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Introduction: The Venus surface consists of 

9.2MPa of supercritical CO2 at ~733K. Very limited 

information about the surface can be obtained from 

orbit and surface missions are required for quantitative 

chemical and mineralogical investigations. Under these 

extreme surface conditions, very rapid measurements 

are required as the landers will only survive for a cou-

ple hours. Remote measurements made from within the 

safety of the lander are ideal and avoid the risks, sam-

pling limitations, and extended amount of time re-

quired to collect a sample that can be delivered to in-

struments inside the lander. 

A remote Raman and Laser-Induced Breakdown 

Spectrometer (LIBS) instrument similar to the Super-

Cam instrument selected for the Mars 2020 rover is 

capable of probing many disparate locations around the 

lander representing thousands of measurements. Raman 

and LIBS are highly synergistic analytical techniques. 

Raman is fundamentally sensitive to the molecular vi-

brations from which the definitive mineralogy is de-

termined and chemistry is inferred. LIBS is an ele-

mental analysis technique capable of quantitative 

chemical analysis from which mineralogy can be in-

ferred. Compared to the 1-2 measurements that could 

be made bringing samples into the lander, several thou-

sand spectra would provide an unprecedented descrip-

tion of the Venus chemical and mineralogical hetero-

geneity. 

Raman and LIBS spectroscopy (RLS) require di-

recting 532 and 1064 nm laser beams through up to 2 

m of the Venus atmosphere. This paper describes how 

the thermal gradients on the optical window affect the 

ability propagate the laser through the atmosphere. We 

have conclusively demonstrated that the Venus atmos-

phere has no impact on the Raman mineralogical 

measurements [1] and therefore these analyses specifi-

cally address focusing the 1064 nm laser to create the 

LIBS plasma at the target. The thermal gradients are 

due to the temperature difference between the lander 

interior and the ambient atmosphere. After traveling 

through space and descending to the planet surface, the 

interior of the lander is colder than the ambient surface 

temperature, thus the sapphire window that the laser 

propagates through is cold relative to the atmosphere. 

Therefore the window will have an adjacent layer of 

cold fluid. This temperature difference causes changes 

in the density of the fluid, and thus changes the index 

of refraction. In the presence of a mean surface wind, 

this layer of fluid will fluctuate due to the shedding of 

turbulent eddies off the lander and window. This shed-

ding effect is dynamic, and the spatial and temporal 

density variations need to be understood in the context 

of the laser beam propagation. 

Analysis Methods: A computational fluid dynam-

ics model has been created of the hypothetical lander 

body, including an optical port (window). The port is 

cylindrical, angled downward at 45 degrees, and points 

toward the surface. A three-dimensional unstructured 

tetrahedral mesh was created around the lander body, 

with high mesh resolution in the vicinity of the optical 

port, approximately 1 mm minimum cell resolution. A 

large-eddy simulation (LES) technique was used in 

order to accurately simulate the spatial and temporal 

evolution of the flow. LES explicitly simulates struc-

tures in the turbulent flow the size of the grid mesh, 

and larger; scales of motion smaller than the grid size 

are modeled using a Smagornisky turbulence closure 

method. 

Using the LES technique, we simulated the flow of 

the Venusian atmosphere around a hypothetical lander 

body, with an optical port/window protruding into the 

ambient Venusian atmosphere. The nominal surface 

conditions are in the supercritical fluid regime with 

96.5 %mol CO2, 3.5%mol N2, a 1 m/s wind speed, a 

static temperature of 733K, a static pressure of 

9.2MPa, and a gravitational acceleration of 8.85 m/s2. 

In addition to the surface conditions, the wind direction 

with respect to the lander needed to be specified. It is 

expected that the lander will not have a mechanism to 

control this angle, thus we have analyzed several pos-

sible wind directions that represent bounding condi-

tions.  

One of the first questions we needed to answer is 

whether an ideal gas approximation was valid for this 

flow regime, or a real gas equation of state, far more 

computationally demanding, is required. We have sim-

ulated and analyzed the flows of both real and ideal gas 

simulations, with the figure of merit being the energy 

density and profile at the target, and an assessment of 

whether a plasma can be created. The results demon-

strate that assuming an ideal gas is the worst case and 

is used for the data presented here. 

The primary case to be presented and analyzed is 

for nominal Venus atmospheric conditions, 1 m/s wind 

speed, and a direction of 135 degrees. This places the 

optical port at a 45 degree angle to the incident wind. 

As the wind flows around the lander, a vortex sheds off 

the edge of the port, which "traps" the cold fluid adja-

cent to the window and causes a fluctuation of the den-

sity gradient near the window. This causes fluctuations 
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in the index of refraction the laser beam propagates 

through, and causes slight beam profile distortions 

from a nominal Gaussian shape. The density gradients 

of the atmosphere on the optical window are shown in 

Figure 1. This is a single “snapshot” in time and the 

pattern shown in Figure 1 varies as the vortex sheds 

and the flow separates from the window. We have sim-

ulated 10 seconds of flow around the window, at a 20 

samples per second, to perform the laser beam propa-

gation analysis. This represents 2-3 vortex shedding 

events and provides a reasonable ensemble of flow 

conditions to analyze. We have simulated the same 

lander orientation and atmospheric flow conditions 

using an ideal gas approximation and a Peng-Robinson 

real gas model. 

 Zemax is an optical design program used to design 

and analyze optical systems. For this work we employ 

the Physical Optics Propagation toolset, which repre-

sents a multi-mode Gaussian beam as an array of dis-

cretely sampled points. The array is propagated 

through the modeled Venus atmosphere according to 

accumulated optical phase shifts using a transfer func-

tion calculation. This method is superior to geometric 

ray tracing in cases like ours, in which high-order 

beams are perturbed by arbitrary phase shifts. 

Zemax calculates the peak irradiance, and radius of 

a circle containing 86% of the beam energy at focus. 

These values are used as the figures of merit to gener-

ate a LIBS plasma. For each configuration, the zero-

phase condition, the condition where no atmosphere 

induced change in the index of refraction, is also calcu-

lated to directly compare to the perturbed cases. 

Discussion: Figure 2 summarizes the irradiance 

and laser spot size results of these theoretical 

experiments. The blue trace is the baseline zero phase 

conditions with no turbulance and the green trace is the 

worst case condition assuming an ideal gas. Figure 1 

shows that the diameter of the focused laser increases 

as a function of distance from ~50 to ~100 µm due to 

the atmoshere. This change in laser spot size is smaller 

than the instrumentally limited 250 µm spot size 

required for a Venus lander instrument. Consequently, 

the peak irradiance will also decrease due to this 

observed change in spot size but this will still be driven 

by the instrument rather than the atmosphere. The 

results of these analyses demonstrate that a LIBS 

instrument similar to ChemCam and SuperCam will 

generate useful laser induced plasmas on every laser 

shot under Venus surface conditions. These slight 

changes in irradiance are not enough to degrade the  

accuracy and precision of compositions determined by  

a LIBS instrument on Venus. 

References: [1] Clegg et al. Applied Spectroscopy, 68, 

925, 2014. 
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Figure 2. Changes in the peak irradiance (left) and spot size diameter (right) produced under Venus surface conditions. 

 
Figure 1: Contours of fluid density on the win-

dow. For reference, the window is approximately 

87 mm in diameter. These contours represent only 

a 1.6% change in density. 
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