nakamura et al., 
2007), but this difficult analysis has not yet been 
attempted. The EVE mission will put a sensitive 
chemistry laboratory in the heart of the cloud layer for 
10 days which will measure the detailed composition of 
both gas and liquid phases, using a combination of 
mass spectrometry, gas chromatography, tunable laser 
transmission spectrometry, and phase function 
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 measurement. EVE’s target species include those 
known to be associated with cloud formation (e.g. 
H2SO4, SO3, SO2, H2O), as well as species important in 
stratospheric chemistry (e.g. CO, ClCOx, Ox, HCl, HF) 
and surface-atmosphere buffering (e.g. CO, OCS, SOx, 
Ox, H2S). 

 
Atmospheric dynamics 

The most striking feature of the Venusian atmospheric 
circulation is the zonal super-rotation found in its 
troposphere and stratosphere (0-100 km in altitude) 
(Gierasch et al., 1997): Although the solid planet only 
rotates once every 243 Earth days, the atmosphere at the 
cloud tops rotates some 50-60 times faster, with 
westward wind speeds often reaching 400 km/h. The 
zonal (East-West) winds are at their maximum at the 
cloud tops, decreasing steadily to zero at the surface and 
at the mesopause (~100 km) (Fig. 2). In addition to zonal 
super-rotation there appears to be a slower overturning of 
the atmosphere from equator to pole with meridional 
velocities of 10-20 m/s and giant vortices at each pole 
recycling the air downwards (Limaye, 2007). The 
mechanisms causing the super-rotation are still unknown. 
Two leading hypotheses suggest that vertical momentum 
transport by thermal tides and meridional momentum 
transport (by mean meridional flow and large eddies), 
respectively, are the most important mechanisms driving 
the super-rotation.  

 
Figure 2: Zonal wind velocity (in m/s) at 55 km altitude as a 
function of latitude and longitude according to GCM 
simulations (S. Lebonnois, personal communication, 2010). 
This GCM - which needs validation from balloon trajectory 
tracking - was used to calculate trajectories of 4 hypothetical 
balloons deployed at 20 degrees South, from 4 different 
longitudes (-90°, 0°, 90°, +180°), and floating during 10 Earth 
days, which are superimposed. Trajectories cover latitudes 
between 30° North and 60° South. 

 
Direct measurement of wind fields at the cloud tops 

(60-70 km) have been obtained from several spacecraft 
by tracking cloud features on the dayside. Venus Express 
has provided more cloud-top wind fields (Moissl et al. 
2009) and has added wind-fields at cloud base altitude 
(~50 km) using infrared spectral windows on the 
nightside (Sanchez-Lavega et al., 2008), and Akatsuki 
will continue this work. However, it has not been 
possible to construct a global tide model because the 
wind field at each of these heights is incomplete, 

spanning only half of the globe. EVE will complement 
the global monitoring from orbit by in-situ 
measurements of horizontal and vertical wind speeds 
and their fluctuations within the clouds where most of 
the solar energy is deposited. These investigations on 
the balloon carried around the planet by zonal 
circulation will cover all local times and significant 
latitude range, and will enable some characterisation of 
the thermal tides and global waves which may be key to 
driving the super-rotation. 

Profiles of convective stability obtained by radio 
occultation from Venus Express show that a convective 
region extends from 51 to 60 km (Tellmann et al., 2009). 
This convective zone, extending over more than a scale 
height, is radiatively heated from below by the deep 
atmosphere, and radiatively cooled to space from ~60 
km. There have been many attempts to model this 
convective activity, but only a balloon platform can 
provide measurements of vertical velocities within the 
cloud layer. Vertical velocities, measured using a 
pressure sensor and a vertical wind sensor, will reveal 
the convective dynamics in the heart of the main cloud 
layer; correlation of the vertical velocities with chemical 
abundances and cloud parameters will be crucial in 
understanding the cloud processes. 

 
Radiative balance 

The climate of Venus is notable in particular for its 
extreme greenhouse effect. The greatest uncertainties in 
radiative balance on Venus, as on Earth, relate to the role 
of clouds. The standard work on Venus’ radiative balance 
(Crisp, 1989) assumes a single, best-guess cloud model. 
The observations of Venus Express have revealed a 
highly variable cloud layer, whose optical depth varies by 
over an order of magnitude (Ignatiev et al., 2009). The 
EVE balloon will measure upwelling and downwelling 
fluxes at eight wavelengths encompassing solar and 
thermal infrared bands, revealing how radiative 
balance varies as the balloon moves from thick to thin 
cloud. This will reveal the role of clouds in maintaining 
Venus’ greenhouse warming. Measurements of the 
radiative flux will provide context for all other 
measurements, to ascertain whether the balloon is above 
a region of thin or thick lower cloud, or below a region of 
high or low UV absorber amount. 

Understanding the radiative fluxes will also be crucial 
in order to understand the dynamics. The “engine” 
driving the atmospheric circulation on Venus, as on Earth 
and Mars, is differential heating of the atmosphere by 
solar radiation. On Earth and Mars the sunlight is 
absorbed mainly at the surface, leading to vigorous 
tropospheric dynamics; in contrast, on Venus it is in the 
cloud layers that most sunlight is absorbed, so this is the 
most important altitude range which must be studied in 
order to understand the global dynamics. Global 
circulation models have confirmed a strong sensitivity of 
the atmospheric circulation to the assumed vertical 
profile of heat deposition (Titov et al. 2007). The EVE 
balloon’s observations of fluxes, together with 
measurements of cloud properties and composition will 
help to clarify the complex coupled phenomena 
governing Venus’ enormous greenhouse effect and 
assess its stability. 
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Atmospheric electrical environment 

There have been very few in situ electrical 
observations at Venus, and the existence of lightning is 
still under debate. High temperature chemistry in the 
plasma in a lightning bolt can lead to the formation of 
trace species, which may play an important role in 
atmospheric chemistry. In situ balloon measurements of 
electrical and magnetic atmospheric properties will not 
only seek to detect and characterise lightning, but also 
contribute to the study of meteorology and solid planet 
geophysics. 

The existence of lightning on Venus has been debated 
in the past (Yair et al., 2008). Radio observations 
interpreted as lightning (Ksanfomaliti, 1980; Russell, 
1991) have not been widely corroborated optically, 
though some optical observations exist (Hansell et al., 
1985). Low frequency magnetic field measurements from 
Venus Express, interpreted as whistlers, provided further 
evidence for the existence of lightning (Russell et al., 
2007), and the existence of lightning can also be inferred 
from the detection of NO (Krasnopolsky, 2006). 
Although the breakdown potential in Venus’ lower 
atmosphere is too high for cloud-to-ground lightning, the 
possible existence of cloud-to-cloud discharges is of high 
scientific interest (Michael et al, 2009). 

The proposed EVE instrumentation will seek to 
characterise the electromagnetic, optical and acoustic 
signatures (signal shape, spectral characteristic) of 
lightning and other transient events. Magnetometers can 
also be used to corroborate these observations by 
detecting whistler modes as on VEX. This will assist 
understanding of the nature and source altitude of any 
detected phenomena (Ferencz et al., 2001). Other 
scientific benefits of investigating Venusian lightning are 
the indirect insights provided into convection and 
atmospheric chemistry. Lightning detected close to the 
surface could provide evidence for volcanism, as it is the 
only charge generator powerful enough to cause 
electrical breakdown at high atmospheric pressure. The 
electromagnetic wave detector will also be capable of 
detecting transients from e.g. seismic sources and natural 
ELF resonances. These “Schumann resonances” in the 
surface-ionosphere waveguide would provide 
independent corroboration of global lightning activity of 
the planet.  

The presence of charged molecular cluster-ions and 
aerosols can produce atmospheric electric fields and 
finite air conductivity (Borucki et al., 1982, Tzur and 
Levin, 1982). The properties of ions and aerosols are 
intimately linked and therefore measurements of non-
lightning atmospheric electrical processes on Venus will 
contribute to the understanding of trace gas chemistry, 
transport processes, and cloud formation (Aplin, 2006). 
In addition to the lightning sensors described above, the 
EM package will carry a permittivity instrument to 
measure conductivity and electric field, and there is also 
the possibility of measuring the charge-to-mass ratio of 
the cloud droplets using a microbalance with a small 
electric current sensor to measure the impaction of 
charged drops. 

 
 

Volcanism 
The radar images of the surface delivered by the 

Pioneer Venus, Venera-15, -16, and Magellan orbiters 
surprisingly revealed that Venus possesses a young 
surface suggesting a geologic active past. Volcanism and 
tectonics have strongly altered the Venusian surface 
(Hansen et al., 1997; Crumpler et al., 1997) forming 
highly deformed old plateaus (Tesserae) and extensive 
lowlands (Planitiae) – vast young volcanic plains 
covering about 80% of the surface. Relatively rare and 
uniformly distributed impact craters suggest that global 
resurfacing of Venus happened about 700 My ago 
(Basilevsky et al., 1997; McKinnon et al., 1997).  

Venus Express has provided exciting new 
observations suggestive of presently or recently active 
volcanism, including measurements of surface alteration 
near volcanic features occurring in the last 2.5 Myr 
(Mueller et al., 2009; Smrekar et al., 2010); a sudden 
tenfold increase in stratospheric SO2 followed by periods 
of decline (Marcq et al., 2010, echoing earlier work by 
Esposito, 1985); these observations have also prompted a 
reanalysis of Magellan microwave brightness maps, 
suggesting that warm lava flows were observed 
(Bondarenko et al., 2010). The EVE balloon’s chemistry 
suite will map the spatial distribution of volcanic gases 
such as SO2 and H2O; its aerosol characterisation 
experiments will search for non-spherical particles 
which could include ash or volcanogenic minerals; its 
X-ray fluorescence spectrometer will follow up on 
initial detection by Venera and Vega descent probes of 
heavy elements such as Fe in cloud particles with vastly 
increased sensitivity. EVE’s EM measurements may 
also provide information on lithospheric thickness (see 
§ 2.2). 

2.2 Evolution of Venus and habitability 
 

Water and the climate history on Venus 
In the present state of knowledge of the primitive 

Venus atmosphere, with large uncertainties on the results 
of existing radiative transfer codes of H2O-CO2 massive 
atmospheres, it is unclear if the surface temperature has 
ever been low enough to allow the condensation of water, 
even in the reduced solar illumination conditions 
prevailing at the beginning of the Solar System. The 
improvement in our modelling of the Venus greenhouse 
effect, which is expected from the detailed particle and 
radiative flux measurements performed by EVE, will 
help to solve this crucial question. But, even if thermo-
dynamical conditions allowed the formation of an ocean 
at some early stage, the necessary condition for such an 
ocean to have formed is that large amounts of water were 
available in the early atmosphere. It could not have been 
the case, for example if Venus was initially endowed 
with significantly less water than Earth, as occurs in 
some existing accretion simulations (see e.g. Raymond et 
al., 2006), and/or if this water was rapidly lost through 
the combined effects of (1) the progressive crystallization 
of the magma ocean, releasing water to the atmosphere, 
and (2) hydrodynamic escape removing this water from 
the atmosphere to space (Gillmann et al., 2009) (Fig. 3).  
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 An interesting outcome of this scenario is that during 
the first few hundred million years Venus could have 
developed a dense molecular oxygen atmosphere 
(typically ≈10 bar), formed by photolysis of water, with 
substantial amounts of water vapor. The physical and/or 
chemical processes of oxygen loss whereby this oxygen 
shifted into the interior are not well understood. In other 
circumstances, could Venus have kept a substantial 
amount of oxygen in its atmosphere for billions of years? 
A planet similar to the young Venus, if observed in 
extrasolar planetary systems, could be a false-positive of 
a planet hosting life (Gillmann et al., 2009). The study of 
Venus is therefore of prime interest to prepare the 
spectroscopic observation and interpretation of Earth-like 
extrasolar planets. 

 

 
Figure 3: Possible scenario of water history on Venus (from 
Gillmann et al. 2009). 
 

Because of the active geology of Venus, such as the 
global resurfacing event ~ 700 million years ago, traces 
of any primitive ocean may seem unlikely to be extensive 
enough to ever confirm its hypothesis. From an analysis 
of NIMS data, it has been suggested that the majority of 
highlands on Venus have a lower emissivity in the near 
IR than the majority of the lowlands, which could be 
attributed to the presence of granitic walks signing an 
ancient ocean (Hashimoto et al., 2008). The survival of a 
signature of liquid water at the surface cannot be 
therefore excluded. In a global perspective, the only way 
to reconstruct the detailed history of volatile reservoirs on 
Venus, from accretion to the end of the heavy 
bombardment, that is during the first billion years, is to 
constrain numerical models of the interior-magma ocean-
atmosphere-interplanetary space system evolution with 
present-day noble gas abundances and isotopic 
fractionation patterns, and with ratios of stable isotopes 
through the use of the powerful techniques of isotopic 
geodynamics. If any evidence for past liquid water is 
found at the surface by future landers, the mineralogical 
record could be used to better constrain such evolution 
models. 

As the nominal EVE mission does not include an 
orbiter, the reconstruction of the history of loss processes 
from EVE noble gas and stable isotopes measurements 
will resort to non-thermal escape measurements obtained 
by ASPERA on Venus-Express. VEX measurements 
provide key information on the different channels of ion 
escape (thanks to ASPERA-4 ion spectrometer 
measurements coupled to VEX magnetometer 
observations) of the main species in the Venus upper 
atmosphere during solar minimum conditions (Barabash 

et al., 2007a; Jarvinen et al., 2010). If VEX remains 
operational for a few years more, it will also provide 
these data during solar maximum conditions. It will also 
provide the state of the hydrogen exosphere thanks to the 
UV spectrometer (SPICAV; Chaufray et al., 2010). 
Unfortunately, ASPERA cannot directly measure the 
neutral escape, nor provide any isotopic information on 
the ion escape (Barabash et al., 2007b). However, ion 
escape is probably among the major escape channels 
because of the large gravity of Venus hampering the 
escape of neutral particles (Barabash et al., 2007a). Ion 
measurements outside Venus’s ionosphere provide also 
indirect information on the neutral exosphere and on its 
escaping component. ASPERA and VEX magnetometer 
are also providing the rate of solar wind penetration into 
Venus’ atmosphere (Zhang et al., 2007), key information 
for reconstructing the past evolution of 4He in Venus’ 
atmosphere (Krasnopolsky and Gladstone, 2005) which 
depends on several factors, including the solar wind 
contribution, on Venus past and present outgassing rate 
and on Venus loss rate.  

The contrast between low and high solar activity (as 
well as during energetic solar energetic events) will 
provide important clues on the evolution of the 
interactions between Venus and the solar wind during the 
past few billion years. It is most probable that the present 
channels of atmospheric escape are representative of the 
last 3.5 billion years of atmospheric escape (since the end 
of the late heavy bombardment; Gillmann et al., 2009). 
Since EVE will measure 129Xe,  40Ar and 4He abundances 
which will provide key information on the cumulated 
past degassing and atmospheric loss rates, the 
complementary information gathered by EVE and VEX 
will allow a reconstruction of the last 3.5 billion years 
of atmospheric and outgassing evolution.   
 
The scientific importance of the noble gas record in 
Venus' atmosphere  

Noble gases in planetary atmospheres are key to 
deciphering the history of planets from early stages to the 
current epoch. Similarities and differences in the noble 
gas compositions and budgets of Earth, Venus and Mars 
reflect similarities and differences in the evolution of the 
three large terrestrial planets. A robust data base on the 
noble gas composition in planetary atmospheres is thus 
indispensable for a comprehensive understanding of 
planets, including Earth.  It is their chemical inertness 
and volatility that makes noble gases ideal tracers in 
many respects. First, we can assume that the noble gases 
in an atmosphere are globally well mixed, so that any 
local measurement reflects global abundances and the 
long-term evolution of a planet. Second, the rareness of 
noble gases in planetary environments allows recognition 
of contributions from sources which would go unnoticed 
for other elements. Radiogenic noble gas isotopes from 
the decay of long- and short-lived radioactive parents 
enable the reconstruction of the early and later degassing 
history of a planet as well as potential early and later 
atmospheric losses. Noble gases are also unique tracers 
for possible source materials of the planets themselves, 
helping to constrain their accretionary history. Finally, 
isotopic fractionations of noble gases relative to a source 



European Venus  Explorer – Cosmic Vision 2015 – 2025 

10 

 composition again constrain degassing and potential 
losses.  

Radiogenic noble gas isotopes in an atmosphere 
constrain the degassing history of a planet. The 
radiogenic and fissiogenic fractions of 129Xe and 136Xe, 
produced from now extinct 129I and 244Pu, respectively 
(with half-lives of 15.7 Ma and 80 Ma) in the 
atmospheres of Earth and Mars reveal that the two 
planets were both efficiently degassed and did not retain 
an atmosphere until after about 100 Ma of solar system 
history (Porcelli and Ballentine, 2002). For the Earth, this 
is sometimes attributed to the moon-forming formation 
giant impact only, but the data from Mars suggest that a 
vigorous early degassing may be a common fate to all the 
terrestrial planets. EVE will therefore measure the 
abundances of Xe and Kr isotopes, in order to constrain 
the early degassing history of Venus .  

40Ar (from the decay of long-lived 40K) likely has 
been continuously accumulated over > 4 billion years and 
therefore constrains the volcanic/tectonic evolution of 
Venus throughout its history. Its mixing ratio in the 
atmosphere of Venus is 70 ± 25 ppm (Von Zahn and 
Moroz, 1985). The atmosphere contains about two to four 
times less 40Ar per gram planet than does the terrestrial 
atmosphere. Although the bulk K content of Venus is 
also uncertain, the general view is that Venus has 
degassed less of its 40Ar than Earth (e.g. Kaula, 1999). 
The absolute concentration of 40Ar is already known to 
within 35 % (Von Zahn and Moroz, 1985) and the more 
accurate EVE measurement (<10%) will not result by 
itself in a substantial progress in our understanding of the 
Venus degassing history. To constrain the degassing 
history better, this measurement will have to be 
combined with the in situ K measurements to be 
performed by landers under study in the frame of other 
Venus missions. 

Helium-4 is another radiogenic noble gas isotope from 
long-lived parents (U and Th). It is not retained in Venus' 
atmosphere over its entire history, although its 
atmospheric lifetime of several hundred million years is 
considerably longer than on Earth. Yet, 4He still can be 
used to constrain Venus' long-term degassing behaviour 
and to compare it with those of the two other large 
terrestrial planets (Krasnopolsky et al., 1994). Helium-4 
is also useful to constrain the atmospheric escape rate. 
Currently, 4He concentration data are only available for 
Venus' upper atmosphere, with large uncertainties of a 
factor of about two. The model-dependent extrapolation 
of these data even leads to an uncertainty of a factor of 
~20 for the 4He concentration in the mixed atmosphere 
(Donahue and Pollack, 1983).EVE will measure the 
3He/4He ratio, in order to better constrain the non-
radiogenic fraction of the total 4He in the atmosphere 
(which is assumed to be negligible by some workers).  

Whereas radiogenic isotopes mainly provide 
information about the timing of planetary degassing, non-
radiogenic noble gas isotopes constrain gas acquisition 
and loss processes. The non-radiogenic isotopes are 
therefore also invaluable for understanding Venus' 
atmospheric and interior evolution and its accretionary 
history, even though uncertainties of the available data 
are uncomfortably large. The most important 
observations (e.g. Pepin and Porcelli, 2002) are: i) a 

strong depletion of the lighter noble gases relative to 
heavier gases and solar abundances (Fig. 4). At first 
glance, the depletion for Venus is quite similar to that for 
Earth and Mars and also that in primitive meteorites, 
although the abundance patterns differ in crucial details. 
ii) Venus' atmosphere contains between roughly one and 
two orders more gas per gram planet than Earth, and 
Earth in turn contains roughly two orders of magnitude 
more noble gases than Mars. These observations (plus the 
few available isotopic ratios for Venus) have led to a 
variety of scenarios on accretion and loss processes. The 
development of such scenarios benefits strongly from 
comparisons of the similarities and differences among the 
three planets. Such Venus data, as scarce as they are, 
therefore also help to understand Earth and Mars.  
 

 
Figure 4:  Concentrations of the four heavier noble gases in 
the atmospheres of the three major terrestrial planets 
normalized to the rock-forming element Si and to solar 
composition (after Pepin, 1991). Also shown are the data of the 
chemically most-primitive meteorites, the CI chondrites, which 
might serve as a possible analogue of planetary building 
blocks. The uncertainties on the abundances of Kr and Xe are 
of nearly one order of magnitude. 

 
Both "gas-poor" and "gas-rich" scenarios have been 

studied. "Gas-poor" models - stipulating that a planet's 
original gas inventory never was very much larger than 
the present one - were once popular, because of the 
roughly similar depletions of light relative to heavy noble 
gases in planets and meteorites. This seemed to imply 
that the non-radiogenic gases of the planets had been 
supplied by their planetesimals, represented by 
meteorites. Venus' atmosphere would then retain 
essentially the entire inventory ever delivered, whereas 
Earth and Mars would have lost most of their initial 
inventories or degassed largely incompletely. Another 
"gas-poor" hypothesis postulated the decreasing gas 
concentrations Venus > Earth > Mars to reflect 
decreasing noble gas partial pressures in the solar nebula 
with increasing heliocentric distance (Pollack and Black, 
1982). Isotopic data - especially recent data available for 
Earth - appear to reconcile the idea that noble gases in 
planetary interiors can be derived as a trapped component 
in accreting material (Ballentine et al., 2005), but cannot 
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 be simply related to the gases now in the atmosphere 
(Holland and Ballentine, 2009). The strong early losses 
of Xe from Earth and Mars are also hardly compatible 
with the idea that the decreasing present-day noble gas 
abundances Venus > Earth > Mars should mainly reflect 
initial inventories. If a strong early Xe loss could be 
proven for Venus also, this would be clear evidence that 
the similarity of noble gas concentrations in Venus today 
with those in meteorites is merely fortuitous.   

For the reasons mentioned above, among others, "gas-
rich" accretion scenarios have become popular, where the 
present-day planetary noble gas inventories are remnants 
of some initial much larger inventory. Gas-rich models 
have an advantage in that they accommodate a wider 
range of gas accretion and loss mechanisms to reproduce 
the observed ranges of isotopic and elemental 
compositions. The price for this is the need to introduce 
further free unconstrained parameters. Potential 
acquisition mechanisms for primordial noble gas 
inventories include gravitational capture from the 
accretion disk (by growing planets, planetary embryos or 
dissolution of gravitationally captured primordial 
atmospheres in a magma ocean), accretion of material 
irradiated by an early solar wind or accretion of volatile-
rich planetesimals. Among early loss mechanisms, 
hydrodynamic escape has gained much popularity. 
Hydrogen escaping from the exosphere (e.g., due to early 
solar EUV irradiation or impacts) drags noble gases 
along, leading to elemental and isotopic fractionation. As 
one example, Pepin (1997) was able to simultaneously 
reproduce the isotopic compositions of terrestrial 
atmospheric noble gases and the elemental abundances of 
noble gases in Earth and Venus with a two stage 
scenario. First, Earth lost most of its gases by 
hydrodynamic escape driven the giant moon-forming 
formation impact. In the second stage a weaker, solar 
EUV-driven hydrodynamic escape episode led to a 
further loss on both Earth and Venus. Models like this are 
non-unique but have predictive power. To test such 
models further and to reduce their number of free 
parameters, EVE will perform accurate measurements 
of elemental abundances and especially accurate 
isotopic compositions of all noble gases in Venus 
atmosphere, including Kr and Xe. As mentioned above, 
Gillmann et al. (2009) have explored the history of water 
on Venus with a hydrodynamic escape model constrained 
by the present-day isotopic composition of Ne and Ar in 
Venus' atmosphere. Such investigations would 
immensely benefit from accurate isotopic data of also the 
heavy noble gases.   
 
The added value of stable isotopes measurements 

The composition of the stable isotopes (that is, 
isotopes not produced or destroyed by nuclear reactions 
including radioactivity) of the light elements, namely H, 
C, O, N ..., provide exceptional insights into the origin 
and processing of planetary atmospheres. These isotopic 
ratios can be modified significantly by chemical 
exchanges and by kinetic processes, and the resulting 
effects can be drastic. For instance, the 
deuterium/hydrogen (D/H) ratio varies by one order of 
magnitude among major cosmochemical reservoirs (e.g., 
the protosolar nebula, meteorites, planetary atmospheres) 

and several orders of magnitudes at a micron scale in 
meteoritic matter.  

The D/H ratio of the Venusian atmosphere has been 
measured repeatedly by several spacecraft instruments 
and there is agreement that its value is 160 (±20) times 
the terrestrial ratio of the oceans and of most meteorites, 
and about 1000 times the original ratio of the solar 
nebula. It also overcomes the cometary ratio which is 
about 3 times the terrestrial ratio. Escape of atmospheric 
atmospheres could in principle explain the depletion of 
the light isotopes (e.g., H) relative to the heavy ones (e.g., 
D) and non-thermal escape processes have been 
effectively advocated in the case of Venus. However, 
there is no consensus as to whether Venus started with 
large amounts of water (oceans) that was dissociated and 
H energized by early solar UVs, resulting in efficient 
escape to space (Donahue et al., 1982; Kasting, 1988; 
Gillmann et al, 2009), or if water would have been more 
or less in a steady state, the large fractionation being the 
result of large escape from a small reservoir (Grinspoon, 
1993). In the latter case, a steady state would be 
maintained by continuous supply of volatile elements by 
impacts and mantle degassing, and the water content and 
D/H ratio would have evolved with time. Deciding 
between these scenarios has important consequences for 
understanding the origin and evolution of the Venus 
atmosphere. Unfortunately, the use of a single stable 
isotope tracer alone does not permit to do this, and it is 
necessary to consider other tracers such as noble gases 
(see above), elemental abundances, and other stable 
isotope ratios. 

The extent of stable isotopic fractionation depends on 
the relative mass of the isotopes and is therefore variable 
for different elements. Furthermore, different 
cosmochemical end-members have contrasted extents of 
fractionations for different elements. The isotopic 
composition of carbon, 12C/13C, does not vary 
significantly at a reservoir scale in the solar system, with 
most values including estimates of the protosolar nebula 
value being around the terrestrial ratio of 89. Venus does 
not make exception with a value of 88.3±1.6 measured 
by the Venera 11 and 12 instruments (Istomin et al., 
1980).  

The isotopic composition of oxygen constitutes a 
very important cosmochemical tracer of the origin of 
matter in the solar system and subsequent mixings 
between forming dust, grains and planetesimals. Mass-
independent fractionation (MIF) effects have affected O 
which resulted in heterogeneities that can be identified 
well despite "normal" fractionation that affected the 
isotopes of oxygen during planetary processing.  
Unfortunately, these effects are small, of the order of 1%, 
and require samples to be brought to the laboratory and 
analysed with high precision. Below we argue that the 
analysis of the nitrogen isotopes could partly overcome 
this problem and provide an alternative tracer of origin 
and processing of the Venusian atmosphere. Besides 
MIF, mass-dependent fractionation of oxygen is likely to 
have occurred in Venus progenitors and during 
processing in Venus, such as atmosphere-water (if any) -
rock exchange and chemical/isotopic exchanges between 
atmospheric molecules (e.g., CO2-CO-SO2). EVE will 
measure 16O/18O ratio with an accuracy of 1% - a vast 
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 improvement on the current uncertainty of 20% - which 
will greatly advance our understanding of origin and 
chemistry of oxidized components.      

In stark contrast, the isotopic composition of nitrogen 
presents important variations which are only matched by 
those of the D/H ratio. The Genesis (NASA) mission 
obtained a direct solar wind measurement of the 14N/15N 
ratio of the Sun, presumably representing the value of the 
protosolar nebula. Surprisingly, this value is lower by 
40 % than the terrestrial value, implying that  the Earth 
and meteorites are largely enriched in 15N relative to the 
starting initial gas composition. Furthermore, comets are 
enriched by 80 % in 15N relative to Earth, and therefore 
by 120 % relative to the nebula from which all these 
objects are thought to be derived. Meteorites also present 
measurable variations. The origin of these 15N 
enrichments in the solar system is unknown and could be 
due to either low temperature ion-molecule exchange in 
the cold regions of the disk, or to isotopic fractionation 
during dissociation of N2 and trapping of products in 
forming solids, to self-shielding in the gas, or a 
combination of these processes. In planetary 
atmospheres, nitrogen can also be isotopically 
fractionated during escape processes, and the Martian 
atmospheric value is enriched by 60 % relative to the 
terrestrial one. This enrichment has been attributed to the 
non-thermal cumulative escape of nitrogen. EVE’s 
measurement of N isotopic ratio, together with those of 
D/H and noble gas abundances, will help to identify the 
origin of the atmosphere of Venus.. The only N isotope 
measurement of the Venusian atmosphere indicates a 
terrestrial-like composition (Hoffman et al., 1980), but 
the uncertainty is too large (20 %) to definitively explore 
these possibilities. 
 
Main questions which noble gases and isotope 
measurements would help to answer 

In summary, EVE will deliver a complete and 
reliable noble gas and stable isotope data base for the 
Venusian atmosphere and provide measurements of 
unprecedented components to answer many first order 
questions on the evolution of Venus. The precise 
measurements of the abundances and isotopic ratios of 
noble gases, and of stable isotopes, will greatly help in 
answering the following questions: 

- What can Venus tell about Earth and Mars? Is a 
"gas-rich" or "gas-poor" accretion more likely? What are 
more precisely the acquisition and loss processes? Do 
isotopically solar-like noble gases in Venus strengthen 
the inference that solar nebula gases were also acquired 
by Earth and Mars? What is the fraction of primordial 
3He escaping at present from Venus?  

- Did Venus suffer a similar strong early atmospheric 
loss as documented for Earth and Mars with radiogenic 
Xe isotopes?  

- What is the He residence time in the atmosphere, 
and what fraction of atmospheric 4He is non-radiogenic?  

- Is there a genetic relation between the abundance 
patterns of the three large terrestrial planets? What are 
the implications of differences and similarities of the 
three patterns? Did all three planets start with comparable 
noble gas inventories? 

Such data will constrain evolution models of the 
Venus interior-atmosphere coupled system. Detailed 
radiative transfer models, improved by EVE in situ 
measurements of radiative fluxes and cloud particle 
properties (a major source of uncertainty in greenhouse 
effect models), will provide, for compatible evolution 
scenarios, detailed p,T conditions and their evolution 
with time, allowing the definition of periods when liquid 
water may have existed –or not- at the surface of Venus. 
Three main questions to be answered through modelling, 
constrained by EVE observations, are: 

- How much water has been lost during the main 
accretion phase (which should have coincided with the 
magma ocean phase)? (through coupled modelling of 
magma ocean, atmosphere and escape to space during 
the first 100 Myr) 

- Did p,T conditions at the surface allow water vapour 
to condense or not just after the main accretion phase? 
(through precise, updated, radiative-convective 
modelling of the magma ocean-atmosphere coupled 
system at ≈50-100 Myr) 

- If water vapour condensed to an ocean (either of 
terrestrial type for a comparable endowment of  H2O, or 
“small” : <0.1 Terrestrial Oceans  for an early desiccated 
planet), when did moist or runaway greenhouse occur? 
(through coupled modelling of water ocean, atmosphere 
and escape to space during first  at ≈100-500 Myr). 

Finally, EVE observations will greatly help in 
answering a few fundamental general questions : For how 
long has Venus been in its current extreme climate state?  
When and how did it diverge from a (possible) early 
Earthlike state? Was Venus ever a potentially habitable 
planet during its early history? Did a “cool early Venus” 
stage occur between the end of accretion and the late 
heavy bombardment, as suspected for Earth (Valley et 
al., 2002)? What are the implications of the Venus/Earth 
comparison for the nature and evolution of habitable 
terrestrial planets throughout the universe? 

 
Clues from the interior of Venus 

Venus and Mars, unlike the Earth, no longer have 
internal geodynamos that would otherwise provide them 
with intrinsic magnetic fields. Such an intrinsic field is 
an important factor governing the interaction of a planet 
with the solar wind and thus is a key factor in 
determining the escape rates of trace species so vital to 
the planet’s evolution. Traces of remnant crustal 
magnetism have been found on Mars, yielding evidence 
for a past dynamo, but none have as yet been found on 
Venus.  

If there has been an irreversible decrease of tectonic/ 
volcanic activity in the last few hundred million years, 
following episodic stages of strong heat release from 
interior, and therefore core solidification, and if the 
vanishing of the internal dynamo did not occur prior to 
the last episode of general resurfacing, frozen lava floods 
could keep the trace of the vanishing dynamo. The 
surface temperature of Venus (470°C) is below the Curie 
point of some pure magnetic minerals contained in 
basalts, like magnetite (580°C). Nevertheless, X-ray 
fluorescence measurements at the surface of Venus 
(Venera 13, 14, Vega 2, Surkov et al., 1987) show that 
the Venusian rocks contain titanium, in amounts similar 
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 to terrestrial basalts, suggesting that the main magnetic 
phase could be titanomagnetite, with a Curie temperature 
which may be as low as 150-300°C. But note that iron 
oxides, during formation, are progressively enriched in 
titanium, with a subsequent evolution (lowering) of the 
Curie temperature. Moreover, the Curie temperature 
depends on the physical state of the magnetic material  
(granulometry, degree of impurity), which may change 
with time and location. For these reasons, the Curie 
temperature is in fact a Curie temperature interval, whose 
lower and upper limits are difficult to predict in the case 
of Venus. 

Searching for a remnant magnetic field is therefore of 
high interest, but must be considered as tentative. A 
positive detection of a remnant magnetic field would give 
information on the thermal history, and past core 
dynamo. As in the case of lightnings, horizontal coverage 
is expected to bring substantial additional science. EVE’s 
fluxgate magnetometer will search for any remnant 
crustal magnetism with a much higher sensitivity than 
previous measurements, due both to (i) improvements in 
technology and (ii) its lower altitude (55 km rather than 
200 km). Detection of crustal magnetism would reveal 
the history of Venus’ geodynamo.  

Resolving the deep internal structure of Venus would 
require an array of seismometers on the surface, which 
the EVE mission will not attempt. However, 
electromagnetic (EM) sounding is widely used to reveal 
Earth structure from depths of meters to hundreds of 
kilometers (e.g. Telford et al., 1990; Banks, 1969; Jones 
et al., 2005) and has also probed the deep interiors of the 
Moon (e.g. Dyal et al., 1977; Sonett, 1982) and the 
Galilean satellites (Khurana et al., 1998). The 
magnetotelluric (MT) and wave-tilt (WT) methods 
(Vozoff, 1991; Simpson and Barr, 2005; McNeill and 
Labson, 1991) enable natural-source soundings from a 
single platform, without any external measurements or 
prior knowledge as was required for previous planetary 
EM. 

Lightning is a useful natural EM source on Earth and 
the discovery of whistlers by the VEX magnetometer 
(Russell et al., 2007) assures the same for Venus. The 
Schumann resonances are interference patterns created by 
global circuits of lightning signals within the ground-
ionosphere waveguide:  they are ubiquitous at 8-36 Hz on 
Earth and are expected to lie at similar frequencies on 
Venus (Simoẽs et al., 2008). A newly discovered 
property of these transverse electromagnetic (TEM) 
waves is that the impedance measured anywhere in the 
waveguide is a linear interpolant of the signed 
impedances of the boundaries. Therefore TEM sounding 
does not lose resolution with altitude, in contrast to our 
earlier inference (Grimm and Delory, 2009).  The effect 
of the ionosphere is removed by temporal filtering (the 
solar day is much longer than the mission duration) and 
by correlating the impedances with topography.  

The inductive signal is carried in the horizontal 
component of the electric field Ex. The orthogonal 
horizontal magnetic field (By, MT) or vertical electric 
field (Ez, WT) is used as an amplitude and phase 
reference for TEM waves. The proposed instrumentation 
should provide SNR=5-10 dB on Ex for the fundamental 
Schumann resonance, assuming Earth-like amplitude, 

and would also measure the By component using a search 
coil.  

EM sounding performed from the EVE balloon may 
thus be able to address the following high-priority 
questions for Venus: (1) What is the thickness of the 
lithosphere? This is pivotal to understanding how Venus 
loses its heat and hence to understanding its geological 
history, particularly past and present tectonics and 
volcanism. (2) What is the water content of the mantle?  
The lower activation energy of hydrous olivine compared 
to dry olivine leads to a distinct slope in impedance vs. 
frequency (Grimm and Delory, 2009); this measurement 
would help elucidate the history of water on Venus. (3) 
What is the thickness of the crust?  EM measurements 
of the crustal thickness will complement earlier 
measurements based on gravitational maps (Anderson 
and Smrekar, 2006). 
 
Habitability and exobiology 

To understand the emergence of life in our solar 
system, we clearly need to understand (1) which regions 
of our solar system offered viable environments for the 
emergence of life, and (2) what were the inventories in 
these locations of the building blocks of life, ranging 
from oxygen and water through to more complex carbon-
based compounds found for example in carbonaceous 
meteorites. 

It has been made clear above that the EVE mission 
will bring great improvements in our understanding of 
the history of Venus, including in particular the key 
issues for habitability of climate, liquid water, volatiles, 
and volcanicity. When considered jointly with Earth and 
Mars, important lessons will be learned for the evolution 
of habitability on terrestrial planets in our solar system 
and beyond. 

As to the second point, that of measuring the 
inventories of the building blocks of life, the EVE 
mission will establish a sophisticated chemistry 
laboratory in one of the very few places in the solar 
system in which liquid water can be presently found 
(albeit in highly acidic form), with benign temperatures 
of 20°C and intriguing mixed phase chemistry including 
gaseous, liquid and possibly solid phases. As the climate 
of Venus has heated and cooled, this region of liquid 
cloud particles will have risen and fallen in altitude to 
occur at approximately a constant temperature range 
(Grinspoon et al., 2005), so there is every reason to 
believe that the chemical cycles of the cloud layer have 
remained relatively unchanged. Indeed, it has been 
suggested that life on Venus, if it had been established in 
supposed early oceans, could have migrated to the clouds 
of Venus, where in present days habitable niches with 
pressures and temperatures comparable to terrestrial 
conditions exist (Grinspoon et al., 2005). These 
conditions are not as far from habitable as might at first 
be thought: Extremophiles have been found on Earth 
living in conditions of pH 0 (Schleper et al., 1996, 
Edwards et al., 2000), and other bacteria have been found 
living in cloud droplets (e.g. Fuzzi et al., 1997). The 
clouds contain diverse sulphur compounds in various 
redox states, which are known to be used by life to gather 
energy (Cockell, 1999). Lightning, whether associated 
with cloud processes or volcanicity, could serve as an 
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 energy source for the synthesis of pre-biotic compounds 
(Miller, 1953); as can UV radiation (Schulze-Makuch et 
al., 2004, for example, suggest a potential biotic 
contribution to the unknown UV-absorber). Although it is 
extremely unlikely that one would find life in the 
combination of high acidity and low nutrient availability 
found in the clouds of Venus (Cockell, 1999), it is still of 
biochemical interest to study whether complex carbon 
compounds can be found here, whether of indigenous 
origin or carried by meteorites. This is especially of 
interest given the parallels between this environment and 
that of Earth in its first few tens of millions of years, 
when it exhibited a mainly CO2 atmosphere (see e.g. 
Zahnle et al., 2007).  

The EVE mission will (1) constrain the evolution of 
Venus and establish whether it was habitable in the 
past, (2) quantify the abundances of the chemical 
elements for life, by studying in detail the gas, liquid 
and possibly solid phase chemistry of the Venus clouds, 
and (3) measure energetic and environmental 
habitability criteria by measuring UV and ionising 
radiative fluxes and lightning rates. This will help to 
improve our understanding of habitability, particularly 
of atmospheres, and to understand what chemical 
extremes might limit the existence of life elsewhere. 

2.3 European Venus Explorer within the 
Cosmic Vision programme  

The terrestrial planets were probably formed under 
similar initial conditions. However, under the influence 
of external and internal factors they have undergone 
divergent evolutions resulting in the conditions we 
observe today. Comparative study of the terrestrial 
planets eventually aims at understanding the processes of 
planetary and atmospheric evolution, climate formation 
and the emergence of life with a strong reflection of the 
destiny of our own planet. Among the terrestrial planets 
Venus occupies a very specific place being in many 
respects Earth’s twin but having evolved in a drastically 
different way.  

The European Venus Explorer will directly address 
two of the four scientific questions outlined in the ESA 
Cosmic Vision 2015-2025 study through a detailed 
understanding of the current atmosphere-surface-interior 
coupled system of Venus and its past evolution. Specific 
questions that will be addressed by the EVE mission and 
their relation to the Cosmic Vision themes are listed 
below.  

2.3.1 What are the conditions for planet 
formation and emergence of life?  

1. Measurements of the noble gases and their isotopes 
will help to construct a unified scenario of terrestrial 
planets origin and evolution, helping to interpret 
observations of Earth-type extra-solar planets. 

2. Study of atmospheric evolution through escape and 
surface-atmosphere interactions, using noble gas and 
stable isotope ratios, will shed light on the fate of oxygen 
on Venus, with relevance to all terrestrial planets, in 
particular those without a magnetic field. 

3. Investigation of the current and past climate on 
Venus and its sensitivity to both internal and external 

factors will reveal if the planet once offered suitable 
conditions for the emergence of life, when and why they 
became unfavourable for life, and whether life could 
survive somewhere in the Venus atmosphere. These 
studies will also help to determine the size of the 
habitable zone in the Solar System. 

4. The cloud layers on Venus in particular represent a 
potential habitat due to their benign temperatures and 
liquid water (albeit with high acidity). The cloud particles 
will be examined for content of pre-biotic or biotic 
constituents. 

2.3.2 How does the Solar System work? 
1. Measurements of the atmospheric and cloud 

composition by EVE will clarify the details of 
photochemical cycles in the Venus atmosphere, and also 
of some aspects of surface-atmosphere interaction (e.g. if 
ash or volcanogenic minerals are evidenced). 

2. Atmospheric dynamics investigations will 
contribute to our understanding of general circulation on 
slowly rotating planets.  

3. Investigation of the atmosphere and clouds will 
reveal the details of the greenhouse effect and its role in 
the history of Venus and the other terrestrial planets. Of 
particular interest is the question about whether Earth 
could evolve toward a massive Venus-type greenhouse 
dominated atmosphere due to future increase of solar flux 
and anthropogenic influence. 

4. Investigation of the electric/electromagnetic 
dynamics and lightning will contribute to our 
understanding of atmospheric processes, which are 
different from the Earth-like systems. 

5. The EVE EM sounder will search for a remnant 
magnetic field, and should be able to provide information 
on interior physical characteristics and water content, 
helping to shed light on the resurfacing that happened on 
Venus about 700 Myr ago. 

2.4. Measurement objectives and 
requirements  

A traceability matrix providing detailed Cosmic 
Vision questions, Venus-related important questions and 
measurement objectives is presented in Table 2. The 
instruments identified, and described in Section 3, for 
achieving the measurement objectives are indicated in 
brackets. On the basis of this table, we then propose a 
scientific payload (presented in Tables 3 and 4) to meet 
these measurement objectives.  
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Table 2: Traceability matrix of EVE science objectives in the frame of the Cosmic Vision programme 
 
CV questions Venus-related important questions Measurement objectives  

Is Venus’ atmospheric composition representative 
of the solar nebula? If so, is it possible to construct 
a unified scenario of terrestrial planets origin and 
evolution?  

- Bulk atmosphere elemental and isotopic composition of noble 
gases (INGMS)*  
- Bulk atmosphere abundances of stable isotopes (GCMS, TDL) 

What was the fate of water on Venus? Is Venus 
mantle desiccated, in contrast with Earth’s mantle, 
and what are implications for water history on 
extra-solar Earth-like planets? 

- Measurements of noble gases and their isotopes, and of stable 
isotopes (INGMS, GCMS, TDL) 
- Possible measurement of water content of mantle (EM package) 

What was the fate of oxygen on Venus? What can 
this tell us about development of oxygen 
atmospheres on extra-solar Earth-like planets? 

- Measurements of noble gases and their isotopes, and of stable 
isotopes (INGMS, GCMS, TDL) 
 

 
Theme : What are the conditions 
for planet formation and the 
emergence of life? 
 
Subtheme : From extra-solar planets 
to biomarkers 
 
How can the detailed knowledge of 
the atmosphere of Venus, compared 
to that of the two other terrestrial 
planets, help in understanding 
observations of Earth-like extra-
solar planet atmospheres and 
searching for life signatures? 

What does the atmospheric dynamics and climate 
of a slowly rotating Earth-type extra-solar planet, 
phase-locked to its central star, look like? 

- Study of up/down radiative fluxes  (Opt. package) 
- Measurement of temperature and wind within the main cloud 
layer (Meteo package) 
- Physical properties of cloud/haze particles (Nephelometer, µbal.) 

How are volatile species cycled through the 
complex subsurface/surface/atmosphere/ cloud 
system? 

- Measurement of key gas species in clouds (GCMS, TDL) 
- Chemical composition of cloud particles (ACP/GCMS, XRF, 
ATR) 

How does a planet, Earth-like in size, density and 
composition and with a very hot, dry surface, lose 
its internal heat to the atmosphere without 
spreading or subduction zones?  

- First measurement of subsurface electrical properties (EM pack.) 
- Possible measurement of water content of mantle and lithospheric 
thickness (EM package) 
- Possible measurement of volcanogenic gases and particles 
(ACP/GCMS, TDL, nephelometer) 

What is the impact of cloud coverage on 
atmospheric greenhouse and climate, and did 
clouds play a significant role in the climatic 
evolution of terrestrial planets? 

- Detailed characterization of cloud properties and processes 
(Nephelometer, µbal., ACP/GCMS, ATR) 
- Radiative fluxes through clouds (Radiometer) 
- Temperature/wind within main cloud layer (Meteo package) 
- Nature of the blue/violet absorber (Radiometer, TDL) 

Was Venus originally endowed with as much water 
as Earth and, if so, where did water go? 

- Measurements of noble gases and stable isotopes (INGMS, 
GCMS) 
- Possible measurement of water content of mantle (EM package) 

Was Venus suitable to the appearance of life at 
some time in the past and, if so, when and how 
conditions became unfavourable to life? Can life 
survive somewhere in Venus’ atmosphere? 

- Measurements of noble gases and their isotopes, and of stable 
isotopes (INGMS, GCMS) 
- Direct search for organic compounds within cloud droplets 
(ACP/GCMS) 

Will Earth evolve toward a massive Venus-type 
greenhouse under future increasing solar radiation 
conditions and anthropogenic influence? 

- Detailed characterization of present greenhouse effect 
(radiometer, nephelometer, meteorological package) 
- Understanding of past evolution (noble gases, stable isotopes) 
(All instruments) 

Is there sufficient lightning to affect atmospheric 
chemistry and produce complex molecules that life 
requires? 

- Detection/measurement of events (EM package) 
- In situ sensing of EM activity (EM package) 
 

 
 
 
 
Theme : What are the conditions 
for planet formation and the 
emergence of life? 
 
Subtheme :  Life and habitability in 
the Solar System  
 
Did Venus, which is the most Earth-
like planet of the Solar System, 
offer suitable atmospheric and 
geological conditions for life to 
emerge at some time in the past? 
Why did it evolve differently from 
Earth, and will Earth evolve toward 
a Venus-like state in the future? 

How is heat re-distributed around a slowly-rotating 
terrestrial planet? How does atmospheric super-
rotation develop? 

- Study of up/down radiative fluxes  (Opt. package) 
- Measurement of temperature and wind within the main cloud 
layer (Meteo package) 

How does an Earth-sized planet without global 
magnetic field interact with the solar wind and why 
and at which rate does it lose its atmosphere? 

- Understanding escape history from ASPERA/VEX (present 
escape) and EVE (past escape, through noble gas/stable isotopes 
measurements) data (INGMS, GCMS, TDL)  
- Information on the history of magnetic field (if a remnant field is 
detected) (EM package) 

Does Venus’ atmosphere exhibit electromagnetic 
wave activity, due to various possible phenomena: 
seismic / volcanic activity, atmospheric lightning? 

- General electromagnetic background (EM package) 
- Detection/measurement of events (EM package) 
- In situ sensing of EM activity (EM package) 
- Cloud particle charging and electric field (EM package, µbal.) 

Theme : How does the Solar 
System work? 
 
Subtheme : From the Sun to the 
edge of the Solar System 
 
How does the Sun interact, through 
its radiation and particle emissions, 
with Venus’ atmosphere, and what 
has been the influence of the Sun 
and of its evolution on the climate 
history of Venus? 

Did solar evolution (radiation/ particle) play an 
important role in driving terrestrial planetary 
climate evolution? 

- Comparative evolutions of Mars, Earth and Venus, using EVE 
and Martian SNC meteorites noble gas/stable isotope data (all 
instruments). 

* The acronyms or names of the instruments used to achieve measurement objectives are written in brackets.
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Table 3: Scientific model payload of the ESA cloud-altitude balloon 

Instruments Science objectives Measurement objectives CP-GCMS 
ACP-GCMS Atmospheric chemistry, 

including cloud chemistry. 
Map important species involved in cloud 
chemistry. 
Measure isotopic ratios of H, O, C, N, S; 
study variation in space and time. 
 

Composition of atmosphere and of cloud particles (ppb detection 
level). 
Isotopic ratios of O (16/18), C (12/13), N (14/15), S (32/34). 
- Concentrations of isotopes : 5-10%. 
- Isotopic ratios : 1%. 

Cloud XRF Cloud particle composition, 
microphysics & optical 
properties. 

Identify trace species in cloud particles. 
Search for surface- or volcano-related 
mineral particles. 

Sensitivities of 1-10 µg/m3 for all species with Z = 14 to 46, in 
particular S, P, Cl and Fe. 
Search for other species including Al, Na, Mg, Si, K. 

Isotopic noble 
gas MS 
(INGMS) 

Evolution of solar system, of 
Venus and its climate; cloud 
processes (isotopic 
fractionation of condensable 
species). 

Measure bulk elemental and isotopic ratios 
of noble gases. 
 

- Concentrations of major isotopes (4He, 20Ne, 36Ar, 40Ar, 84Kr, 
130Xe): 5-10%. 
- 3He/4He: 5-10%; other major isotope ratios: 1% (20Ne/22Ne; 
36Ar/38Ar; 82,83,86Kr/84Kr; 129,131-136Xe/130Xe).  
- Minor isotope ratios if possible ~5% (21Ne/22Ne; 78,80Kr/84Kr; 124-
128Xe/130Xe). 

TDL 
spectrometer 

Cloud chemistry. Measure active species involved in cloud 
formation. 
Provide backup measurement of oxygen 
isotopic ratios. 

Measure species with the following precision:  
SO2: 0.1 ppm; S8 1ppb; H2SO4(g) 0.01 ppm; H2O(g) 0.1 ppm, CO 
0.1 ppm; H2S 0.02 ppm; HCl 0.002 ppm; HF 0.1 ppb; OCS : 10 
ppb. 

Nephelometer Cloud particle microphysical 
parameters (size, composition, 
shape) and number density. 

Measure the refractive index, size 
distribution, and shape of cloud particles, 
and their number density. 

Phase function at six scattering angles, for total flux and two 
polarization states, at two wavelengths. 

Radiometer Radiative balance; search for 
lightning. 

Correlation of radiative fluxes with cloud 
structure and with atmospheric dynamics. 
Correlation of lightning with other 
atmospheric properties. 

Upward and downward radiances in six spectral bands from UV to 
thermal IR. 2% absolute accuracy for all channels, 5% accuracy for 
IR channels. High-rate visible avalanche photodiode sampling 
mode for lightning detection. 

Meteorological 
package 

Atmospheric dynamics; 
atmospheric structure and 
stability; turbulence. 

Balloon phase : temperature, pressure, 
vertical wind. 
Entry phase: determine upper atmospheric 
structure. 

Atmospheric pressure to 1% accuracy, temperature to 0.2 K 
accuracy; Vertical wind to 0.1 m/s accuracy; RMS turbulence 
levels at 5 minute intervals. 
In entry phase; 1-axis accelerometer.  

Electrical and 
mag. package 
incl. photodiode 
and microphone 

Electrical and magnetic 
properties of atmosphere, 
ionosphere and subsurface. 
Subsurface sounding;  
search for lightning. 
Public relations / outreach. 

EM spectrum characterization. 
EM transient event detection and 
characterization. 
Electric relaxation and conductivity 
measurement. M-T sounding. 
Record sound of thunder if possible. 

Electrical conductivity and permittivity. 
1-D E-field spectrum from 10 Hz – 20 kHz, with sensitivity of  20-
50 nV/ Hz1/2. 
1-D Magnetic field measurements as phase ref. For M-T sounding, 
with sensitivity of 0.05-0.1 pT/Hz1/2. 
Triggered EM, acoustic and optical event detection.  

Camera Public relations / outreach. Obtain image showing balloon and top deck. Deployment images and 1 monochromatic image per day. 
EXTENDED PAYLOAD 

Attenuated Total 
Reflection 
Spectrometer 
(ATRS) 

Cloud composition. Complementary measurement of cloud 
particle composition. 

Infrared transmission spectra of deposited aerosol material, in 
range 3-25 µm with Δυ = 10 cm-1. 

3D fluxgate 
mag. 

History of geodynamo. Search for remnant crustal magnetism. 3-D B-field measurement, sensitivity of 0.05-0.1 nT. 

Microbalances Cloud microphysics ; cloud 
particle charging. 

Measure ratio of condensation nuclei to 
condensable species; measure dew point; 
measure charging of individual particles. 

Thermal quartz crystal microbalances, mass sensitivity of ~ 1 ng.  
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Table 4: ESA balloon model payload parameters 
Instrument Mass 

(kg) 
Power 
(W) 

Volume 
(cm3) 

Accommodation constraints 
Required mechanical devices 

data- 
rate 
(bps) 

TRL Level/ heritage Potential provider (laboratory, 
consortium) 

ACP-GCMS 3.5 15W 
(peak) 

30 x 20 x 
12 cm 

Envelope must be in contact with 
atmosphere. ACP will use pump to 
draw atmospheric air through an 
aerosol collection filter. 

25.5 4-5/ Huygens, MSL, 
Rosetta, ExoMars, 
Phobos  

LATMOS, LISA (Fr)/ MPS (Germany) / 
Open Univ. (UK)/ U. Berne (CH)/ IKI 
(Russia) 

Cloud XRF 0.3 3 W 
(peak) 

47mm Ø 
x 47mm 
L 

Will point at the filter in ACP. 0.1 5-8/ Beagle 2, Bepi 
Colombo 

Leicester University (UK) 

Isotopic Noble gas 
MS 

3.5 15W 
(peak) 

30 x 20 x 
12 cm 

Inlet placed to minimize 
contamination by gondola outgassing 

4.6 4-5/ Beagle2, Rosetta Open Univ (UK) /  LATMOS (Fr) / U. 
Berne (CH) 

TDL spectrometer 1.7 2W 15 cm L 
x 5 cm 
diam. 

Sensor module to be open to 
atmosphere. Electronics module plus 
sensor module (joined by Harness). 

2.4 5-8/ Mars 2001, 
MPL, TDLAS/ 
Phobos-Grunt 

GSMA (France)/ IKI (Russia)/ SWRI 
(USA) 

Nephelometer 1.0 2 W 400 cm3 Electronics module plus sensor 
module (semicircular arm, 25 cm 
diameter 

0.6 4/ Venera, Vega, 
Pioneer Venus 

Cornell Univ. (USA) / SRON 
Netherlands Institute for Space Research 
(NL) 

Radiometer 0.5 1.2 W 10 x 9 x 
4 cm 

Will include rotating scan mirror, to 
point up, down, or at calibration 
target 

1.3 4-8/ Mars Climate 
Sounder, Mars Trace 
Gas Orbiter 

Oxford Univ./ Open Univ. (UK) 

Meteorological 
package 

0.5 2 W 10 x 8 x 
5 cm 

Must be located on outer surface of 
gondola 

0.9 4-9/ Beagle 2, 
ExoMars, Huygens 

FMI (Finland) / Oxford Univ./ Open 
Univ.  (UK) / Padova (Italy) 

Electrical and mag. 
Package incl. photo-
diode and 
microphone 

0.9 2.5 W 
(peak) 

11 x 10 x 
2 cm 

Requires  2x electric field antenna, 
dimension 80cm L x 5mm ø, and 1x 
search coil, 20 cm L x 1 cm ø  

4.4 4-6/ Huygens, 
Compass-2, ISS 

Eötvös U. (Hungary) / RAL & Oxford 
U.(UK) / LATMOS (Fr)/ Tohoku Univ. 
(Japan) 

Camera 0.2 2 W 77 mm x 
82 mm x 
75 mm 

Camera should view balloon and top 
deck (120° FOV) 

4.0 9/ Proba-2, ExoMars, 
Beagle 2, ... 

Space-X (Switzerland) / UCL (UK)  

TOTAL  12.5 kg w/o margin; or 15 kg including 20% margin   
EXTENDED PAYLOAD 

Attenuated Total 
Reflection 
Spectrometer 

2 10 W 15 x 15 x 
10 cm 

External surface of prism in contact 
with atmosphere. 20 prisms included 
to allow multiple sample acquisition. 

0.2 4-9/ VEX, MEX, 
Phobos-Grunt 

IKI (Russia) / INAF & Politec. Milano 
(Italy) / Norway / Open Univ. (UK) 

Fluxgate 
magnetometer 

0.30 0.5 W 4x4x4 
cm 
(sensor) 

Should be mounted halfway out on 
one of the E-M booms. Electronics 
will be shared with EM instrument. 

0.3 5-9/ FAST, PVO, 
ST4, DSX, MMS 

Dan. Nat. Space Center (Denmark)/ 
Imperial College London (UK)/ UCLA 
(USA)  

Microbalances 0.4 0.2 W 
(mean) 

0.1 cm3 
(sensor) 

In contact with atmosphere 1.2 4-9 / Rosetta, ISS INAF (Italy) 

TOTAL 15.2 kg w/o margin; or 20 kg including 32% margin 
 Notes :  - Where a range of TRL is given (e.g. 4-9)  it signifies the TRL of different subcomponents of an instrument are different. 

- All instruments can survive and operate in temperatures of -55 to +125 ºC. 
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3. SCIENCE PAYLOAD   
The balloon payload is chosen to address the science 

themes outlined in section 2. 
We define here a baseline payload of 15 kg including 

24% margin (Table 3, 4). We also define an extended 
payload of 20 kg including margins to address additional 
science goals. 

3.1. Baseline payload  
The Isotopic Noble Gas Mass Spectrometer 

(INGMS) will measure the abundances and isotopic 
ratios of He, Ne, Ar, Kr, and Xe, with an accuracy better 
than 1%. Noble gases in the Venus atmosphere have been 
analyzed by mass spectrometry and gas chromatography 
on board Pioneer Venus and several Venera probes, but 
only the Ar isotopic ratios have been accurately measured 
(≈2%). The 20Ne/22Ne ratio is known with 10% accuracy, 
but the less abundant 21Ne, and the full series of Kr and 
Xe isotopes, are still not measured. Achieving the 1 % 
accuracy level requires the implementation of a devoted 
high-performance instrument, that we propose to consist 
of an ultra clean separation and purification line coupled 
with a static mass spectrometer. The use of a dynamic 
mode (GCMS technique) is not well adapted to the 
measurement of noble gases. In a dynamic mode, huge 
amounts of gas would have to be processed to reach the 
required accuracy, particularly for Kr and Xe, present at 
only ppb levels. The proposed concept is based on 
successful, well-established techniques used in the 
laboratory for measuring noble gases, and adapted for the 
PALOMA/MACE instrument proposed for the NASA 
MSL mission (Fig. 5; Waite et al., 2004), and draws 
additionally from the Beagle 2 Gas Analysis Package 
isotopic static mass spectrometer.  

Since noble gases are not reactive, they can be easily 
separated from all other chemical species, especially 
volatile contaminants which always come with noble gas 
samples, using a getter. This avoids some mass 
interferences and optimizes the pressure in the mass 
spectrometer. There remains however a problem : Ar, Ne 
and He are by far (≈ 4 orders of magnitude) more 
abundant than Kr and Xe. In the absence of any 
separation, the partial pressures of Kr and Xe in the ion 
source would be small (<10-9 mbar) because the Ar partial 
pressure cannot be larger than ≈10-5 mbar. Cryo-
separation is routinely used to overcome this difficulty: in 
the laboratory using a charcoal trap at liquid nitrogen 
temperature, and for a space instrument using a thermo-
regulated cryotrap. It will allow to separate Venus noble 
gases into two fractions: [He, Ne, Ar], [Kr, Xe], and to 
maximize the partial pressure of each fraction in the ion 
source. Because of the very low abundances of noble 
gases, in particular heavy ones, the mass spectrometer is 
operated in static mode. This also permits to getterize and 
separate the gas fractions from a sample of limited size. 
Analysis of krypton (six isotopes) or xenon (nine 
isotopes) takes usually hours in order to obtain good 
statistics. Several sequences of 1 hour integration time 
will be performed for each of the analysed fractions in 
order to reach the 1% accuracy level. 

 
Figure 5: Prototype of a time-of-flight mass spectrometer 
developed for the measurement of noble gases and their 
isotopes in the atmosphere of Mars (left).  Cryo-desorbed 
fractions of Ar, Kr and Xe as a function of temperature 
obtained on the PALOMA test line (right) (Waite et al., 2004). 

 
The instrument may consist of a static mass 

spectrometer (which may be a Time-of-Flight or a 
magnetic sector) and supporting equipment to enable 
chemical adsorption of major species and cryo-separation 
prior to analysis by the static MS. The function of the 
getter (e.g. zirconium alloy) is to eliminate background 
and/or reactive gases from the sample volume. It 
chemically traps and separates major volatile gases (CO2, 
N2, SO2, CO…) from minor noble gases. The cryocooler 
(e.g. Stirling), coupled with a heater, operates from ≈100 
K up to 330 K. It is devoted to the selective trapping of 
noble gases. The cooler surface is covered with activated 
charcoal to increase trapping efficiency. The typical mass 
range is 1-150 amu. The static MS has a mass resolution 
of typically 500 at 0.1% of peak height and high 
sensitivity (<100 ppt). This instrument will be provided 
by a consortium of European laboratories (UK, France, 
Germany, Switzerland). 

The Aerosol Collector Pyrolyzer and Gas chro-
matograph mass spectrometer (ACP-GCMS) will 
measure (i) the molecular (H2O, CO, CO2, SO, SO2, 
H2S…), elemental and isotopic (C, H, O, N, S) 
composition of the Venus atmospheric gases and (ii) the 
chemical composition of the aerosols that constitute the 
clouds down to the ppm level with gas chromatography 
(GC), and ppb level with mass spectrometry (MS). The 
gas will be directly sampled from the atmosphere. 
Aerosols will be collected on a filter and introduced into 
an oven, then vaporized and/or pyrolysed through multi-
step heating of the collected material, up to typically 
100°C (or more: 600°C in the case of ACP on Huygens). 
In this way, the nature and relative concentration of the 
species composing the aerosols will be determined by 
vaporisation of the condensed species and pyrolysis of the 
possible refractory nucleus. 

The gas from the atmosphere, or that issuing from the 
ACP, will be analyze by a GC coupled with an MS 
(Fig. 6). The two subsystems will also have the capacity 
to work separately. GC is used to separate the different 
species and to detect them with simple detection devices, 
either by measurement of the thermal conductivity of the 
gas or with ionisation detection. The separation is made 
by carrying the sample into tubes (named columns) 
specifically treated where the separation occurs by the 
difference of affinity of the different sample components 
with the column. Identification of the species, even if no 
structural information is directly measured (as with MS), 
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 is assured by the measurement of the time spent by the 
different species within the columns. MS is used to 
provide structural information on the analysed species 
and sensitive detection of the minor components which 
cannot be detected by pure GC.  

Several European laboratories have been involved in 
spaceborne GCMS, by providing either full instruments 
(ROSETTA Ptolemy GC-ion trap-MS and ROSETTA 
COSAC GC-ToF-MS) or key systems like GC columns 
or pyrolysis system: ACP for the GCMS on the ESA 
Huygens Probe, GCMS for the US-led SAM on the Mars 
Science Laboratory NASA mission. 

 
 

Figure 6: Schematic view of the GC module (6 columns) of the 
SAM instrument to be flown on MSL (left).  Photograph of the 
ACP experiment flown on the Huygens probe (right). 

An X-ray fluorescence spectrometer (XRF) will be 
used to measure elemental abundances of aerosols 
deposited on the aerosol collector filter of the ACP. A 
primary aim of the instrument will be to repeat the 
measurements of Fe, S, P, and Cl in cloud particles made 
by the X-ray radiometer instruments on the Vega descent 
probes (Andreychikov et al., 1987; Surkov, 1997). It will 
use 55Fe and 109Cd sources in combination to measure X-
ray fluorescence from a broad range of elements – in 
principle from ~1-25 keV corresponding to K-shell 
fluorescence from elements Z=11 to Z=47 in the periodic 
table. It will employ modern commonly available, large 
area (up to 100 mm2) solid state detectors (e.g. silicon 
drift detector) with a resolution of ~140 eV at 5.9 keV 
which have a vastly improved resolution compared to the 
~1500 eV resolution of the gas proportional counters used 
in the Vega/Venera instruments.  The XRF spectrometer 
would also be able to detect rock-forming elements 
including Al, Na, Mg, Si, and K if present at this level 
due to lofted surface dust or volcanic aerosol. 

The proposed X-ray spectrometer would be a 
development of that flown on the Beagle 2 Mars lander, 
which was developed to TRL 8. The characterisation of 
aerosols with a portable XRF is in widespread use both 
for industrial environment monitoring and for 
atmospheric aerosol characterisation on Earth, so this can 
be considered an ‘off-the-shelf’ technique. The XRF 
spectrometer weighs only 300 g including its sources and 
electronics, and would be integrated into the aerosol 
collection system used for the ACP-GCMS instrument. 
Detection limits of Fe, S, P and Cl are estimated to be of 
the order of 1 µg/cm2 for sample deposited on the filter. 
Depending on the filter design and pump rate, this 
corresponds to an airborne detection limit of order 5 
µg/m3 for atmospheric loading, which is two orders of 
magnitude more sensitive than the Vega XRF results. 

The XRF will thus be able to measure the atmosphere 
and aerosol composition at much improved accuracies 

and detection limits to both confirm previous 
measurements and investigate undetected constituents. 
For example, the measurement of Cl by Vega may 
indicate the presence of AlCl3 in the middle cloud layer at 
53-58 km (Krasnopolsky, 2006). The poor sensitivity of 
the Vega XRF instrument at ~1.5 keV (Al K shell) would 
have prevented a reliable measurement. An improved 
XRF will be able to confirm or deny its presence at a 
much improved sensitivity. It will also confirm the 
tentative measurement of mercury halides by Venera at 
~10 keV (L shell) and ~2 keV (M shell) and investigate 
the presence of other heavier elements that have been 
theorised to be present such as As and Se (Barsukov et 
al., 1981).  

 

 
Figure 7:  The Beagle 2 X-ray Spectrometer with constituent 
components labelled. Two 55Fe sources were mounted in the 
front of the carbon fibre reinforced plastic (CFRP) structure 
and two 109Cd were mounted in the rear at 90° positions to the 
front sources. 

A tunable diode laser spectrometer (TDL) is 
proposed in order to measure the abundances of gaseous 
species in the atmosphere, in particular of the crucial 
H2SO4, SO2 and H2O species which are so important in 
cloud formation. Although the GCMS instrument will 
measure these species as well, quantitative measurements 
can be difficult due to adsorption of these species onto the 
internal walls of the instrument, and due to changes in the 
molecules when they pass through the ionisation source 
of the MS instrument. The TDL spectrometer offers a 
robust method for frequent measurements of these crucial 
gaseous abundances while using less power than an MS 
instrument. 

Tunable diode laser spectrometers are transmission 
spectrometers, scanning over a narrow spectral range 
using tunable diode lasers. The laser and detector are kept 
away from the harsh environment by using optical fibres 
to transport light signals to and from the optical cell. 
Multiple laser diodes can be used to examine different 
spectral ranges; an optical switch is used to switch 
different laser diodes in and out of the signal path. A 
short multi-pass cell allows an absorption path length of 
many metres in a package only 20 cm long. Fibre optic 
couplings allow easy switching between different TDL 
diodes but also allow the electronics to be remote from 
the pass cell. Heated mirrors will be used to evaporate 
deposited volatile substances. Lasers could consist in a 
combination of antimony lasers. Depending on the 
available mass, two additional channels with quantum 
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 cascade lasers (mid-infrared, QCL) to measure SO2 with a 
much better precision and access HDO could be added 
(QCL option). 
 

Table 5 : Expected performances of a TDL system 
P=500mbar T=300 K detection limit = 

5e-6   
Multipass = 36 m (20 cm base length) 

Species  Estimated 
abundance 

Required 
precision 

Wavelength
 (micron) 

Absorption 
depth 

Estimated 
sensitivity         

(1 σ) 
SO2 1,0E-04 1,0E-07 2.46 4,0E-04 1 ppm* 
OCS 4,0E-06 1,0E-08 2.43 1,0E-02 2 ppb 
H2O 3,0E-05 1,0E-07 2,0E-01 0.8 ppb 

H2
18O 6,0E-07 1,0E-04 

1.85 
5,0E-04 6 ppb 

CO 4,0E-05 1,0E-07 2.32 5,0E-02 3 ppb 
H2S 3,0E-06 1,0E-08 3,0E-03 5 ppb 

H2
34S 1,0E-07   

2.60 
2,0E-04 3 ppb 

HCL 5,0E-07 1,0E-09 2,5E-03 1 ppb 
H37Cl 1,0E-07   

1.74 
1,0E-03 0,5 ppb 

HF 2,0E-09 1,0E-10 2.45 1,8E-03 10 ppt 
CO2 9,0E-01   2.17 3,0E-02 150 ppm 

13CO2 1,0E-02   2.14 3,0E-02 1,5 ppm 
H2O** 3,0E-05     1,5E-01  1 ppb  
HDO** 6,0E-07      1,5E-03 2 ppb 

• 1 ppb using QCL. ** Requires using QCL. 

 
The TDL instrument could be provided by teams in 

France or in the U.S., all of whom have extensive 
experience and would build on extensive heritage from 
missions including Vega, Mars Polar Lander and Phobos 
Grunt, as well as Earth atmospheric deployments. The 
performance figures on table 5 were provided by the 
French team at GSMA (France), who base their design on 
performance figures from a full TDL spectrometer 
instrument flown on the Phobos Grunt mission. 

A nephelometer will be used to characterize the cloud 
and aerosol particles. As discussed in Section 2, there are 
many mysteries left surrounding these particles. Firstly, 
the ‘Mode 3 controversy’: Is there a distinct population of 
large, non-spherical particles in the lower cloud deck? 
Secondly, what is the nature of cloud processes in the 50-
60 km convective region? Thirdly, what is the nature of 
the UV absorber? 

The Planetary Polarization Nephelometer (PPN) will 
measure the intensity and degree of (linear) polarization 
of light that has been scattered by cloud and aerosol 
particles at six scattering angles and two wavelengths. In 
particular the polarization phase function is very sensitive 
to the microphysical properties (size, shape and 
composition) of the scattering particles (Hansen and 
Hovenier, 1974; Hansen and Travis, 1974). An added 
advantage of nephelometry is that it is a relative measure-
ment that can be obtained very accurately with few 
instrumental effects.  

Combining intensity and polarization phase functions 
gives unique access to cloud and aerosol microphysical 
properties that cannot be obtained from traditional 
nephelometers that measure only intensities. For example, 
backscatter nephelometers, as have flown on many 
previous Venus descent probes, only yield the product of 
particle number density and size. Nephelometers that 
measure intensity phase functions (thus at several 
scattering angles) can separate particle number density 
from size, but in order to do so, one has to assume the 

particle shape and index of refraction. Measuring 
intensity and polarization phase functions at two well-
separated wavelengths, as our nephelometer will do, 
dramatically enhances its particle characterisation 
capabilities in particular for the refractive index (real and 
imaginary parts) and for detection on non-spherical, non-
liquid particles.  

 

 

 
Figure 8: Two views of the planetary polarization 
nephelometer – Aerosols near the centre of the arc are 
illuminated by laser from the left, and scattered light is 
sampled by lenses/fibres arranged around the arc to the right. 
(from Banfield et al., 2004). 
 

A sketch of the Planetary Polarization Nephelometer 
is shown in Fig. 8. Optical elements are arranged around 
an arc-like structure which is open to the atmosphere. 
From one end of the arc, lasers illuminate the particles 
with light that is modulated in its state of polarization. 
The intensity and polarization phase functions of the 
scattered laser light are sampled through apertures along 
the arc’s inside rim. The polarization modulation of the 
incident light results in the DC component of the 
scattered intensity being proportional to the intensity 
phase function, while the AC component is proportional 
to the degree of polarization.  PPN has no moving parts, 
and by using fibers, all the sensitive components can be 
housed within the probe’s body.  Only passive optics will 
be exposed to the environment. Simpler nephelometers 
(with less scattering angles and/or without polarization) 
simply cannot yield a complete, unambiguous, 
characterisation of Venus’ aerosol and cloud particles.  

This nephelometer has been developed jointly by 
researchers in the USA and the Netherlands; it could be 
built in its entirety by researchers in either of these 
countries. 

A radiometer will be used to examine the radiative 
balance in the clouds of Venus; and to to study the 
interdependence between radiative fluxes and dynamics, 
cloud microphysics and chemistry. This instrument will 
measure radiative fluxes in 8 spectral channels from the 
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 UV to the infrared. Currently the envisaged channels are 
shown in table 6. 

 
Table 6: Characteristics of the radiometer 

Wavelength 
[µm] 

Width 
[µm] Detector Purpose 

0.35 0.065 Si photodiode UV absorber ; UV-A 
dose 

0.30 0.035 Si photodiode SO2 absorption ; UV-B 
dose 

0.23 0.012 Si photodiode UV-C dose 
0.2 – 0.8 No filter Si photodiode Solar broadband flux 

1.0 0.04 Thermopile IR window (flux from 
surface) 

1.73 0.08 Thermopile IR window (flux from 
10-25 km) 

2.32 0.04 Thermopile IR window (flux from 
30-40 km) 

1 - 50 No filter Thermopile Thermal broadband flux 
 

The UV and visible channels permit measurement of 
the integrated solar flux at the balloons altitude, to see 
how much this varies due to changes in the upper cloud. 
The instrument includes a scan mirror which will allow 
pointing upwards, downwards and at a calibration target 
(particularly important for the infrared channels). 
Measurement of flux at intermediate zenith angles will 
also be possible, and will be carried out perhaps once per 
day, but will not be used routinely because of the 
restricted data rate. Multiple channels in the UV allow 
characterisation of the UV absorber; measurement of 
column-integrated SO2; and astrobiologically significant 
UV-C dose. Infrared channels are centred on the 
important 1.0, 1.7 and 2.3 µm spectral window regions, as 
well as a broad long-wave channel. The spectral window 
channels will be used to characterise the cloud below: Is 
the balloon above a region of thick cloud or thin cloud? 

By combining the radiometric data with composition 
measurements from the nephelometer and GCMS, we can 
validate countless IR studies. For example, are changes in 
the 1.7/2.3 µm ratio primarily associated with cloud 
particle size variations or with cloud particle composition 
variations (Barstow et al., 2011)? The correlation between 
fluxes and dynamics are also crucial: Are regions with 
thick cloud (low fluxes) associated with updrafts, as 
expected from convective clouds on Earth? Quantifying 
this relationship will allow estimates of vertical 
convective transport within the cloud layer for the Venus 
Express/VIRTIS dataset. 

We include in this instrument also a radiation sensitive 
transistor (RadFET), which records the cumulative 
ionising radiation dose. Multiple channels, to probe 
different energies, are possible in a sensor of <100 g. 
This, combined with the U.V. radiation channels above, 
serves the astrobiology goal of characterising the 
habitability of the current-day Venus cloud environment. 

A meteorological payload, including pressure, 
temperature and vertical wind measurements, is vital to 
provide context measurements for all of the other 
scientific measurements. 

Capacitive ‘Barocap’ sensors will be used to measure 
absolute pressure. Originally developed for balloon-based 

meteorology on Earth, these also have space heritage 
having been included in the payload of a number of Mars 
missions. The pressure sensor serves as an altimeter. At 
the 55km float altitude of Venus, the altitude of a constant 
pressure surface is expected to vary by less than ±500 m 
(S. Lebonnois, private communication based on results 
from Paris Venus GCM, 2010). The measurement 
precision of VLBI tracking from Earth is expected to be 
~50 m, so it will be possible to search for such variations 
in the geopotential height, which would be very revealing 
as to global atmospheric dynamics. 

Platinum Resistance thermometers, similar to those 
used on Huygens HASI will be used to measure air 
temperature to an accuracy of 0.1 K. Measurement of 
temperatures in updrafts and downdrafts will help 
elucidate convective processes in the clouds; a direct 
cross-correlation of temperature with vertical wind will 
yield the vertical eddy flux of heat. 

This requires that the vertical wind be measured. Our 
preferred ultrasonic anemometer is a compact (50 mm Ø 
x 18 mm L), low mass (50 g), low power (12 mA) design 
which can be used directly off the shelf: the FT702 
ultrasonic anemometer from FT technologies in the UK. 
The 0.1 m/s uncertainty in wind speed achievable using 
this instrument is more than sufficient for eddy flux 
covariance methods. We note that the absolute vertical 
wind speed can be determined by combining the 
balloon’s vertical airspeed (measured) with its rate of 
change of pressure, in a procedure demonstrated for the 
Vega balloons. 

Finally, the meteorological science team will also 
analyses accelerometer data from the entry phase to 
determine upper atmosphere structure, as has been carried 
out on most entry probe missions. The science team will 
assist the engineering team in specifying the requirements 
for a 1-D accelerometer for use during the entry phase; 
use of accelerometry during the float phase to 
characterise atmospheric turbulence shall be considered 
in the definition phase. 

Another important instrument in the core payload is an 
electrical/magnetic instrument suite. The core 
instrument on the EVE EM suite is a combined 
electromagnetic wave analyser and permittivity sensor. 
The electromagnetic wave analyser is based on a 
Hungarian instrument with extensive flight heritage on 
Compass-2, Chibis and Relec satellites and the ISS 
(Ferencz et al., 2009). This instrument measures the 
horizontal electric field from 0 – 20 kHz by measuring 
the potential between two electrodes deployed on 1 m 
booms on opposite sides of the gondola. Physical 
displacement of ~1 m from the gondola is required as 
well as a horizontal displacement of >2 m between the 
two electrodes for the electromagnetic wave analyser. 
This can be achieved using two single segment carbon-
fibre booms deployed from the underside of the gondola, 
as shown in Fig. 9. The booms are based on that proposed 
for the Atmospheric Relaxation and Electric field Sensor 
(ARES) and meteorological instrumentation on ExoMars, 
and each weighs 250 g, including actuator and hinge 
assembly. The electrodes would be of a design similar to 
that used for ARES i.e. electroformed aluminium 
wrapped in a cylindrical shape at the end of each boom 
(10 cm long x 10 cm circumference). Multi-mode 
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 electronics would permit the electrodes to be used (i) for 
EM background characterization; (ii) for rapid transient 
detection and characterization with a triggered mode, (iii) 
and as relaxation probes to measure the atmospheric 
electrical conductivity. The possibility to implement the 
measurements of the complex permittivity and of the DC 
high impedance current to sense impacts of charged 
particles will depend on the mass and power budget 
(requiring more complex boom, structure, additional 
electronics, and EMC requirements), and will be studied 
during Phase A. The microbalance technique described 
below would provide charge-to-mass ratios. 

 

 
 
 
 
Figure 9: Sketch of one possibility for accommodation of boom 
for E-M wave instrument. 
 

Measurement of the vertical atmospheric electric field 
could either be performed by adding a third electrode, or 
by performing a cross-correlation of the field with the tilt 
of the gondola during its pendulum motions (the tilt is 
being measured by the accelerometer package; only very 
small tilts of <5° are required in order to measure the 
vertical component of field due to its larger magnitude); a 
trade-off between these solutions could be carried out in 
Phase A study. 

Magneto-telluric sounding of the surface would 
require either measurement of the vertical component 
field using a third electrode or by measurement of a 
perpendicular horizontal component of the magnetic field. 
A search coil is included in the payload, mounted on one 
of the EM booms, to conduct this measurement. A search 
coil is the preferred magnetometer for this purpose 
because it would provide the required sensitivity at low 
frequencies (8-12 Hz) at which the Schumann resonances 
may be found. 

The search for lightning conducted by the E-M 
instrument will be enhanced by the addition of acoustic 
and optical channels. A simple avalanche photodiode 
(nightside) and photodiode (dayside), contributed by the 
Japanese team responsible for the Lightning and Airglow 
Camera on Venus Climate Orbiter, will search for optical 
transients of lightning at the oxygen excitation line at 
777.3 nm. A microphone is included in order to search for 
thunder and/or precipitation. This investigation will have 
significant outreach value as well as its scientific value. 
The microphone and optical channels will be analysed by 

the EM electronics, which are already designed to search 
for transients in E-field signals at up to 20 kHz. 

A simple photodiode to search for optical transients at 
the oxygen excitation line at 777.3 nm, expected to be 
uniquely caused by lightning in Venus’ atmosphere, is 
proposed. This will use a simple data storage buffer that 
could also be shared with a simple microphone to listen 
for acoustic events caused by thunder or precipitation.  

The final instrument in the core payload is a camera. 
The data rate is very limiting – only 5-50 kbytes per day 
would be available to a camera system – so the camera 
would be limited to sending back one compressed image 
per day. The cloudscape around the balloon is expected to 
be quite homogenous: there is expected to be around a 
30% difference between light level between the sunward 
and anti-sunward directions, so there is a possibility of 
seeing some cloud shapes, but the lighting would be very 
diffuse. To create an image suitable for P.R. purposes, we 
suggest a camera looking up at the balloon, perhaps with 
a wide viewing angle to show also the gondola’s upper 
deck.  

 
Figure 10: The Proba-2 X-CAM micro-camera from Space-X 
Ltd., Switzerland. 

 
We suggest the use of a micro-camera such as the X-

CAM from the Space-X Institute in Switzerland as flown 
on ESA-s Proba-2 spacecraft, due to its combination of a 
wide field of view (100°), low mass (221 g for camera 
head), and flight heritage (TRL 9). The detector is a 
2652x1768 pixel colour CCD, but in nominal mode we 
would return one binned and compressed 663x442 pixel 
image per day. 

3.2. Extended payload  
The following instruments should be included if a 

slightly larger payload mass of 20 kg can be 
accommodated. 

An Attenuated Total Reflection (ATR) 
spectrometer would provide additional cloud 
characterisation capabilities. ATR Spectroscopy works by 
sending a light beam through a prism such that it is totally 
internally reflected from the prism’s surfaces. The 
spectrum is attenuated by absorption from material 
deposited on the external surface of the prism: this is 
effectively an exquisitely sensitive method of performing 
absorptance spectroscopy of very thin layers of liquid, 
and is therefore ideally suited for characterising the cloud 
droplets of Venus. The extended version of the EVE 
payload includes a 2 kg ATR spectrometer. The 
spectrometer would include 20 separate prisms; this 
allows replacement of prisms after each measurement, in 

~0.8m 
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 order to permit measurement of the spatial variability of 
cloud composition without cross-sample contamination. 

 

 

 

 

 
Figure 11: ATR spectrometer in development in IKI, Russia 
with Italian colleagues: (upper left) schematic, (lower left) 
actual prototype, (right) measured ATR spectrum of sulphuric 
acid [Horn et al., Phys. Chem. Chem. Phys. 1999]. 
 

The spectrometer would be of the Fourier type, with a 
spectral range of 2.5-25 µm and a spectral resolution of 
about 5 cm-1. The specifications given here were provided 
by a Russian/Italian team building on their experience 
from Venera 15/16, PFS-MEX, PFS-VEX, and Phobos-
Grunt (Fig. 11); a miniaturised ATR instrument is also 
under development by a Norwegian/UK consortium. 

The extended payload mass would also be used to add 
a 3-D fluxgate magnetometer to the E-M suite. This 
would permit the search for remnant crustal magnetism. 
This would measure 3 components of the magnetic field 
in the range 0 to 1000 nT, with an uncertainty of ±0.1 nT. 
The magnetometer would be accommodated on the E-M 
boom which does not already have the search coil 
magnetometer. This instrument could be provided by 
several European or US teams. 

The final instrument included in the ‘extended’ EVE 
payload is a microbalance suite, to perform thermal 
gravimetry measurements (Fig. 12). Thermo-gravimetric 
analysis (TGA) is a widely used technique to investigate 
deposition/sublimation and absorption/desorption 
processes of volatile compounds in different 
environments: outgassing contamination in space, 
dehydration and organic decomposition in minerals, as 
well as to measure moisture content in foods or to 
develop temperature profiles for firing ceramics. At the 
heart of TGA is a measurement of changes in the mass of 
a sample to a precision of a few nanograms or picograms, 
as a function of temperature and time. A quartz crystal 
microbalance is used as the sensitive element, typically of 
<1 cm2 in area; a heating element and thermistor are built 
into the microbalance to minimise the thermal inertia and 
thus the cycle times of the system. Peltier coolers would 
be included to permit cooling as well as heating of the 
microbalance. 

For EVE, the microbalance would be used in two 
modes: condensation and electrostatic. In condensation 
mode the microbalance would be used much as a chilled 
mirror hygrometer on Earth: it would be cooled until 
condensation formed, yielding a measurement of the dew 
point and thus of the local relative humidity. The 
microbalance would then be heated up to above ambient 
temperature to see if any non-volatile residue is left on 
the microbalance; this would finally permit investigation 
of suggestions from Pioneer Venus radio occultation data 
which suggested that lower cloud particles showed 
properties consistent with “a solid dielectric core with a 
concentric sulphuric acid coating” (Cimino et al., 1982). 
The combination of this measurement with the polarising 
nephelometer measurement and the GCMS suite will 
provide a complementary set of measurements to 
conclusively define the composition and structure of the 
cloud particles. 

Further information as to the electrical properties of 
the particles can be obtained by applying a series of 
electrostatic charges -both positive and negative- to the 
microbalance assembly to see how deposition rates are 
affected. This would show whether cloud particles have 
any electric charge, which is vital for understanding the 
atmospheric electrical circuit and the generation of 
lightning. 

Note the microbalances can also be heated up to 450 
deg. C, permitting identification of complex organic 
molecules by stepped pyrolysis. 

The mass of 400 g quoted for this instrument includes 
3x sensor heads and independent electronics. We note the 
opportunity for significant mass savings if the 
microbalance sensor heads, weighing only 25 g each, 
could be integrated into another instrument such as the 
meteorology suite, using combined electronics. This 
possibility would be examined in the assessment phase. 

 

 

  
Figure 12: Microbalances: The upper left image shows the 
integrated layout in the Italian device of the heater (in red) and 
thermistor (purple); the lower left image shows the resulting 
heat distribution on the surface. The right image shows a 
commercially available microbalance, the Mk24 TQCM from 
QCM Research, which incorporates a Peltier cooler. For scale, 
the central body is 12.2 mm in diameter and 15 mm long, and it 
weighs 8.5 grammes. 

3.3 Sampling strategy 
The sampling strategy is chosen to maximise the 

science return within the constraints of data and power 
budgets. The table below shows the trade-off of science 
return for different average data rates. It is currently 
envisaged that the same data production rates will apply 
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 on both the dayside and nightside of the planet, and both 
when the probe is visible from Earth and when it is not 
visible. 

The average power required by the science payload for 
these different measurement scenarios is shown in table 
7; it can be seen that the high data return options require 
significantly more power. 

The table shows that most of the science goals can be 
satisfactorily achieved with a mean science data 
production rate of 50 bits per second; when considering 
that direct-to-Earth communications are not possible 
when the balloon is on the far side of Venus, this requires 

a communications link capable of returning 100 bits per 
second during periods of visibility. 

Science return would be greatly enhanced if a higher 
data rate were available during the initial 2 hours of the 
mission, to permit a full set of results from all instruments 
to be returned. This initial dataset of 4 Mbits would 
include an isotopic MS measurement and full GCMS runs 
of atmospheric and aerosol samples. This high initial data 
return can be achieved by using the flyby craft as a data 
relay in this period, as will be shown in the mission 
scenario presented below. 

Table 7: Science trade-off for three values of the average data production rate: 5, 50 and 200 bps. 
Science achieved 5 bps 50 bps 200 bps

Evolution noble gas abundance & isotopic MS YES (measurement only 1-2 times) YES (repeated measurements possible) YES (repeated measurements possible)

Cloud basic gas composition measured OK (GC and MS only, 6hr intervals) Good (GC and MS at hourly intervals) Very Good (Full GCMS at hourly intervals)

composition detailed gas composition No - GCMS not possible OK - Full GCMS possible at daily intervals Very Good (Full GCMS at hourly intervals)

       TDL meas't of gas composition OK - some species at daily intervals Good (most species at hourly intervals) Good (most species at 15 min intervals)

       ACP / Pyrolysis for aerosol study  limited (Pyrolysis at 6-12 hr intervals) Good (Pyrolysis at hourly intervals) Very Good (Pyrolysis with GCMS possible)

nephelometer YES (5 min intervals) YES (5 min intervals) YES (5 min intervals)

correlation with up/downdrafts limited, using partial TDL & nephelometer YES using all except GCMS YES, using all instruments incl. GCMS

ATR spectrometer YES YES YES 

Surface M-T subsurface sounding  limited Adequate. M-T sounding every 15 minutes Good. improved spectral resolution

Remanent crustal magnetism YES YES YES 

Dyamics mean zonal wind measurement YES YES YES

tides, Rossby waves, 4-day waves depends on whether balloon can be tracked on far side of planet - also, answer from an 8-day mission will not be definitive

mean meridional wind depends on whether balloon can be tracked on far side of planet - also, answer from an 8-day mission will not be definitive

Turbulence characterisation to 1Hz Yes on visible side from VLBI Yes from VLBI & accelerometers Yes from VLBI & accelerometers

Radiative sensitivity to local cloud YES - limited range of azimuthal angles YES YES

balance detection of UV absorber YES YES YES

EM environmentEM background, conductivity, permittivity YES - 5 events and 12 bckgrds per day YES - 12 events and 24 bckgrds per day YES - 100 events and 300 bckgrds per day

lightning - optical, elec and acoustic limited number of events YES YES - higher bandwidth, frequency range

Exobiology Detailed characterisation of cloud dropletsNO (only basic characterisation of cloud) OK (detailed GCMS cloud study possible) Good (detailed GCMS runs & variability)

Outreach images of balloon NO 1 image per day + descent/inflation images? 2 images per day + descent/inflation images?

lightning - optical, elec and acoustic limited number of events YES YES - higher bandwidth, frequency range

POWER CONSUMPTION 5 W 12.5 W 15 W

 

4. MISSION OVERVIEW 

4.1 General mission architecture 
The nominal mission includes a single spacecraft 

carrying an Entry Probe (EP) which contains the balloon 
system and gondola. The EP is composed of two 
elements: (i) the Entry System consisting of an aeroshell 
attached to a carrying internal structure, (ii) the Descent 
Module containing the Balloon Probe (BP) and its 
deployment system. 

After releasing the entry probe on an entry trajectory 
before arrival at Venus, the carrier is diverted to a fly-by 
trajectory (and therefore not inserted around Venus). It is 
used as a data relay for ~2 hours after the BP reaches its 
final float altitude, and it performs Doppler measurements 
of the balloon when the latter is not visible from Earth.  

The baseline scenario is as follows:  
• A single spacecraft carrying the EP is launched on a 

Soyuz/Fregat2-1b launcher from Kourou in the April 
2023 launch window, which is optimal for propellant 

consumption. An alternative option exists in 2021. The 
sizing of the spacecraft and payload is compatible with 
both options.  

• Following launch, the carrier bus is injected directly 
onto a ballistic Earth-Venus trajectory. The transfer 
from Earth to Venus takes about 6 months.  

• The EP is separated from the carrier a few days before 
arrival at Venus on an entry trajectory. This trajectory is 
such that the entry takes place on the nightside (for a 
safer balloon deployment), visible from Earth (to secure 
the mission), and in the expected latitude range at the 
beginning of its mission. 

• After the release of the EP, the carrier is diverted onto a 
flyby trajectory.  

• The balloon platform sends data (either real time or 
recorded data) to Earth when it is visible. The carrier 
bus is used as a data relay during the descent and 
inflation phase and for about 2 hours after the balloon 
reaches its final float altitude. The distance between the 
carrier and the balloon reaches ~50000 km after 2 hours. 
The distance between the balloon and Earth is less than 
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 130 million km (0.8 A.U.) for all the balloon mission 
lifetime.  

• The entry phase begins when the EP is at an altitude of 
~450 km. It is followed by the deployment of the 
balloon at an altitude of ~55 km (see § 5.2.3 for more 
details).  

• The 10-day mission begins shortly afterwards with the 
balloon visible from Earth. The sequence of events is 
shown below in Fig. 13:  

- Direct contact between Earth and the balloon is possible 
during the first 4 days.  

- Earth becomes visible from the balloon again after ~7 
days.  

- The balloon is visible from the carrier after ~3 days, 
during the whole of the period where it is not visible 
from Earth. 

- Moreover, the balloon is in sunlight from day 1.5 to 5.5 
and after day 9.  

 
Figure 13: Visibility of the Sun, Earth, and Carrier spacecraft 
(labelled VIP) from the balloon during its float phase. 

4.2 Launch and trajectory requirements 

4.2.1 Launch and cruise 
The Soyuz-Fregat-2-1b launcher appears to be the 

most appropriate option in terms of mass performances, 
volume under fairing and cost.  

 
Figure 14: Nominal trajectory for 2023 launch. 

A direct escape velocity is compatible with the 
looked-for performance. The trajectory for a launch in 
2023 is shown in Fig. 14. The mass performance for the 2 
launch windows (2023 and 2021) is guaranteed to be at 
least 1400 kg, including the mass of the adapter (45kg for 
ACU 937).  

4.2.2 Interplanetary trajectory towards Venus 
Two departure opportunities are compliant with the 

timeline of the Cosmic Vision 2 programme. In both 
cases, the trajectories are direct and ballistic (i.e without 
gravity assist or deep space manoeuvres) (Table 8).  

The nominal departure window is defined in early 
2023, with a possible opportunity earlier, in 2021. Each 
launch window is ~1 month long during which the 
performances are guaranteed.  
 

Table 8: Characteristics of the ballistic trajectory 
 2023 (nominal) 2021 (option) 
Departure date 30 April 2023 13 October 2021 
Departure 
velocity at 
infinity 

v∞ = 2778.5 m/s 
δ∞/equator = 9.8o 

v∞ = 2987.7 m/s 
δ∞/equator = -33.8o 

Arrival date 25 October 2023 30 March 2022 
Arrival velocity 
at infinity 

v∞ = 4059.1 m/s 
δ∞/equator = -31.6o 

v∞ = 4751.6 m/s 
δ∞/equator = 37.6o 

Earth-Venus 
distance at 
arrival 

105 million km 
(~0.7AU) 

112 million km 
(~0.75AU) 

Cruise duration 178 days 168 days 
Launch 
capability 

1550 kg 1490 kg 

4.2.3  Carrier trajectory near Venus  
The EP is separated ~10 days before arrival at Venus. 

Adequate orbit determination and trajectory corrections 
are required to ensure the necessary accuracy for the EP 
to reach Venus with the proper entry parameters (and 
particularly the slope of the velocity).  

The final latitude (in the range 10-25° either North or 
South) is achieved through an adequate choice of the 
position in the B-plane before separation. The latitude can 
be positive or negative depending on the arrival 
conditions (declination of arrival velocity at infinity).  

After separation, the carrier performs a divert 
manoeuvre (~20 m/s) to put itself on a fly-by trajectory. 
The performed maneuver is approximately perpendicular 
to the relative velocity and increases the Venus periapsis 
altitude to around 15000 km. The increased altitude 
enables communications with the balloon up to ~2 hours 
after deployment.  

The trajectories at arrival are shown in Fig. 15. The 
trajectory of the carrier is close enough to the equator for 
Doppler measurements sequences to be possible with the 
BP during the balloon mission lifetime. 
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Figure 15: The trajectories of Entry Probe and carrier are 
shown. Light blue lines connect simultaneous carrier and 
balloon positions, at 1 hr intervals. Dark blue and yellow 
arrows show direction of Earth and Sun respectively. 

4.3 Atmospheric entry, descent, and balloon 
inflation (EDI) 

The entry sequence starts at an altitude of about 400 
km at a maximum velocity of 10.8 km/s to 11.2 km/s 
(worst case for 2023 launch) and an entry flight path 
angle of about -21° +/- 2°. The front shield of the probe 
has an aerodynamic shape to reduce the velocity of the 
probe and protect the inside equipment from the thermal 
flux induced by the atmosphere. The peak of deceleration 
and thermal fluxes (both radiative and conductive) occurs 
between 100 km and 80 km of altitude. The maximal heat 
flux is ~26 MW/m², shared in two almost equivalent 
convective and radiative contributions (Fig. 16). These 
values are obtained using a ballistic coefficient β = ~140 
kg/m², derived from a preliminary design loop. 
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Figure 16: Heating profiles in entry phase (y axis:  heat flux in 
kW m-2). 

 
At altitude just below 70 km when the vertical 

velocity has fallen below 130 m/s, a parachute is opened 
in order to slow down the entry probe. The front shield is 
released as soon as possible after the opening of the 
parachute, above 65 km altitude, to avoid an excessive 
heating of the gondola due to the rapid increase of the 
temperature of the backside of the shield. When the 

vertical velocity has fallen to ~10 m/s, at an altitude near 
57 km, the balloon is deployed. The inflation of the 
balloon with helium gas then takes about 5 minutes, by 
which time the balloon has reached an altitude of 54 km. 
The parachute is now cut away and the balloon sinks 
down to reach its lowest altitude of 50 km.  The helium 
tank is then jettisoned and the balloon ascends to its 
constant flight level of 55 km. The inflation sequence is 
discussed in more detail below in § 5.2. 

4.4 Telecommunication strategy 
Several different types of communications links will 

be established (Fig. 17): 
- Carrier-Earth X-band link. 
- Direct-to-Earth data delivery from the Balloon during 
the float phase (X-band, see below). 
- Carrier-Balloon X-band link during EDI, and in the first 
two hours of float phase of balloon mission. 
- Carrier-Balloon Doppler ranging at T0 + 4-8 days. 

Due to the lack of an orbiting relay station during the 
major time span of the atmospheric phase, most science 
data will be returned using a Direct-to-Earth (DtE) link 
from the balloon. 

The basic design involves an adaptive phased array 
(APhA) of receivers /transmitters onboard the gondola. 
Either S-band (~2 GHz) or X-band (~8 GHz) operational 
frequency can be implemented, however the X-band is 
preferable because of the smaller susceptibility of the 
radio link to the interplanetary plasma scintillations and a 
better accuracy of the Doppler velocity, radial distance 
and lateral coordinates determination, and smaller size of 
the onboard assembly. Absorption of X-band signals 
above the balloon’s altitude is negligible (Kolodner and 
Steffes, 1998). 
 

 
Figure 17: Principal communication links 

 
To ensure the required telemetry (TM) downlink data 

rate of the order of 100 bit per second (bps) and 
telecommanding (TC) uplink data rate of the order of 10 
bits per second  at a distance of 0.7-1.5 AU from Earth 
and a medium gain (12-15 dBi) Rx/Tx, an adaptive 
phased array antenna is required.  During the operations, 
the APhA is electronically pointed at and phase locked to 
the pilot signal transmitted from the Earth tracking 
stations, ESA ESTRAC 35-m or NASA DSN 34/70-m 
antennas. The global distribution of the ESTRAC and 
DSN stations ensure the 24 hours per day operational 
coverage in a two-way link mode during the entire 
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 mission lifetime. Use of additional Earth-based radio 
astronomical antennas in a phased-up mode for downlink 
signal reception together with the tracking stations will 
further improve the reception SNR and robustness of the 
TM data decoding. As a safe/back-up mode, an optional 
omni-directional and unlocked transmitter can provide 2-
10 bps DtE data rate depending on a size of the ground-
based receiving antenna. Turbo-coding should be used to 
achieve the best approach to the Shannon’s limit of the 
link capacity. Use of multiple phased-up reception 
antennas can also improve the downlink capacity in the 
un-locked omni-directional mode by a factor of 3 to 10. 

According to the CNES study (Hinglais, 2010), the 
on-board APhA implementation will require 5 kg of mass 
and 25 W power consumption to ensure the required data 
rate of 100-200 bits per second when using the 35/70 m 
ESA/NASA tracking antennas and is based on a 
technology of the TRL 8-9. At the time of this proposal 
preparation, a somewhat lower TRL level could be 
attributed to more sensitive radio astronomy facilities to 
be operational at the time of the EVE in-flight operations. 
Feasibility of their involvement in the mission will be 
addressed during the design study of the EVE mission. 
 
4.5 Balloon state vector determination  

 
Determination of the balloon’s state-vector (position 

and velocity) in the Venus-centric frame is necessary for 
many experiments carried out by the mission and 
characterisation of the wind field dynamics on the scales 
from local (~1km) to global (>1000 km) dimensions. 
When the balloon is visible from Earth, its position will 
be determined by using the radial Doppler, radial range 
and lateral coordinates measurement using the two-way 
and multi-way radio links with the ground-based tracking 
stations and the European and global arrays of the Very 
Long Baseline Interferometry (VLBI) networks as a part 
of the Planetary Radio Interferometry and Doppler 
Experiment (PRIDE) using primarily the European VLBI 
Network (EVN). At present, PRIDE can be characterised 
by TRL 8 to 9.  

In a multi-way link mode in which one ground station 
transmits and several radio telescopes receive the returned 
signal in a phase-referencing mode, the lateral 
coordinates of the balloon in the Solar System Barycenter 
frame (SSBC) can be determined with an accuracy of 10 
m (1σ RMS) at a distance of ~1 AU and transmitting 
power of ~1 W in the signal carrier line and widely 
separated (by 1-100 MHz) ranging tones with a power of 
10% of the carrier line. The achievable accuracy of the 
Doppler velocity tracking will be at a level of 2-5 mm/s, 
radial distance measurement accuracy at a level of 1–3 m 
and lateral coordinates measurement accuracy at the level 
of 10–30 m at a sampling interval of ~1–10 s in the SSBC 
or Venus-centric coordinate frame. These estimates 
assume the Earth-locked Phased array as described above. 
However, an omni-directional 5 W transmitting beacon 
could also be used to achieve somewhat lower but still 
usable Doppler velocity, radial ranging and VLBI 
measurement accuracy. 

The European VLBI Network and its data processing 
centre at the Joint Institute for VLBI in Europe (JIVE) is 

currently capable of handling data from more than 20 
radio telescopes over the globe. Figure 18 illustrates the 
current geographical coverage of the operational EVN 
facilities. 

When the balloon is not visible from the Earth, it will 
be tracked from the carrier spacecraft. The carrier’s 
trajectory has been chosen so that it is visible from the 
balloon probe during the whole of the latter’s transit 
across the backside of Venus (t ~t0 + 3 to 7 days). The 
carrier-probe distance is large – 1 to 2 million km. The 
carrier should be equipped with a medium-gain antenna 
to enable reception of a carrier signal from the gondola 
for Doppler and ranging measurements. This enables 
determination of the balloon probe’s east-west position on 
the far side of Venus.  

A small radar altimeter (only 250 g in mass) could be 
included on the gondola to help constrain the north-south 
position of the probe (making reference to topographic 
maps of surface altitude). The mass and power budgets 
have included this option, although the efficacy of this 
technique requires further study. 

 

 
 
Figure 18: Spatial distribution of the European VLBI Network 
and associated radio telescopes over the eastern hemisphere. 
Maximal baselines achievable are of ~10,000 km, which 
corresponds to an angular positioning accuracy better than 
~0.1 nr.   

5. SYSTEM REQUIREMENTS AND SPACE-
CRAFT ISSUES 

5.1 Mission requirements 
- Payload mass: The nominal total payload mass on the 
gondola shall be up to 15 kg (upscoping option: 20 kg). 
- Latitude of insertion: The baseline latitude insertion of 
the balloon should be 10-25° (North or South).  
- Float altitude for the balloon: The baseline float 
altitude for the balloon should be 55 km (± 2 km).  
- Duration of mission: A nominal lifetime of 10 days for 
the balloon is required.  
- Entry phase (while spacecraft is descending behind its 
front aeroshell):  
Scientific measurements: During the entry phase, only 
engineering measurements including accelerometer and 
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 ablation shield temperatures, shall be operated. Entry 
phase axial acceleration measurements will be used for 
atmospheric structure investigation. 
Technological measurements: Through the entry phase, 
radio transmissions are required to confirm the survival of 
the probe and to report events such as parachute 
deployment.  
- Descent/inflation phase: 
Measurements: During the descent and inflation phase, 
some measurements (meteorological and optical) shall be 
obtained.  
Power: Through the descent phase, the electrical power 
for instruments shall be up to 5 W. 
Volume of science data: Through the descent phase, the 
volume of science data shall be up to 20 kbits. 
- Float phase (after the balloon reaches a stable altitude 
of ~55 km): 
Volume of science data during the first 2 hours: The 4 
Mbits of data that will be generated in the first 2 hours of 
the float phase of the mission (initial chemical and 
isotopic composition analyses) shall be transmitted from 
the balloon within the first 24 hours of the float phase in 
order to maximise the science return in case of a 
catastrophic failure into the system.  
Average power consumption during the first 2 hours: The 
average payload power consumption during the first 2 
hours of the mission will be 25 W. 
Volume of science data during the whole mission: At least 
8 Mbits of science data required from the balloon's 
science payload shall be transmitted to the Earth through 
the whole mission. 
Power consumption during the whole mission (after the 
first 2 hours): Estimates of the power consumption during 
the rest of the float phase are specified in Table 7. The 
average power consumption figures for the science 
payload estimated for the low-, mid- and high-data rate 
options discussed above are 5 W, 12.5 W and 15 W 
respectively.   
Maximum payload consumption: The science payload 
will have a peak power consumption of 50 W.  
- Nightside transit time: The mission must have 
sufficient power to survive on the nightside of Venus for 
up to 5 days (maximum expected night transit time).  
- Solar elongation: The solar elongation of Venus 
(viewed from Earth) must not be less than 25° during the 
balloon operational phase. 
- Position determination accuracy when balloon is 
visible from Earth: The positioning accuracy shall be 100 
meters RMS, along X,Y and  Z. 
- Positioning accuracy when balloon not visible from 
Earth: The positioning accuracy shall be 100 m RMS in 
Z (obtained from a pressure reading), and 500 km RMS, 
along X and Y, when the balloon is not visible from 
Earth. 
- Attitude of the balloon : From a science point of view, 
it is of relatively low importance to know the attitude of 
the balloon. As a baseline, we do not need to establish the 
attitude of the balloon. 
- Telecommand uplink: The baseline mission scenario 
should allow up to 8 kbits per day of telecommands to be 
sent to the balloon. 

 

5.2 Key mission elements and issues 

5.2.1 Carrier 
The EVE carrier (Fig. 19) must be designed to carry 

the entry probe to Venus and to release it with the 
requested spin rate and attitude. Then it must relay the 
science data from the Entry probe, Descent Module and 
Gondola. 

 

 
Figure 19: Carrier (stowed configuration, cruise configuration 
and configuration after entry system release showing 
simultaneous communication with carrier and Earth) 

 
Contrary to most of existing interplanetary vehicles, 

the EVE carrier has a very low Delta-V budget (86 m.s-1) 
because Soyuz Fregat allows direct transfer to the cruise 
trajectory and no orbit injection at Venus is requested. A 
light and low cost propulsion module similar to the one of 
Sentinel 2 can thus be used. 
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 The EVE carrier can reuse the solar arrays of Venus 
Express which is oversized but allows to save cost and to 
minimize battery size. 

A candidate mechanical architecture is a central CFRP 
tube with same diameter as the Soyuz ACU-937 adapter. 
The geometrical continuity with the octagonal gondola 
structure allows having a simple and light interface with 
the entry probe and allows a low structure mass thanks to 
direct way of strengths. Lateral walls are used to 
accommodate the equipment: one for communication and 
power and the opposite one for the avionic. Launcher 
interface and thrusters are accommodated on the opposite 
side than the entry probe. The last two opposite walls are 
used for the solar arrays and to accommodate the 
radiators because these walls are illuminated by Sun with 
high incidence angles during most of the mission. 

Two X-band parabolic antennas (a 0 DoF of 0.7 m and 
a 1 DoF of 0.3 m) are requested to upload scientific data 
from the gondola and to instantaneously download them 
to ESA DSN. 

The centralised avionics architecture is similar to the 
one of GAIA and BepiColombo. The AOCS architecture 
is also a classical one with two gyroscopes, two 
autonomous star trackers, two Sun acquisition sensors 
and four reaction wheels. 

5.2.2 Entry and descent system 
The entry system is designed as an aeroshell attached 

to a carrying internal structure (Fig. 20, table 9). The 
main functions of the entry probe are to protect internal 
equipment from heating during entry phase, in order to 
maintain its temperature below 50°C, and to release it at 
specified altitude to start scientific measurements.  

During entry phase, as the thermal fluxes at altitudes 
lower than 90 km are quickly reduced, the back-shell can 
be jettisoned in order to open a parachute and extract the 
balloon to be inflated and jettison the front shield as soon 
as possible as the thermal fluxes remain quite low at that 
step of the entry. 

The general mechanical architecture of the probe is 
based on a central – potentially octagonal – main 
structure which will support throughout the mission the 
scientific payload and – until its deployment – the balloon 
and its inflating system. So the entry components can be 
designed as a pure aeroshell, directly attached to the 
central structure and with very few interfaces with other 
components of the spacecraft. For an easy jettisoning, this 
aeroshell is split into a front shield that defines the main 
aerothermodynamic parameters and a back cover that can 
be adapted to accommodation needs, but with some 
limitations linked to the probe stability along entry. Each 
of these two sub-assemblies is attached to the main 
structure by four mechanisms including a pyrobolt and a 
distancing device. Mechanical springs should be 
sufficient to initiate the Front Shield jettisoning, while a 
pyro piston may be needed for the Back Cover, depen-
ding on the actual environment at parachute opening. 

Accommodation studies of the inner equipment and 
design of the atmospheric entry have converged to a 
Pioneer-Venus like external shape, with a main diameter 
of 2.3 m, resulting in a 0.575 m nose radius. 

 

 
 

 
 

Figure 20: Proposed structure of the entry system. 
 
The basic concept for the aeroshell relies on a cold 

structure covered with ablative TPS. TPS sizing is carried 
out to limit internal structure temperature at 150°C, which 
is compatible with the equipment temperature of 50°C, 
due to typical durations for heat transfer during the short 
entry phase. 

Among several potential solutions for the main items 
of the aeroshell, the most robust and mature are preferred. 

 
Table 9 : Aeroshell proposed structure 

Item Proposed solutions 

Structure Structure sandwich CFRP 
(cf Huygens, ExoMars) 

Front shield 
TPS 

Dense Carbon phenolic (same as Pioneer 
Venus) 
This robust solution is rather heavy, but 
several potential options are offered for 
further optimisation 

- use of mid density TPS 
- 2 areas with different TP materials 

Back shell 
TPS 

Norcoat-Liege  
(cf ARD, Beagle2, ExoMars) 

 
The TPS mass may be significantly reduced in case of 

heat shield release at higher altitude, which opens another 
option for further optimisation (table 10). 

 
Table 10 : Option of earlier heat shield release 
Structure T° 

Criterion 
Dense 

carbon/resin ASTERM 

150°C 27 mm 47 mm 
@ 55 km [40.0 kg/m²] [12,5 

kg/m²] 
150°C 15 mm 29 mm 

@ 70 km [22.4 kg/m²] [7.7 kg/m²] 
 

The proposed solution is fully compatible with 
additional equipment to be detailed in future studies, such 
as entry measurements, or communications antennas on 
aft body. A mass breakdown is given in table 11. 
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Table 11 : Entry system mass budget  

Entry module

Front Shield

Structure 160 metallic sandwich

Thermal Protection System 81
high density for nose,

low density for cone

FS/main structure

attachment and jettisoning
3

Instrumentation 0,5

Back Cover

Structure 22 composite sandwich

Thermal Protection System 25

BC/main structure

attachment and jettisoning
1,5

Harness 5

Entry dedicated sensors 0,5 accelerometers

Power rely on gondola power

Sequential electronics rely on gondola electronics

embedded

in gondola software

298,5

Software tuning the "theoretical"

sequence to the "actual" entry

 
 

The resulting ballistic coefficient β = 

 

! 

M

ArefCD

=
666

4.34 "1.05
 = ~146 kg/m² , 

where 666 kg represents the total mass of the entry 
vehicle (comprising the entry system and the descent 
module) including maturity margins (see §5.3). 

The parachute initial guess sizing is to be about 5 kg 
and 10 m² deployed surface. 

5.2.3 Balloon system  

The proposed 
balloon is a super-
pressure balloon, 
which has the 
characteristic of 
flying at a constant 
altitude, whatever 
the conditions of 
thermal 
environment. Two 
balloons of this type, 
of 9 m diameter, 
were developed by 
CNES for the USSR 
VEGA mission (Fig. 
21).  

 
Figure 21: CNES Venera super 
pressure balloon (1970 – 1980). 

The development of these large balloons reached an 
advanced stage, including airborne deployment and 
inflation tests, although in the end it was smaller 3.4 m 
diameter balloons, of very similar design, which were 
successfully deployed on Venus. The entry/ descent/ 
inflation (EDI) sequence for EVE follows that developed 
for the Vega balloons. 

The pressurized balloon is developed to fulfil mission 
in-situ objectives with environmental and physical 
constraints as a constant float altitude of 55 km (T = 
29°C), sulphuric acid clouds, life time mission of 10 days 

The balloon’s envelope needs to be composed of 
several layers, each of which has a role to play to 
establish the needed chemical, mechanical and thermal 
resistance needed (Fig. 22). The complex retained is a 

triplex (derived from the CNES Venera project) made up 
as follows: 

 

 
 

Figure 22: Pressurized Balloon envelope 
 

About the chemical compatibility, Teflon is the most 
inert of all plastics, resisting easily to sulphuric acid, 
Kevlar and PET suffer little from acid. 

The mission of the Venus superpressure balloon 
comprises two distinct phases: the release phase 
(deployment and inflation) from Entry Module to get the 
aerostat in flight configuration in the planet atmosphere 
(less than hour), and the mission flight itself to collect 
scientific data (> 10 days). 

For the release phase, a set of equipment must be 
incorporated into the Entry Module to perform this phase: 

• container for long duration storage of folded and 
compacted balloon envelope; 

• high pressure helium tanks and plumbing for 
balloon inflation; 

• a set of pyrotechnic system: balloon container 
opening, opening and shut off inflation circuits, 
and separations of the different mobiles; 

• an onboard sequencer and its sensors to control the 
sequence of events. 

 

 
 

Figure 23: Aerostat release sequence 
 

After deployment of a small parachute (about 10 m2) 
and heat shield release, the balloon envelope is deployed 
at an altitude of 57 km with an initial vertical descent 
speed in the range of 10 m/s. The balloon inflation starts a 
few seconds later, to end 5 minutes later at an altitude of 
54 km after the delivering of 14 kg of helium into the 
balloon. Just after the parachute release, the aerostat is 
then driven downward by the weight of inflation tanks to 
an altitude of 50 km when the inflation tanks are 
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 jettisoned and the aerostat flight train and the gondola are 
deployed. Then, the aerostat ascends to its flight level of 
55 km to be pressurized to a superpressure of 50 hPa. The 
flight at constant altitude, which takes place in the early 
night, will continue later in the Venusian day, with an 
increase in superpressure due to gas heating by the sun. A 
pressure relief valve could be used to vent gas and reduce 
the level of mechanical stresses in the envelope during 
daytime. A schematic view of the full release sequence is 
shown in Fig. 23.The main characteristics of the balloon 
are given in Table 12. 

 
Table 12 : Mass budgets of aerostat 

Balloon description 
Spherical balloon of 6,6 m diameter 
Balloon volume of 152 m3 
Material density of 180 g/m2 
Superpressure level of 50 hPa 

Aerostat mass balance 
Envelope & equipments 25 kg 
Flight train   2 kg 
Gondola   116 kg 
∑Solid Masses  143 kg  

Total floating mass of aerostat, helium (16 kg) included:  
    159 kg 
Mass balance of Descent Module  

Aerostat (w/o helium) 143 kg 
Balloon container  3 kg 
Inflation sub-system  141 kg 
Gas (helium)    16 kg 
∑Mass   303 kg 

 

5.2.4 Gondola 
 
a. Functions 
The gondola accommodates all the scientific 

instruments, and is responsible for providing them with 
electrical energy, data management and transmission to 
the Earth, and for keeping them into a suitable thermal 
and mechanical environment. 

 
b. Mechanical and thermal architecture  
The gondola structure is based on an octagonal tube 

made of carbon and covered with a protection layer to 
withstand the Venus aggressive environment (Fig. 24). 
The advantage of this architecture in continuity with the 
cylindrical central tube of the carrier is that it will easily 
interface the carrier and the entry vehicle back shell and 
is perfectly adapted to support the huge deceleration 
during the Venus entry phase as it will directly lean on 
the entry vehicle front shield. The gas tank and the 
balloon container, which are located inside the octagonal 
tube, are linked together and fixed to the gondola by 4 
pyro-bolts, but this assembly presses directly on the front 
shield during the entry phase (Fig. 25). 

The scientific instruments are accommodated on the 
external faces of the tube and have a direct access to 
Venus environment: the air can easily flow around the 
gondola, which favours the measurements. The outer 

faces of the tube provide enough space to accommodate 
the solar cells and the antennas for the communication 
with Earth. The inner faces are used to house small 
equipments and electronics which do not need to have 
visibility on the environment such as non-rechargeable 
batteries or scientific payload electronics. 

Finally, the gondola is provided with a set of pyros 
that will enable the jettisoning of the back shell, then the 
front shield and finally the gas tank with the balloon 
container during the descent phase. 
 

 
 

Figure 24: Global view of the gondola 
 

 
 

Figure 25: Gondola within the entry probe 
 

c. Mass budget 
The mass budget is given in table 13. 

 
Table 13 : Gondola mass budget 

TOTAL GONDOLA 116,0 kg
Scientific payload 15,6 kg

Radiocoms 11,1 kg

Localisation 1,1 kg

Avionics 1,4 kg

Power supply 38,3 kg

Separation pyros (16x) 8,6 kg

Harness 9,1 kg

Structure 28,8 kg

Protection layer 2,0 kg  
 

d. Gondola communications subsystem 
During the mission, the radiocommunication system 

of the gondola shall enable two kinds of links: 
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 - Bi-directional Direct to Earth (DtE) link 
- Gondola – Carrier Relay link 
As these two links are not used during the same phase 

of the mission, and in order to minimise mass and volume 
requirements, we propose to use the same RF subsystem: 
transponder, power amplifier (SSPA) and antenna for 
both transmission channels. The DtE link being the most 
sizing for link budgets, the RF power and the antenna 
design were determined to guarantee the direct telemetry 
link budget for a data rate of 100-200 bps with ESA 
ESTRAC 35-m or NASA DSN 34-m ground stations. 

The first driver of the antenna design is the ability to 
answer to the coverage requirement, indeed due to the 
balloon motion in the Venus atmosphere (rotation, 
waddling and pendulum motions), the antenna pattern 
shall cover 360° in azimuth and elevation angles between 
-20° and +80°. Another major criterion is the antenna size 
and bulk, it is critical to be able to accommodate the 
radiating elements on the gondola structure. 

Finally the retained antenna baseline is composed of 
four Tx X-band array antennas, each being composed of 
minimum 9 radiating elements and placed on four 
gondola faces. The global achievable gain is thus between 
12 and 15 dBi in a 30° beamwidth for a 10*10*10 cm3 
size and a 200 g weight (for one array). Thanks to a fixed 
mechanical antenna tilt of 30°, and to the antenna 
electronic depointing capability, each array is able to 
cover a symmetrical +/– 50° cone leading to a global 
coverage in conformance with the previous requirement. 
For the reception of the pilot signal and of the 
telecommands, the ApHa antenna uses four additional Rx 
arrays disposed on the four gondola remaining free faces. 
Thus, following a 2-step Earth direction search algorithm 
(first determination of the Rx antenna and then of the 
electronic pointing scan of the Rx antenna), the APhA 
becomes phase-locked to the Earth signal allowing 
telemetry transmission and telecommand reception. As an 
option, which needs too be studied further, it may be 
envisaged to move the amplification function directly at 
elementary radiating element level, allowing to reduce the 
global power consumption of the RF subsystem. 

 

 
 

Figure 26: Proposed EVE RF architecture 
 

Two redundant onboard RF transponders (Motorola 
Small Deep Space Transponder) will ensure the TM 
modulation, the TC demodulation and the ranging 
functions with a residual carrier (useful for ranging 
measurements) and a BPSK subcarrier. Associated with 
two 10W RF SSPA in redundancy, the RF subsystem will 
be connected to the APhA system via antenna switches. 
The proposed RF architecture is described in Fig. 26. 

This RF architecture allows finally to transmit 
between 100 and 200 bps directly to the ground station 
antennae and about 600 bps to the carrier 70 cm parabolic 
antenna up to a distance of 90,000 kms. The same link 
between the gondola and the carrier is then used during 
the non-Earth visibility period to make 2-way Doppler 
measurements. 

 
e. Data transmission strategy 
Because of the balloon masking and the antenna 

pattern, signals will not be received or transmitted with a 
100% geometric visibility. Moreover, due to the use of 4 
Tx antennae to cover the 360° space, the RF system will 
have to switch antennae depending on the balloon motion, 
leading to a transmission gap. 

Therefore a specific protocol shall be implemented to 
ensure the retransmission of non-received parts. As 
communication delays between Earth and Venus are 
about 5 minutes (one-way trip), specific 
acknowledgements mechanisms have to be implemented. 
Thus we recommend using for TC link multiple 
telecommand transmissions during RF gaps predictable 
periods. In the same way, for ensuring telemetry 
transmission, either a stop/restart transmission 
mechanism at the antenna switch instant can be used or a 
carrousel transmission mode may be implemented. In any 
case, on ground, in parallel to the signal coherent 
reception, a storage at IF frequency of the received signal 
(not demodulated) will be done. 

 
f. Gondola power system 
The scientific payload’s average consumption is of 

13 W, with peaks at 40 W. Consumption also depends on 
the mission’s phase, since data is only transmitted on the 
Earth side.  

Given the sequence of events of the balloon’s orbiting 
life (§ 4.1, Fig. 13), the use of secondary batteries is not 
necessary: the lower energy storage density achievable by 
rechargeable batteries and the mass overhead of the 
conditioning unit would lead to a heavy power system. 
Furthermore, the only opportunity to reload them happens 
early in the sequence, and the secondary batteries would 
not be enough unloaded at that time. Only primary 
batteries and solar cells are thus to be considered to fulfil 
the mission. 

Solar cells are sized with regard to the maximal 
expected consumption on the sun’s side, to ensure that the 
batteries should not be much solicited.  

With the mission’s duration of 240h, 120 of which are 
on the sun’s side and 154 of which on Earth visibility, the 
overall battery requirements are of 8600Wh. The 272 
battery cells are accommodated in eight packs around the 
central tube. 
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 It is emphasized that only triple junction AsGa cells are 
built today, and that they cannot work under the IR-poor 
radiation spectrum in Venusian clouds. GalnP cells, 
called “component cells” and used for the calibration of 
simulators, are well adapted to the need. They can be 
considered at TRL 4 because they are built according to 
space standards, and their qualification for EVE should 
not be problematic. 

5.3 Estimated overall resources 
The most important resource to manage is the mass 

because of the limited capacity of the launcher and of the 
snowball effect from the mass of the gondola to the 
launch mass. The mass budget presented in table 14 
shows that there is a reasonable margin. 

 
Table 14: Global mass budget 

  
Mass with maturity margin (kg) 

Service Module 
Power 75 
AOCS 36 
Reaction Constrol System (dry) 24 
Command, Control and Data Handling 25 
Communications 35 
PF Structure 85 
Thermal Control H/W PF 20 
Harness 40 
Total service module dry mass  340 
  
Payload 
Gondola 116 
Balloon and equipment 43 
Tank, container and inflation sub-system 144 
Parachute 11 
Shell 351 
Total payload 665 
  
Total Spacecraft dry mass  1005 
Launcher adapter 45 
Propellant 86 
Total Launch Mass (without margin) 1136 
System Margin on spacecraft dry mass (20%) 201 
Total launch mass with system margin 1337 
  
Launcher capacity 1400 
Launcher capacity – Spacecraft mass 63 

 
The second resource to manage is the communication 

with Earth which is summarised in table 15. 
 

Table 15 : Synthesis of communication links 
Mission Phase Emitter Receiver Data rate Recovery 

margin 

Kourou 15m Carrier LGA 1 
& 2 16 bps 7 dB LEOP and 

Near-earth 
Commissio-

ning 
Carrier LGA 

1 & 2 Kourou 15m 9 bps 11 dB 

Cebreros 
34m Carrier HGA 2000 bps (idem 

VEX) 25 dB Cruise 
Carrier HGA Cebreros 34m 7000 bps > 3.6 dB 

Earth (TBD) Carrier LGA1 
& 2 ≤ 10 bps  Safe Mode + 

Spin phase 
during DM 

release  
Carrier 

LGA1 & 2 Earth (TBD) ≤ 10 bps  

Entry (T0) 
Backshell 

Patch 
antenna 

Carrier HGA Till 100 bps > 10 dB 

Descent 
Gondola 

LGA (patch 
antenna) 

Carrier HGA Till 100 bps > 10 dB 

Carrier HGA Gondola MGA Till 100 bps > 20 dB 
Gondola 

MGA Carrier HGA 600 bits/s 9 dB 
T0 to T0 + 2 

hours 
Carrier MGA Cebreros 34m 600 bps 3.6 dB 

T0 to T0 + 10 
days  

Gondola 
MGA Carrier HGA 

Doppler 
measurement 

only 

C/No 
between 0 
and 6 dB 

T0 to T0 + 10 
days  

Gondola 
MGA 

Cebreros 34m 
NASA 34m 
NASA 70m 

100 bits/s 
100 bits/s 
100 bits/s 

2.5 dB 
3 dB 
7 dB 

T0 to T0 + 10 
days  

Cebreros 
34m Gondola MGA 50 bits/s > 10 dB 

 
Another important resource to manage is the energy 

which is not critical for the carrier but, for the gondola, it 
is a key issue to reach the requested mission duration of 
240 hours as it is presented in table 16. 

The last possible critical resource to manage is the 
volume of gas in the balloon. The management of this 
resource is discussed in §5.2.3. 

It is thus possible to consider a reasonable margin on 
each possible critical resource and thus to be optimistic 
on the feasibility of this mission. 

 
Table 16 : Management of the available energy during the 
mission 

Phase 

nb

Start 

time 

(h)

End 

time (h)

Duration 

(h) Sun Earth

Consumption 

(W)

battery 

consumption 

(W)

battery 

consumption 

(Wh)

1 0 34 34 X 85 85 2856

2 34 91 58 X X 85 0 0

3 91 134 43 X 48 0 0

4 134 178 43 48 48 2073.6

5 178 221 43 X 85 85 3672

6 221 240 19 X X 85 0 0

TOTAL 240 120 154 8601.6  
 
5.4 TRL level 

 
Only two items have a TRL below 5 (Table 17). 

 
Table 17 : TRL levels below 5 

Item TRL Comment 

Front 
shield 
TPS 

4 

Dense carbon-phenolic is industrially 
available, but its application to such a 
probe has to be demonstrated, as well as 
the corresponding modelling, 
Low to medium density carbon-phenolic 
are being developed. 

GaInP 
cells 4 To be developed from "component cells" 

used for simulators calibration 
 
5.5 Critical issues 

Mechanical resistance, helium leaks and flight 
duration should be managed with a good TRL above 5 or 
6 because of the CNES background on VEGA balloon 
validation test at scale 1. 

Taking into account the launcher performance and the 
mass of the carrier bus, the entry probe shall have a total 
mass lower than 720 kg after taking into account a 20% 
system margin. The assessed mass of the entry probe is 
actually about 650 kg which has an additional margin of 
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 70 kg but shall be considered as critical because of the 
snow ball effect: one additional kg in the gondola 
corresponds to two additional kg for the entry probe. 

The gondola radiocommunications should not be a 
critical issue because the active antenna technology is 
well known for long time and it has just to be adapted to 
the gondola to achieve a very robust communication 
system. 

6. SCIENCE OPERATIONS AND ARCHIVING 
6.1 Science Operations 

The mission will be operated following a scheme 
similar to that of Huygens. A Mission Operation Centre 
(MOC) will be located in ESOC. A Science Operation 
Centre will be set-up in the early development phase of 
the mission. 

After mission approval, ESA will nominate a Project 
Scientist who will be responsible for coordinating all 
scientific aspects of the EVE mission. The Science 
Working Team (SWT) will be composed of all PI's and 
Interdisciplinary Scientists. The SWT will be chaired by 
the Project Scientist.  

The SWT will meet on a regular basis during the 
development of the mission and on a daily basis during 
the balloon operations phase. SWT meetings may also 
take place at PI institutes, ESOC or at the spacecraft 
contractor premises. A Science Operations Working 
Group (SOWG) will be formed to support the 
development of the Science Operation Plan.  The SOWG 
will be composed of all IDS’s and one representative for 
each PI-team. 

All balloon observations will be pre-programmed 
before arrival. The balloon is equipped with a two-way 
radio link to enable commanding of the balloon and 
payload, but this should be reserved for critical 
communications.  

6.2 Data archiving 
Instrument data will be delivered to the PI-team 

institutes by the MOC. Instrument data reduction and 
analysis will be the responsibility of the PI-Teams. The 
PI-teams will have proprietary data rights for a period of 
6 months. It is expected however that teams will facilitate 
data exchange among all teams. After the proprietary 
period, the data will be archived in ESA’s Planetary 
Science Archive (PSA) and made easily accessible to the 
wider science community. In order to ensure that 
deliveries to the archive work smoothly, one ‘archivist’ 
should be identified in each PI team as soon as possible; 
this person will have the responsibility to define the 
archival format such that it complies with PSA 
guidelines, and that deliveries occur with a minimum of 
delays. 
 

7. KEY ENABLING AND ENHANCING 
TECHNOLOGIES 

For the descent, the use of a dense carbon-phenolic 
material according to the thermal fluxes that it could 
encounter during the entry phase shall be validated 
through ground tests on samples. Aerodynamic database 

of the entry probe shall be calculated, depending on the 
shape of the shield and back-shell. The parachute opening 
strategy system and algorithm shall be defined, even if 
already used strategies (ex Mars Pathfinder algorithm) are 
available. Moreover, the Venus atmosphere model used 
up to now (VIRA model) should be enhanced and more 
validated using Venus Express data in order to be able to 
model more accurately the entry and descent phase. 

The main purposes of the parachute are the release of 
the heatshield and the slowing down of the vertical 
velocity to start the deployment and the inflation of the 
balloon. The parachute will be released at the end of 
balloon inflation. 

Structure and back shell TPS are classical solutions 
and are thus not addressed here. Frontshield TPS and 
aerothermodynamics require maturation. 

CNES has long experience of balloon envelope 
development including for the Vega balloons on Venus. 
Optimisation of the balloon envelope material and 
assembly techniques should be carried out, as detailed 
above in § 5.2.3.  

Key issues are detailed in table 18. 
 

Table 18 : Key issues 
Item State of the art, and required maturation 

Front 
shield 
TPS 

Dense carbon-phenolic is industrially available in 
Europe, but its application to such a probe has to 
be demonstrated, as well as the corresponding 
modelling (qualification in CO2 @high heat flux, 
and ablation modelling in CO2). 
An optimised solution may be attractive, relying 
on mid density TPS, or on 2 areas with different 
densities for TP materials. In both cases, prior 
technological maturation is required. 

ATD 

Beyond the update of aerothermodynamic 
database with consolidated hypotheses, the 
following points are not mature enough for the 
time being, and will thus require specific 
attention. 
- radiative heat flux 
- heat flux on aft body 
- Mollier diagram, in CO2 at high temperature 

 

8. EUROPEAN AND INTERNATIONAL 
COOPERATIONS  

The participating European, Japanese, US and Russian 
laboratories are listed in Table 19. Only the number of 
Co-Is is given in this table (for names, please report to the 
table inside front cover). The instruments reported in 
column 4 refer to instrument payload (Table 3).  

It must be noted that the Venera-D mission by Russia 
(proposed for 2016-2020 launch) would have a 
communications system capable of providing data relay 
for EVE; however, in the present proposal, we show that 
EVE will be a successful stand-alone mission without 
international partners. 
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Table 19: Participating laboratories 
 

Laboratory Co-I Science contribution System contribution Heritage 
EUROPE 129    
IWF, Graz (A) 2 Solar wind interaction Electrical and magnetic 

package 
PI VEX-Magnetometer 

Univ. of Vienna (A) 3 Astrobiology, surface, E/PO  PI UniBrite, Co-I Most, Corot, Brite-Austria, Hipparcos 
Roy. Obs. Belgium (B) 2 Radio-science, gravity field, 

atmospheric evolution 
 PI Exomars-Gep, Co-I VEX-Vera, MEX-Mars, BepiCol.-

Bela, BepiCol.-More 
ETH Zurich (CH) 1 Noble gases   
Space-X (CH) 1 Imaging systems Camera  
Univ. of Bern (CH) 3 Atmosphere, aerosols, 

surface composition 
ACP-GCMS, isotopic noble 
gas MS, balloon system 

Rosetta-Rosina, Phobus-Lasma, MEX/ VEX ions and 
neutrals 

DLR (D) 4 Surface, volcanism  Co-I VEX, VEX-Virtis, Rosetta, Rosetta-Rolis 
IGEP (D) 2    
MPS (D) 2 Atmosphere, plasma 

environ. 
ACP-GCMS Rosetta, MEX, VEX 

RIU – Planet. Res. (D) 2 Atmosphere   
Univ. of Köln (D) 1 Surface-atmosphere 

interactions 
 PI Venus Express 

Aarhus Univ. (DK) 1 Dust and aerosols  ExoMars-Medusa 
TU Denmark (DK) 2 Atmosphere-solar wind 

interaction 
Magnetometer PI Swarm, ASIM, Coord. Oersted, Co-I Taranis,  

CSIC (E) 1    
INTA (E) 1    
Univ. of Murcia (E) 1 Atmospheric modelling   
Univ. Pais Vasco (E)  1 Atmosphere, cloud physics   
URJC (E) 1 Surface/geology   
CNES (F) 1 Space studies Balloon, VLBI beacon VEGA balloon, Corot, Microsatellites 
CRPG  (F) 1 Geochemistry  Genesis, Stardust sample analysis 
GSMA/Univ.Reims (F) 6 Molecular spectroscopy TDL spectrometer  
IDES/Univ. Paris Sud 
(F) 

3 Noble gas geochemistry, 
magma ocean modelling 

  

IPGP (F) 2 Ionosphere, subsurface, 
sismology 

 Seismometer for: Netlander, future Moon missions 

IRSN (F)  1 Volcanism   
ISAE (F) 1 Geophysics  Seismometer for: Netlander, future Moon missions 
LATMOS (F) 7 Atmospheres, spectroscopy, 

solar-wind interaction, 
escape, noble gases, 
aerosols, electrical 
discharges 

ACP-GCMS, Isotopic noble 
gas MS, Electrical and mag. 
package 
 

PI Soho, Huygens, MEX, VEX, Exomars, Bepi, Co-PI 
MSL, Co-I Rosetta, Phobos-Grunt 

LESIA/Obs. de Paris 
(F) 

4 Atmosphere composition 
and dynamics, ground-based 
support dynamics 

 PI VEX-Virtis, Co-I MEX, Rosetta, Bepi, Juno, Co-I 
Huygens, Cassini, ExoMars, Phobos-Grunt 

LMD/UPMC (F) 3 Atmosphere, modelling 
support 

  

LPCE (F) 1 Earth and planetary plasma  Co-I Geos, Mars96-HMFI, Rosetta-MIP, BepiCol., Demeter 
ONERA (F) 2 Atmosphere  Earth satellites : Champ, Grace 
Univ. Lyon 1 (F) 1 Geology   
Aalto Univ. (FIN) 1    
Finnish Met. Inst. 
(FIN) 

1 Atmosphere, solar-wind 
interaction 

Meteorological package Beagle 2, NetLander, ExoMars 

Univ. of Oulu (FIN) 4 Surface, geology   
BL Electronics (H) 1  Electrical and mag. package Compass-2, Chibis, Obstanovka-1 ISS 
Eötvös Univ. (H) 2 Electromagnetic 

environment, atmosphere 
Electrical and mag. package Compass-2, Chibis, Obstanovka-1 ISS 

INAF (I) 7 Atmosphere, aerosols, 
thermal fields 

Microbalances 
 

Co-PI VEX-Virtis , Co-I MEX-Omega, VIMS, ExoMars, 
MEX-PFS, Rosetta-Giada 

IRSPS (I) 1 Surface studies  Magellan, MEX 
Univ. of Padova (I) 1 Atmosphere, Atmosphere-

surface interaction 
Meteorological package 
 

PI Cassini-HASI, Co-I Rosetta-Osiris, MEX&VEX/PFS, 
BepiCol.-Simbiosys  

ASTRON (NL) 1   Huygens, Smart-1 
JIVE (NL) 3 Doppler and VLBI tracking  Vega, Huygens, Smart-1, Venus Express 
SRON (NL) 1 Cloud and haze particles Nephelometer  
Obs. de Lisboa (P) 1 Atmospheric science   
Lightcurve Films (P) 1 E/PO and film-making   
IRF (S) 2 Atmosphere, plasma erosion  MEX & VEX plasma package  
Roy. Inst. Tec. (S) 2  High temperature devices  
Cranfield Univ. (UK) 1 Astrobiology   
Cranfield Health (UK) 1 Balloon dynamics   
Imp. Coll. London 
(UK) 

6 Surface, atmos., ionosphere-
solar wind interaction 

Magnetometer PI Cassini-Mag, Cluster-Mag, Double Star-Mag, Rosetta-
RPC, Co-I VEX-Mag 

Newcastle Univ. (UK) 1 Atmosphere   
Open Univ. (UK) 8 Cosmochemistry, 

atmosphere and circulation 
modelling 

ACP-GCMS, Isotopic noble 
gas MS, radiometer, 
Meteorological package, 
ATR spectrometer 

PI Rosetta-Ptolemy, PI Huygens-SSP, PI Beagle 2- GAP, 
ESS, Stardust, ExoMars 
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STFC, RAL (UK) 2 Atmosphere Electrical and magnetic 

package 
 

Co-I ExoMars-Ares, Rosetta-Ptolemy, Soho-CDS, GERB-
MSG, Stereo-Secchi, Solar B-EIS, SDO-AIA, HMI 

Univ. Coll. London 
(UK) 

4 Atmospheric modelling and 
theory, astrobiology, 
radiation environment 

Camera, ground-based 
observations in support of the 
mission 

Dynamics Explorer 

Univ. Leicester (UK) 3 Geochemistry, astrobiology Cloud XRF PI Beagle-2, BepiCol., ExoMars 
Lancaster Univ. (UK) 1 Noble gases   
Univ. Manchester 
(UK) 

4 Noble gases, geochemistry, 
accretion, volatile elements 

  

Univ. London (UK) 1 Balloon dynamics   
Univ. of Oxford (UK) 4 Atmospheric dynamics,  

radiative balance 
Radiometer, meteorological 
package, electrical and 
magnetic package 

Co-I Venus Express-Virtis, Beagle 2-Ess, MRO-MCS, Bepi 
Colombo-Mertis 

CANADA 1    
York Univ. 1 Atmosphere  Phoenix Mars Scout meteorology lidar 
CHILE 1    
Alma/ESO 1  Ground observation  
JAPAN 8    
JAXA 1 Atmosphere, atmospheric 

escape 
 Planet-C-IR2&-LIR&-UVI&-RS, Planet-B-XUV, BepiCol.-

MSASI, Selene-UPI&-RS 
Kyushu Univ. 1 Atmosphere   
Tohoku Univ. 1 Atmospheric and 

ionospheric physics 
Electrical and magnetic 
package 

 

Nara Woman’s Univ. 1    
Rikkyo Univ. 1    
Hokkaido Univ. 1    
Kochi Univ. 1    
Univ. of Tokyo 1 Atmosphere, atmospheric 

escape 
 Planet-B-XUV, BepiCol.-MSASI&- Phebus, Selene-UPI 

RUSSIA 39    
IKI 23 Geochemistry, atmosphere, 

clouds, dynamics, escape, 
electrical  phenomena 

ATR spectrometer, TDL 
spectrometer, ACP-GCMS 
 

Venera 9-16, Vega, Mars Odyssey, MEX/ VEX-MER, 
MSL, Phobos, BepiColombo, Exomars 

Vernadsky Inst. 2 Surface, volcanism, 
geochemistry 

 Venera 9-14, Vega, Mars 96, Phobos 

Inst. Appl. Math. 1 Clouds, atmosphere  Venera 7-16, Vega, Mars 96, Phobos 
Inst. Lithosp. Phys. 1 Subsurface, sismology  Mars 96, Phobos 
Inst. Radio Electr. 2 Radar data interpretation  Venera 15-16, Mars 96, Phobos 
Lavochkin Assoc. 1 Space probes  Prime industrial contractor for planetary missions; e.g. 

Venera 7 (first landing on other planet), etc. 
Lomonosov Univ. 5 Lightning  Coronas, Coronas-Photon, small sats. 
MIPT 1 Atmospheric dynamics  Co-I Mars Express/Venus Express 
Roscosmos 1   Russian Federal Space Agency 
TsNIIMASH 2 Atmospheric structure  Venera, Vega, Mars 96 
USA 41 SEE ANNEX 1 FOR THE DETAILED ROLES AND CONTRIBUTIONS OF US CO-INVESTIGATORS 
Brown Univ. 1 Surface   
Cath. Univ. America 1 Chemical composition, 

airglow, atmosphere, clouds 
 Venera, Vega missions, ground-based observations 

Cornell Univ. 2 Atmospheric dynamics, 
structure, radiative transfer, 
cloud properties 

Nephelometer PI MER-rovers 

Denver Museum 1 Surface-atmosphere 
interaction, climate, 
evolution 

 VEX-IDS, Co-I MSL 

Glob. Aerosp. Corp. 2 Atmospheric dynamics, 
radiative fluxes, balloon 

Balloon design and 
simulations 

 

JHU/APL 2 Surface, atmosphere, balloon 
dynamics 

 Voyager, Near, Galileo, Cassini, Stereo, Messenger, New 
Horizons, MRO 

NASA/JPL 8 Radar science, Atmosphere, 
chemistry, dynamics, 
radiative balance 

 Vega, Pioneer Venus, Mars Pathfinder, VEX 

LPI 1 Geology   
NASA Goddard 2 Geology, atmosphere  Cassini-Huygens, Galileo, MSL 
Smithsonian Inst. 1 Geology, atmosphere  SHARAD, Arecibo-GBT Venus radar 
Southwest Res. Inst. 4 Atmosphere, spectroscopy, 

radiative balance 
TDL spectrometer Co-I MSl, New Horizons, Rosetta, VEX 

Univ. of Iowa 1 Lightning  Wave instruments: Voyager, Galileo, Cassini, Juno 
Univ. of California 3 Magnetic fields, lightning, 

space weather effects 
Magnetometer 
 

VEX, PI PVO-Mag 

Univ. of Colorado 2 Atm. chemistry, rad. balance 
and dynamics, spectroscopy 

 VEX, Pioneer Venus 

Univ. of Michigan 3 Chemical atmosphere, 
escape, solar wind 

Electric field sensor VEX, MEX, Cassini-Huygens, MSL, Pioneer-Venus, 
Nozomi, Phobos, Galileo, Phoenix 

Univ. of Washington 1 Atmospheric evolution   
Wash. State Univ. 1 Astrobiology   
Proxemy Res. 1 Surface geology   
Univ. of Chicago 2 Atmosphere, noble gases   
Univ. of Wisconsin 2 Atmospheric dynamics, EVE 

communication and E/PO 
Education and Outreach 
Infrastructure and network  

Mariner 10, Pioneer Venus  (GI), VEX (Co-I, PS) for 
atmospheric circulation, EPO experience with VEX, Juno 
and NASA policies and guidelines 
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9. PRELIMINARY PROGRAMMATICS AND 
COSTS 

9.1 Overall proposed mission management 
structure 

 
If this proposal is selected for an Assessment Study 

Phase, an EVE Science Definition Team (EVE-SDT) will 
be established to assist the ESA EVE Engineering Team 
(EVE-ET) as well as the Industrial Team in the definition 
and feasibility studies of the mission. The SDT, 
composed of scientists representing a cross-section of 
those supporting the proposal submitted to ESA, will be 
proposed by the PI and the Co-PI, on behalf of the three 
international Lead-Investigators and of the EVE Steering 
Committee.  

If the EVE proposal is selected as a mission following 
the Assessment Study Phase, an EVE Science Working 
Team (EVE-SWT) will be established. The SWT will 
monitor and advise ESA on all aspects which affect the 
scientific performance of the mission. The SWT will 
prepare the Announcement of Opportunity for payload 
instruments. ESA will organize regular SWT meetings, 
which will be attended by the SWT members on their 
own funding. The SWT will assist the ESA Project 
Scientist in maximizing the scientific return of the 
mission within the established boundary conditions, and 
to act as a focus for the interest of the scientific 
community in EVE. 

From mission selection until commissioning phase, 
ESA will maintain an EVE Project Team composed of 
engineering experts and directed by a Project Manager. 
Among other tasks, the Project Team will monitor the 
development of the instruments and their integration into 
the balloon gondola, and will ensure the acquisition and 
transmission of data to the Mission Operations Centre. 
The Mission Operations Centre will then distribute the 
scientific data to the relevant Principal Investigator teams.  

ESA will retain overall responsibility throughout all 
the phases of the mission. 

9.2 Mission schedule drivers 
As the Carrier architecture is based on well known 

technologies, it will not be a schedule driver and can be 
developed during typically five years (from start of Phase 
B to launch) which is a reasonable duration to develop in 
parallel the Entry Probe. 

The most important real drivers should be the balloon 
system and the probe shield system developments. 

This section presents preliminary considerations for 
the development plan of the heatshield. It is focused on 
this most critical item of the entry probe, which will drive 
the whole schedule. A more detailed development plan 
for the complete entry probe will be part of further steps. 

It takes into account the following customer inputs as 
basic assumptions: 

- Project selection and assessment phase : 2011-2013 
- Required TRL = 5 end 2013 
- Start of phase B : 2014 
- Launch : 2021 (the earliest proposed launch date; the 
nominal launch date is 2023) 

In addition, the following hypotheses are considered: 
- Heatshield FM delivery : 18 months before launch 
(usual requirement for final integration and launch 
preparation) 
- A TRL ≥6 has to be demonstrated at heatshield PDR 
(end of phase B) 

The Table 20 below summarizes the main drivers for 
heatshield development schedule: 

 
Table 20: Phases of heat shield development schedule 

Phase Essential tasks Duration 

Technology maturation - Supplier identification 

- Demonstrator manufacturing to 

demonstrate feasibility 

- Sample manufacturing and Arc jet tests 

- Exploitation and thermal / ablation model 

2 to 3 

years 

Phase B  

(preliminary definition) 

- Preparation of industrial facilities (GSE and 

AIT preliminary definit ion) 

- Validation of heatshield material, including 

tests and consolidation of thermal model 

2 years 

Phase C/D  

(Detailed definition, 

qualif ication and production) 

- Heatshield qualification 

- GSE detailed ef and procurement 

(anticipation needed) 

- FM procurement and manufacturing 

3 years 

 
 

 
As a conclusion of this preliminary analysis, it can 

be stated that starting early 2014 is an appropriate date 
to be compatible of a launch in 2021. It is also essential 
to plan a technology maturation phase in parallel to phase 
A to reach the require TRL 5 at beginning of phase B. 
Deviation from above-mentioned considerations would 
result in development risk on the program. 

9.3 Payload/instrument costs 
Following the model from past missions, it is assumed 

that payload selection would be via an announcement of 
opportunity.  

Several possible contributions of other international 
agencies have been discussed during the preparation of 
the proposal : 

- The ATR spectrometer could be provided by Russia 
in close collaboration with Italy. In the event of non-
delivery by IKI, Italy (or Norway and the UK) would 
have the capability to build this instrument. IKI could 
also have a contribution to the ACP-GCMS and TDL 
spectrometer. 

- NASA could contribute, in cooperation with the 
Netherlands, to the implementation of the nephelometer, 
possibly at a PI-ship level. In the case of a US-led 
nephelometer and in the event of non-delivery by NASA, 
the Netherlands would provide the full instrument. 
Whatever is the level of the US participation in the TDL 
spectrometer, the French team, in cooperation with IKI, 
can provide the full instrument. 

- JAXA is expected to provide an optical lightning 
detector for the EM package of EVE. 
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 We show in table 21 cost estimates for our model 
payload (including salaries for U.K.), as provided by 
laboratories potentially involved. It is important to note, 
however, that the assignment of costs to different member 
countries is notional because payload selection would be 
by open competition, so we cannot now specify which 
team will build a particular instrument, and what is 
precisely the cost to each member state. 
 

Table 21: Instrument estimated costs 
Instrument Estimated cost Member state of  the 

laboratory providing 
the cost 

ACP GCMS 7 France 
Noble gas MS 18 U. K. 
XRF  3 U. K. 
TDL spectro. 3.5 France 
Nephelometer Main cost to US 

2.5 
- 
Netherlands (part.) 

Radiometer 3,5 U. K. 
Met. Package 2,5 

0.5 
U. K. 
Finland 

EM package 3 
0.3 

Hungary 
Austria 

Lightning Det. Cost to Japan - 
Magnetometer 2 Denmark 
Camera TBD Switzerland 
Microbalance TBD Italy 
ATR spectro. Main cost to Russia 

TBD 
- 
Italy (part.) 

9.4 Overall mission cost analysis 
The cost has been estimate with an assessment of 5 

years phase B2/C/D for the carrier and descent probe on 
industrial framework. The contingencies have been 
distributed among contributors; all cost estimation 
includes margins between 20 to 30%. 

The carrier has been costed with analogy from 
Exomars and Mars next mission. The industrial cost for 
the carrier covering project office, engineering, 
procurement and AIT is estimate by Astrium at 110 M€ 
including margins. 

The heat shield and back shell, including project 
office, engineering, procurement, have been estimate by 
Astrium ST at 59 M€. 

The cost estimation for the descent module, including 
balloon envelope, inflation system (tanker of 330 litre He) 
and balloon gondola is 115 M€. 

At balloon gondola level (including structure, thermal, 
harness, avionics, communication and flight Software) 
CNES estimates a cost with margin of 90 M€. This cost is 
obtaining by comparison with equivalent studies results 
on planetary mission. 

The assessment for balloon envelope development is 
based on an industrial framework with a strong heritage 
from space missions. 

System and mission engineering and support prime 
(AIT carrier + reentry probe, launch campaign, …) are 
estimated at 34 M€ including margins. 

The cost of a launch with Soyouz launcher in Kourou 
is evaluated ≈ 80M€. 

Ground segment cost estimate is based on ESOC 35 m 
antennas using for a short duration of the mission of 10 
days around Venus. 

The total estimated cost breakdown of EVE is 
summarised in table 22. 

 
Table 22: Overall cost estimate of EVE 

 

EVE mission  Cost M!  

(ce 2010)  

Launcher Soyouz  80 

Système and Mission engineering + support prime  34 

Carrier  96 

Reentry probe  169 

Heatshield + Backshell  59 

Descent module  110 

Container  1 

Inflation system  3 

Parachute  1 

balloon envelope  15 

gondola  90 

Ground segment + ops  33 

ESA internal Cost (10%)  47 

TOTAL  459 

 

 

 

 

 

 

 

 

 

 
 

The balloon system (envelope and inflation system) 
will be provided by CNES (estimated cost : 18 M€) and 
the estimated cost to ESA is 441 M€. 

10. SCIENCE COMMUNICATION AND 
PUBLIC OUTREACH 

The excitement of a Planetary balloon mission 
provides an exceptional opportunity to engage and 
educate the general public as well as students of all ages 
in the excitement of scientific discovery and planetary 
exploration. Venus is the brightest object in the sky after 
the Sun and Moon, and the closest and the most easily 
recognizable planet. Why are Venus and Earth so 
different? Indeed, how did Venus get so warm while 
Earth remains a comfortable habitable planet?  In the 
context of the current global warming debate, Venus 
presents a stark demonstration of extreme greenhouse 
warming. The EVE mission plans to exploit this 
connection to significantly increase the level of public 
interest and knowledge of Venus, in the context of ESA’s 
outreach plans, as well as understanding of global 
warming on Earth. EVE hopes to achieve an 
unprecedented level of general public engagement and 
will create unique learning opportunities for school 
children and learners of all ages. 

10.1  EVE public outreach and education 
themes 

Similar in size and mass to Earth, Venus could be 
viewed as a twin. Yet, its evolutionary path has been 
drastically different and demonstrates a unique set of 
exotic phenomena such as a carbon dioxide atmosphere, 
sulphuric acid clouds, extremely high surface 
temperatures, hurricane winds circling the planet, and 
giant vortices. How did Venus, become such a radically 
different planet? Is this the future of our planet if the 
trend of increasing atmospheric greenhouse gases 
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 continues? How stable is our own climate system? What 
was Venus climate in the past? How did the Earth 
manage to exist between cold Mars and hot Venus 
scenarios? Many of the questions that we would like to 
solve for Venus apply to Earth as well, and the EVE 
mission presents a unique opportunity to discuss issues 
relating to climate change, and raise the public profile of 
ESA and its broad research programs including the earth. 

We believe that these and other topics provide an 
excellent basis to communicate the importance of 
improving our understanding of Venus, as well as our 
home planet.  This is especially true at a point in history, 
when public interests regarding questions related to 
climate changes are very strong.  
10.2 EVE communication and public 
outreach resources 

The European Venus Explorer mission will attract 
much public interest; therefore, thoughtful coordination 
and planning of communications and public outreach 
activities are of key importance. The EVE Mission will 
provide material for public outreach and other public 
communications through a variety of conduits. The EVE 
team already includes dedicated media and 
communications experts, who will coordinate such 
activities. Special outreach training courses for the EVE 
science team members will help to maximize the impact 
and broad dissemination of the EVE public 
communication and education efforts. 

10.3 EVE programs and activities 
The details of an outreach programme will be 

developed in consultation with the EVE science team and 
with ESA. Potential elements include: 

A. Website – a dedicated mission website regularly 
updated for the public during the two weeks of the 
operational phase, then the few years of scientific work 
on the data, to follow mission progress/discoveries, with 
animations and interactive activities, and links to the 
wealth of resources developed across Europe. 

B. Teacher resources for formal education. The 
science team will work with European Space Education 
Resource Offices (ESEROs) in individual nations in order 
to create resources tailor-made for the different languages 
and curriculum needs of each nation. The ESEROs will 
also maintain contact lists of scientists in each country 
who will be able to talk about the EVE mission in schools 
and at events. 

C. Image and video Library – the few images of 
Venus sky produced by the mission, along with 
explanatory captions for press and writers to use, and a 
series of film clips explaining aspects of the mission. 
Maarten Roos has already developed a website 
(http://www.vimeo.com/channels/planetaryscience) 
where movies relative to planetary exploration are 
accessible online (e.g. “Around Venus by balloon”, “A 
breath of Venus”, “VIRTIS-a space instrument”).  

D. Travelling EVE exhibition – model EVE balloons 
could be deployed at public fairs and events, as well as 
images, videotapes, posters, maps, mission planning 
charts, slide sets, factsheets from the mission, to be 
loaned to libraries, museums and public groups. 

E. Publicity Materials such as posters, brochures and 
ESA Special Publications. In the digital age, resources 
must include not only images, posters, and lesson plans, 
but also web resources and video material. Europe’s 
Venus science community are already experienced in this 
field; for example, a series of ten short educational films 
is being made for the VIRTIS instrument on Venus 
Express, each using an aspect of Venus science to explain 
a different physical phenomenon. The EVE team has 
already started the investigating educational film 
opportunities relating to this mission – an example pilot 
film can be seen at : http://www.univie.ac.at/EVE/. 

F. Engaging the youth  – Art, mythology and science 
fiction provide opportunities to engage a broader 
audience through interdisciplinary connections - see for 
example the “postcards from Venus” graphics 
competition organised for Venus Express. Further 
possibilities include music or science fiction writing 
competitions. 

G. Balloon Laboratory projects, co-ordinated in 
different ESA countries, for undergraduate-level science 
and engineering students, using a variety of balloons 
capable of carrying small instruments. 

10.4 Implementation approach 
ESA will have overall responsibility for planning and 

implementation of the Communications and Public 
Outreach activities related to the EVE mission. The active 
participation of key EVE implementation team members 
is essential for the success of the Communications and 
Public Outreach activities. For this purpose, the 
Education and Outreach Team will work with the EVE 
Project to initiate and identify opportunities for 
maximizing public awareness and educational impact. 
Materials suitable for release to the public will be 
provided by the Science Working Team during the 
development, operational and post-operational phases of 
the mission.  

The EVE team includes experienced, international 
specialists in Education and Public Outreach, who will 
co-ordinate these activities for the mission, taking 
advantage of pre-existing infrastructures provided by 
ESA education office, ESEROs and Europlanet.  In 
addition, we expect to coordinate with the invited United 
States Science team members, which includes a Space 
Science expert in NASA education and public outreach 
programming 
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List of acronyms 
 
ACP : Aerosol Collector Pyrolysor 
APhA : Adaptative Phased Array 
ATR : Attenuated Total Reflection 
BP : Balloon Probe 
BPSK : Binary Phase Shift Keying 
DSN : Deep Space Network 
DtE : Direct to Earth 
EDI : Entry Descent InflationEP : Entry Probe 
EM : Electro-Magnetic 
EMC : Electrical and Magnetic Cleanliness 
EP : Entry Probe 
ESEROs : European Space Education Resource Offices 
ESTRAC : ESA TRACking Station Network 
EVE : European Venus Explorer 
FPA : Flight Path Angle 
GCM : General Circulation Model 
GCMS : Gas Chromatograph Mass Spectrometer 
GTO : Geostationary Transfer Orbit 
IKI : Institute of Cosmic Research 
INGMS : Isotopic Noble Gas Mass Spectrometer 
JAXA : Japanese space agency 
MS : Mass Spectrometer 
RF : Radio Frequency 
SSPA : Solid State Power Amplifier 
TDL : Tunable Diode Laser 
TGA : Thermo-Gravimetric Analysis 
TM, TC : Telemetry, Telecommand 
TPS : Thermal Protection Shield 
VCO : Venus Climate Orbiter (also named Akatsuki) 
VEX : Venus Express 
VLBI : Very Large Base Interferometry 
XRF : X-Ray Fluorescence
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Annex 2 : Letter of Commitment from CNES (France) 
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Annex 3 : Letter of Commitment from IKI (Russia) 
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Annex 4 : Letter of Commitment from Hungarian Space Office 
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