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ABSTRACT 
The Breakthrough Starshot program is an ambitious project to achieve interstellar travel by using 

a massive laser array to propel a nanocraft to 20% the speed of light over 10 minutes and send it 

to the next closest star within 20 years. 

 

For the laser to make it through the turbulent atmosphere and efficiently transfer its momentum 

to the solar sail on the nanocraft, an Adaptive Optics (AO) system is needed to correct the 

aberrations introduced to the laser by the atmosphere. However, these aberrations canÕt be 

corrected unless there is a beacon on the other side of the atmosphere to measure the turbulence.  

 

This thesis proposes that the ideal beacon, after the first 30 seconds, for the AO system is the 

nanocraft itself. For this purpose, a radiometric Matlab model has been developed to simulate the 

return photon flux of the light that hits the nanocraft and returns to Earth. This will also model 

how the sail shape and BRDF caused by the sail material will contribute to the return flux and in 

turn, the performance of the AO system.   
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1. Introduction 

1.1 Starshot Overview and System Architecture 
The goal of the Breakthrough Starshot program is to enable interstellar travel beyond what is 

currently possible with traditional rocket technology. The Breakthrough Starshot Initiative is an 

ambitious project to send a human-made satellite to take pictures of an exoplanet in our next 

closest star system. With traditional spacecraft, this would be infeasible due to the length of each 

mission. With Starshot, we could see what the closest earth-like planet, Proxima Centauri b1, 

looks like up-close within 25 years.  

 

To set up Starshot, a giant laser array (Figure 1-1)2 would be constructed here on earth to push a 

tiny satellite or nanocraft, with a solar sail (Figure 1-2)3 to 20% the speed of light within 600 

seconds.  

 

 

Figure 1.1-1: Concept for the Laser Launch Aperture 2 
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Figure 1.1-2: Nanocraft with Solar Sail in space being propelled by laser 3 

 

For the laser to make it through the turbulent atmosphere and efficiently transfer its momentum 

to the solar sail on the nanocraft, an Adaptive Optics (AO) system is needed to correct the 

aberrations introduced to the laser by the atmosphere. However, these aberrations canÕt be 

corrected unless they can be measured. To accomplish this, an object or beacon is required on the 

other side of the atmosphere to measure the turbulence. This measurement of turbulence is then 

used to introduce opposite phase error in the laser so that when the laser passes through the 

atmosphere, it comes to a nice focus and its power reaches the nanocraft. 

 

For the first 30 seconds of the launch, one idea for the AO beacon is to use the mothership that 

releases the nanocraft in space4. This would work because there is a very small angular 

separation between the mothership and the nanocraft at the beginning of the launch, and the 

mothership will be within the isoplanatic patch. A laser could be attached to the mothership and 

pointed back at the launch projector to be used as the beacon. However, as the angular separation 

increases between the mothership and the nanocraft, this becomes a less feasible method. 

 

The simplest beacon that can be used is the solar sail of the nanocraft itself because it would 

include the entire atmosphere between the nanocraft and the laser launch aperture. After the first 

30 seconds of launch, the nanocraft will be faster than 0.03c and its return light will be 

sufficiently Doppler shifted to separate it from the initial laser light using a dichroic beam 
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splitter. This Doppler shift is important for this method because the laser in the atmosphere will 

back scatter much more light back to the system than the nanocraft will so the laser wavelength 

needs to be filtered out. The 0.03c velocity corresponds to a Doppler shift of 35nm. The Doppler 

shifted wavelength allows the atmosphere to be directly measured instead of using a spatially 

separate object as the beacon. The nanocraft is the best possible beacon that can be used since it 

will always be an on-axis target that the system is already pointed at. It is not perfect though due 

to the light travel time between the beacon and the earth. While this will not be significant near 

the start of the launch, it will become more pronounced as the nanocraft gets farther away. This 

thesis investigates the factors that contribute to the solar sail being able to be used as the AO 

beacon for the system. 

 

1.2 What is an Adaptive Optics System? 
 

The goal of an Adaptive Optics system is to take an image that would be blurred out due to 

different turbulent effects, and make that image come to a sharper focus on the detector so it can 

be improved. Many ground-based telescopes use AO to take the ÒtwinkleÓ out of the stars they 

are trying to observe. This twinkle effect, or scintillation, is like a person jumping up and down 

while another person is trying to take a good photo of them, it blurs out the photo and makes 

everything harder to see. This blurring must be corrected to fully see whatÕs on the other side of 

the atmosphere. In the case of Starshot, this works in reverse. Here, the AO system is trying to 

pre-mess up the laser, so that when the laser passes through the atmosphere and hits the 

nanocraft it will come to focus instead of being blurred out. 

   

An Adaptive Optics system is made up of four primary elements: a beacon of light in the sky, a 

wave-front sensor (WFS) that looks at the beacon, a computer that interprets the WFS signals, 

and a deformable mirror or similar element to introduce variable optical path length into an 

aperture. By seeing what the beacon actually looks like, the deformable mirror can be adjusted 

until the beacon looks like it is expected to. In the case of the laser, the AO system works in 

reverse of the correction shown in Figure 1.2-1. The goal of StarshotÕs AO system is to send out 

a distorted laser wavefront with an opposite distortion from what is measured so the laser is 

corrected when it passes through the atmosphere. 
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Figure 1.2-1: Overview of AO System 5 

 

The AO system is a large servo loop that needs to be updated many times a second due to the 

turbulent nature of the atmosphere. This time constant !! , is the time over which we can assume 

the atmosphere doesnÕt change, is 5ms at the 1064nm wavelength that the laser uses. This is a 

good average value, but it can vary based on the launch site, sky conditions, time of day, and 

zenith angle6. This means the AO system needs to apply a correction to the wavefront at least 

200 times a second and often 5 to 10 times faster than that in order not to be limited by the servo 

loop time. AO systems typically need a star of magnitude 13 or brighter in order to function7. 

 

1.3 Questions to Determine the Viability of Using the 

Nanocraft as the AO beacon and the Relevance to Starshot 

 

There are two primary questions this project answers that are relevant to Starshot. The first is 

assessing whether or not the sail of the nanocraft can be used as the AO beacon. The second is 

discovering how the sail shape and the Bidirectional Reflectance Distribution Function (BRDF) 

caused by the sail material impacts the sailÕs usability as a beacon. There are currently no 

decided upon sail shapes or materials for Starshot. This project will diagnose if the sail shape and 

BRDF are critical design elements of the sail for using it as a beacon, or if other factors should 

be given more priority in sail design.  
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To accomplish this, a Radiometric model was created to discover how many photons per second 

make it back to earth during the launch. This amount of photons will drive how well the AO 

system can perform and if an adequate signal-to-noise ratio (SNR) can be achieved to drive the 

AO system. Three different sail shapes and BRDF profiles will be examined to create the 

potential range of return light that can be expected from using the nanocraft as the beacon.  
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2. Methodology and Model Designs 

2.1 Overview and Starting Parameters for the Model 
To see if the solar sail of the nanocraft can be used as the Adaptive Optics beacon for the course 

of the launch, a model was developed to account for both the propulsion of the nanocraft and the 

return light to the earth. The model performs five essential steps, which are laid out in Figure 

2.1-1. This section will lay out all the factors that went into the creation of the model as well as 

the scientific concepts behind each step.  

 

 

Figure 2.1-1: Model Block Diagram 

 

Some initial assumptions and parameters are used to create the model, which are listed in Table 

1. While many of the parameters for the Starshot project are not fully known, these assumptions 

will be used moving forward. They are taken from the Bidders Briefing8.  

Table 1: Assumed Starting Parameters 

Variable Value [units]  
Solar Sail Diameter (Circular) 4 [m] 

Laser Launch Aperture Diameter (Circular) 4 [km] 
Starting Solar sail distance d 190*106 [m] 

Laser Wavelength !  1064 [nm] 
Mass of Nanocraft 1 [g] 

Laser Power at the Solar Sail 43.6 [GW] 
Beam Shape Gaussian 

Launch Duration 10 [minutes] 
Speed at End of Launch 0.2c 
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2.2 Atmospheric Turbulence and Simulated AO Correction 
The effect we experience as the twinkling of the stars, or scintillation, is caused by atmospheric 

turbulence. It is important to model this atmospheric turbulence to understand how the laser will 

look after it has passed through the atmosphere as well as how the result will translate to the 

appearance of the focused laser at the nanocraft. That atmospheric turbulence then needs to be 

reduced based on how well the AO system performs to model the residual phase error that will 

make it to the nanocraft. To accomplish this, first the turbulence from the atmosphere is modeled 

and calculated into a phase screen. Then that phase is filtered and scaled down its residual level 

after the AO correction. 

 

Atmospheric turbulence is primarily caused by areas in which high and low-density air is moved 

around by random winds in different layers of the atmosphere. Though this effect is random, it 

has been statistically modeled through the work of Kolmogorov and Von Karman. The 

Kolmogorov spectrum shown in Equation (2-1)9 assumes an unlimited spatial scale, while the 

Von Karman spectrum assumes a limiting outer scale above which isotropic behavior is violated. 

This is shown in Equation (2-2)9. For the sake of the Starshot model, the Von Karman spectrum 

is used with an outer scale of 80 meters.10  

 

 ! ! ! =  0.033 ! ! !
! ! ! ! !! !  (2-1) 

 

 ! ! ! ! ! !!" ! 10! ! !
!!! ! ! !!!
1.9 !1 ! !

! !

! !
!)!!!/!  (2-2) 

   

 

!! ! !  The Power Spectral Density (PSD) or the Fourier transform of the covariance 

!!! = Refractive index structure constant 

K = The three dimensional spatial wave number 

K0 = 2π/L0 

L0 = Outer Scale  
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Once the Power Spectral Density (PSD) is found for the wavefront variation, the AO correction 

needs to be simulated. To do this, the Von Karmon spectrum is used to generate a 2D phase map 

across the laser launch aperture. This is shown in Figure 2.2-1 

 

 

Figure 2.2-1 Example of the Phase Contribution from the Atmosphere  

 

Then the first 20 Zernike polynomials are generated and the inner product is taken between each 

Zernike polynomial and the phase map. Each inner product is then subtracted from the phase. 

This creates the effect of correcting for those 20 modes. Figure 2.2-2 shows what this process 

looks like in frequency space. The Power Spectral Density of the Von Karmon phase map is 

created by taking the magnitude squared of the two dimensional Fourier transform of the phase. 

This is done for both the case where the 20 Zernike terms are filtered out the case where theyÕre 

not.  What this effectively does is create a high-pass filter that removes the lower spatial 

frequencies while letting the higher spatial frequencies pass. The 1D radial average plot clearly 

shows the effect of the Zernike filtering by having almost no lower spatial frequencies present.   
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Figure 2.2-2: (Top) 2D Power Spectrum for filtered and unfiltered phase function (Bottom) 
1D radial average of power spectrum 

 

 

Ideally, many more modes could be subtracted from the phase, but it is significantly time 

intensive to generate more Zernikes. Instead of subtracting every Zernike mode the AO system 

can, the remaining phase variation is scaled to the variance expected from the MarŽchal 

approximation and the Strehl Ratio given in Equation (2-3)9. For example, for a Strehl ratio of 

50%, the expected wavefront variance would be 0.7 [rad2]. An important note about scaling the 

power spectrum to the variance expected from the Strehl ratio is that the shape of the Von 

Karmon curve is what matters and not the scaling factors before it. 
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This filtered phase from the atmosphere after the AO correction is then combined with the laser 

as will be shown later in Equation (2-8). 

 

 !"#$%&'()!!"#$"%&' !! ! !"#$"%&! ≈ −ln ! ! ! !  (2-3) 

 

! ! =Strehl Ratio or ratio between peak of diffraction limited beam and peak aberrated beam 

 

The equations for the Zernike Polynomials that were used are given in Equations (2-4)11 to (2-

6)11 

 

 ! !
! ! ! ! = ! !

! ! !!"#  ! !" !  (2-4) 

 

 ! !! ! ! ! ! ! ! !
! ! !!"#  (!" !  (2-5) 

 

 ! !
! ! !

! ! ! )! ! ! ! ! ! ! !
! ! ! − ! ! ! ! ! ! ! !

! ! ! ! ! ! !

! !!

! ! !
 (2-6) 

 

ρ = normalized aperture radius 

φ = azimuthal angle 

!!! !  = Radial Zernike Polynomial 

n = Radial order of polynomial, must be positive 

m = azimuthal order in the range Ðn:2:n 
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2.3 Kinematic Model and Modeling the Distance Between 

the Nanocraft and the Laser Launch Aperture 

It is critical to know how far the nanocraft is from the launch aperture during the launch. For this 

purpose, the kinematics and the propulsion of the system need to be understood. The kinematics 

of directed energy for relativistic propulsion have been examined in the Starshot program. A 

baseline analysis was performed by Parkin12 using the physical principles laid out by Kulkarni13. 

This work was redone by Rice in a paper entitled, ÒRadiometric Design and Analysis of the 

Breakthrough Starshot Initiative in Launch SpaceÓ14. For a full mathematical analysis of this 

model, refer to his paper. Its results and their relevance to this model will be laid out here.  

 

This model deviates from strictly following ParkinÕs work for a few reasons. One is that a more 

ideal starting orbital distance was calculated, based on an ideal orbit for the mothership15, to be 

1.9*108 [m] between the launch aperture and the nanocraft. This orbit was chosen by finding the 

orbital height where the nanocraft doesnÕt angularly separate from the mothership by more than 

the isoplanatic angle for the first 60 seconds of launch while also minimizing the orbital period 

so multiple launches can happen.  The second difference allows different laser and solar sail 

parameters to be examined to see how they impact the acceleration and launch window. It is 

important to note that the reflectivity of the sail in this model is 0.999 and the absorption is 

0.001. This does not reflect a real material but rather the need for very high reflectivity on the 

sail. Without it, the absorption could destroy the sail at such high levels of power. The results of 

this model are laid out in Table 2 and Figure (2.3-1)14. 

 

Table 2: Results from Kinematic Model 

Parameter At Start of Launch 
(t=0 seconds) 

At End of Launch 
(t=600 seconds) 

Distance from Launch Aperture 
to the Nanocraft 

1.9*108 [m] 2.7*1010 [m] 
 

Velocity 6*103 [m/s] 6*107 [m/s] or 0.2c 
Acceleration 2.7*105 [m/s2] 7.8*103 [m/s2] 
Force on Sail 273 [N] 8.3 [N] 
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Figure 2.3-1: Kinematic Model Outputs from Rice14 

 

The most important parameters that carry into to the rest of the model are the distance the 

nanocraft has traveled and the velocity at which it moves for the different distances. The velocity 

is needed to characterize the Doppler shift of the return light. The equation for the Doppler shift 
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is given in Equation (2-7) and then the red-shifted wavelength over the course of the launch is 

plotted in Figure 2.3-2. 

 

 
!! ! ! ! !

! !
= !
! (2-7) 

 

λ = Doppler shifted wavelength 

λ0 = Original laser wavelength 

ν = velocity [m/s] 

c = speed of light [m/s2] 

 

 

Figure 2.3-2: Doppler Shift Throughout the Launch 

 

The Doppler shift plot shows that at t=0 seconds: λ0=1064nm, at t=30 seconds: λ30=1100nm, and 

at the end of launch t=600 seconds: λ600=1277nm. This significant Doppler shift is good news for 

the AO system. It means that the wavelengths are very different than the laser wavelength and so 

are easy to separate from the laser wavelength. With a low pass filter, the laser wavelength can 

be filtered out to measure the return signal at the Doppler shifted wavelength. The exact moment 

the nanocraft will be Doppler shifted enough to be the AO beacon will depend on the chosen low 

pass filter.   
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2.4 Beam creation and Propagation 
A Gaussian beam shape or Point Spread Function (PSF) is used for all of the simulations. It was 

chosen both because it is a straightforward beam shape for the laser launch array to generate and 

because is the default beam shape that would be acquired over such long distances without 

special beam shaping. One note about the Gaussian beam is that it is not ideal in terms of sail 

stability. A Gaussian beam provides no dampening force to the sail if it moves off-center, so the 

pointing error with the Gaussian beam would cause the nanocraft to veer off the intended path. 

However, the Gaussian beam works well for the radiometry and can be changed in other work if 

an ideal beam shape is chosen.  

 

To propagate the laser at the laser launch aperture to the nanocraft, the electric field at the plane 

of the laser launch aperture is created through Equation (2-8)16. 

 

 !! ! , ! ! = !! ! ! ! ! ! ! !" !!,!!  (2-8) 

 
A = Amplitude of field defined by the Gaussian beam shape 

!  = Electric Field 

φ = Residual phase after filtering the turbulence to a specified variance (described in Section 2.2) 

x and y are field points in the aperture 

 

An important assumption is now made that the nanocraft is always at the focus of the laser. 

Because of this, the Fourier transform of the electric field will give the resulting beam profile at 

the nanocraft. Note that for the first minute of the launch, the laser might be defocused to allow a 

smaller energy density on the sail to prevent the nanocraft from being destroyed by the focused 

spot. However, that is not modeled here, and in that regime, the solar sail cannot be used as the 

AO beacon because the light has not Doppler shifted enough. The irradiance distribution is then 

found by Equation (2-9) 
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 !!"#$ ! !! ! {! !! ! ! !!  (2-9) 

! != 2D Fourier Transform 

!!"#$  = Irradiance at Sail Plane [W/m2] 

 

The equation in this state doesnÕt have the proper width or amplitude and so needs some 

additional terms. The first is that the width of the irradiance profile is scaled to the diffraction-

limited spot size of the laser launch aperture given in Equation (2-10). 

 

 ! !"## ! ! 2! !!"# !
! !!! !
! ! !!"

 (2-10) 

Ddiff = Diameter of diffraction limited spot size [m] 

DLLA  = Diameter of Laser Launch Aperture [m] 

z = distance between nanocraft and Launch Aperture 

λ = Laser wavelength [m]  

 

The summation of the power on the sail due to the irradiance on it is scaled to the power on the 

sail that is given by the calculated Strehl ratio. When combined together, they give the final 

irradiance profile at the sail of the nanocraft as a function of the distance from earth. This is 

shown for the starting, middle, and final distance in Figure 2.4-1. From that figure, the diffracted 

beam size is much smaller than the sail at the beginning of the launch, matches the size of the 

sail about halfway through the launch, and is much bigger than the sail for the last half of the 

launch.  

 

 

Figure 2.4-1: Irradiance on Sail at different distances with a 50% Strehl ratio 
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2.5 Parameters for the Solar Sail of the Nanocraft 

2.5.1 Sail Shape 

Three shapes for the solar sail are examined in this work. They are a spherical sail, a flat sail, and 

a concave sail. Together, they demonstrate reflected light across the different possibilities of sail 

shapes. If a more shallow sail shape is chosen, the amount of return light can be extrapolated 

between two of these sail shapes. 

 

 
Figure 2.5-1: Different Sail Shapes 

 

Currently, the most promising sail shape in terms of stability is using a spherical sail with a 

doughnut-shaped PSF17. This combination would ideally allow the sail to act like a Ping-Pong 

ball on a jet of water and stay in the center of it regardless of some wobble from the laser 

pointing. 
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2.5.2 BRDF profiles 

It is important to know what will happen to the light when it is reflected off the solar sail. The 

Bidirectional Reflectance Distribution Function (BRDF) is the fundamental geometric 

description of the reflectance of a surface. With it, the reflection off a surface can be well 

characterized. The BRDF is the relationship between the reflected radiance and the irradiance in 

a specified direction and its units are !
!

!"#$%&'%(
!. The equation is shown in Equation (2-11)18. 

 

 !"#$ !! ,!! !! ! ! ,!! = !!(! ! ! ! ! !
! ! ! ! ! ! ! ! !

 (2-11) 

 

Lr = reflected radiance in a specified direction [W/m2/sr] 

Ei = Irradiance in a specified direction [W/m2] 

i = Incident Beam 

r = reflected beam 

θ = Polar angle measured from the surface normal 

 !  = Azimuth angle, usually measured from plane containing the incident beam 

 

Different BRDF profiles will be investigated for this project. The BRDF measured profiles are 

taken from a NASA paper examining the BRDF of different spacecraft materials19. All the 

materials used in that report are commonly found in space applications, so they are good starting 

points for what a BRDF of the actual sail material might be since that is still unknown. The 

materials that will be examined are Kapton polyimide film backed with aluminum, Mylar backed 

with aluminum, and AZ-93 white paint. Kapton and Mylar are both highly specular, while the 

AZ-93 paint has a specular component with a much broader reflectance profile. All the profiles 

were then normalized so the areas under them totaled to one so they could be integrated. These 

profiles are displayed in Figure (2.5-2)19. The profiles in the figure are not normalized. 

 

A sail with Lambertian reflectance is also used to test the model. A Lambertian reflectance 

profile is uniform in terms of angle, so the reflection is the same regardless of viewing angle. A 

white piece of paper or a projector screen are good examples of near Lambertian surfaces.  
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The actual sail material will need to be highly specular to be efficiently moved by the laser 

propulsion. Because of this, Kapton and Mylar are the most similar to what the actual BRDF of 

the sail material will be. Mylar is a common material that is proposed for solar sails, but it has 

too much mass and absorptivity to be used for the actual sail material as it could take nanocraft 

and sail mass above 1g if it is coating the 4m sail.  

 

 

 

Figure 2.5-2: Measured BRDF Profiles for [A] Kapton, [B] Mylar, and [C] AZ -93 Paint19 

BRDF measurements in-plane (0¡ blue curves) and out of plane (90¡ red curves) 

 

It is important to note that the absolute reflectance of these materials is not 1. At 1064 nm, the 

absolute reflectance for Kapton is 0.9, for Mylar is 0.75, and for AZ-93 Paint is 0.9.19 This 

means that the normalized integral of the figures in Figure 2.5-2 needs to equal their 

corresponding reflectance values. While, ideally, the material chosen for the project needs to 

have as high of a reflectance as possible to maximize the coupling of the light to the sail, the real 
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deal-breaker is the absorption of the material. Ideally, the absorption needs to be less than 0.01% 

otherwise the sail would absorb too much of the energy and potentially be destroyed.12 None of 

the chosen materials here have that low of an absorption. However, the primary investigation is 

in how the BRDF profile of the material impacts the return light to earth. Because of this, the 

chosen materials are fine because they provide the different BRDF profiles to examine even 

though they are less ideal in terms of their absorption and overall reflectance. The primary factor 

that the reflectance of the sail impacts is how much power needs to be sent from Earth to achieve 

the same level of propulsion. Due to this, given a sail material with a reflectance r, the starting 

power from earth needs to be increased by a factor of 1+(1-r) to give the same level of 

propulsion for different reflectance values. A result of this is that different reflectance values can 

be used as long as the starting power is compensated for. For the final sail material, the 

absorption will need attention so that that sail can survive the launch.  
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2.6 Radiometric Modeling and BRDF integration 

The primary investigation of this research is quantifying first how much light makes it to the 

nanocraft from the earth and then how much light is reflected back. The amount of return light 

that can be sensed at the launch site must be quantified to determine the expected performance of 

the AO system that uses the solar sail as a beacon. Not only that, but the data can also be used to 

determine if the solar sail can serve as a beacon at all. For this purpose, a Matlab model was 

developed to predict the radiometric properties of the return light, while a mathematical model 

confirmed that the Matlab model has a reasonable output. 

 

2.6.1 Matlab Radiometric Model 

  

Now that the irradiance profile on the solar sail has been calculated, its power distribution will 

reflect off the sail. The next question is, how much of that reflected power is reflected in the 

solid angle that corresponds to the laser launch projector size on earth? To do this, a numerical 

integration of the BRDF profile across the sail is required. The Matlab code integrates the BRDF 

at every solar sail location to determine the contribution that point on the sail has to the return 

light that will make it back to the laser launch aperture. Every point is then summed to find the 

final power that makes it back to earth. This is displayed in Equation (2-12); the geometry is in 

Figure 2.6-1. 

 

 !"#$% ! ! ! ! !" ! !"#$ (!,!) !" !"
!!!!!"#$

! !

! !

!!"
 

 

(2-12) 

!" = Power [W] in one dA element 

dA = differential area or one of the points on the solar sail 

θ = Angle between incident light from earth and the surface normal on that point of the solar sail 

θproj = Angular size of laser launch aperture from the solar sail 

 

The BRDF profile is centered on the specular reflection r, which is why the integrand needs to 

start at 2θ or back in the incident direction i. 
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Figure 2.6-1: Geometric Setup of the BRDF integral (not to scale) 

 

The sum of the output of this integration displays how much power [W] makes it back to the 

4km circular laser launch aperture back on earth. With this number calculated, there is enough 

information to conclude if the solar sail can be used as the Adaptive Optics beacon over the 

course of the launch.  

 

2.6.2 Mathematical Radiometric Model 

A reference point is needed to create a compelling reason to believe the radiometric outputs. To 

do this, a mathematical baseline is established using a flat sail with a Lambertian reflectance 

profile. This is the simplest case and the most feasible way to check the model. The 

mathematical baseline will be used to confirm that the Matlab model is giving values that make 

sense, which will then allow the Matlab model to be used with more complex geometries and 

BRDF profiles. To begin we can use the equation of radiative transfer given in Equation (2-13)18. 

This equation describes the amount of power that will be transferred from one surface to another, 

in this case from the nanocraft and sail to the laser launch projector. 
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 !!!!→! =
! !,! ∗ !!! ∗ cos !! ! !! ∗ cos (!! )

!!  (2-13) 

 

L = Radiance [
!

!!  !"] 
θ1 and θ2 = Angles between a normal line that connects the centers of both objects and the surface normal [radians] 

d = distance between both objects [m] 

dA1 and dA2 are the differential area of each object 

! !→! = Radiant power or flux [W]  

 

 

Figure 2.6-2: Radiative Transfer Geometry (Taken from Palmer Figure 2.27)18 

 

Some simplifications can be made to the above equation due to the geometry of the system and 

the large distances. The first is that with such large distances, the angles are very small. Due to 

this, !"# ! ≈ 1. In addition, the distance d is much larger than the area elements, so the 

differential areas can be simplified to just the areas. Note, in the actual Matlab model these are 

not simplified, these simplifications allow for a most simple case that can be solved based on the 

radiative transfer equation and that can be set up in the model. This leaves Equation (2-14)18. 

 

 !!→! =
! !!! ∗ !! ∗ !!

!!  (2-14) 

 

Using the Lambertian approximation, the radiance at the sail is the total power at the sail divided 

by π. A1 is the area of the solar sail and A2 is the area of the laser launch aperture. However this 

radiance is not constant over the course of the launch. The radiance needs to be multiplied by the 

beam-coupling factor at every distance. The beam-coupling factor can be seen as the result of 

Figure 2.4-1. The different PSF sizes relative to the sail size translates to only a certain percent 

of the power that makes it to the plane of the sail actually hitting the sail. This beam-coupling 

factor is impacted by the Strehl ratio, since a lower Strehl ratio spreads out the PSF.  
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Then the results from the radiative transfer equation can be compared to the results the Matlab 

radiometric model gives when it is run on a flat Lambertian sail as is done in Figure 2.6-3. 

 

Figure 2.6-3: (Left) Results from Radiometric Transfer Equation Compared to the Model 

on a Flat Lambertian Sail (Right) Percent Difference between Compared Plots 

 

The mathematic model confirms that the radiometric model that has been created in Matlab gives 

reasonable results. When compared, the results are very similar. At the start of the launch the 

plots differ by 5% and at the end of the launch the plots differ by 13%. The average percent 

difference across the entire launch is 6.3%. 

 

This calculation serves two purposes. The first is seeing that the Matlab model matches the 

mathematically model very closely. The second is in setting error bars for the results from the 

model. Based on Figure 2.6-3, the average error that is expected from the results of power back 

on earth is 6.3% due to the variation between the two. 
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3. Results 

3.1 Processing of Data and Impact on the AO system 
After the model is run, the power over the 4km circular laser launch aperture is known as a 

function of the distance the nanocraft has traveled during launch. The results from these tests will 

determine the feasibility of  using the sail as the AO beacon for the Starshot program. The results 

vary between three different sail shapes and three BRDF profiles. This gives nine total test 

scenarios. The results are then processed to display the total power and irradiance returned over 

the launch aperture, the residual wavefront error for the AO system, the number of photons that 

reach each subaperture over the time constant, and the apparent magnitude of the nanocraft. 

 

3.1.1 Power and Irradiance at the Launch Aperture 

When all the steps in Section 2 are completed, the model gives the amount of power [Watts] over 

the entire 4km launch aperture. This is the first item plotted and listed in the results. From this 

overall power, the rest of the results are calculated. The first of which is the irradiance [W/m2] 

expected at the launch aperture. To calculate the irradiance, the total power is divided by the area 

of the launch aperture.  

 

Next the number of photons per subaperture size per time constant is plotted and displayed. The 

power is converted to number of photons using Equation (3-1)16. Then divided by the time 

constant ! !  then scaled to the size of a subaperture. The subaperture size defined in Equation (3-

3)  

 

 ! !
! !
!

 (3-1) 

E = Energy of a photons [W] 

h = PlanckÕs constant = 6.626*10-34 [J*s] 

!  = Doppler shifted wavelength 
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3.1.2 Wavefront Variance from AO System 

The AO system needs to correct for a certain number of modes to get the right level of 

correction. The equation for the number of modes based on the Strehl ratio is given in Equation 

(3-2)9. This equation is based on the Noll approximation9 and the number of modes corresponds 

to the number of Shack-Hartmann lenslets needed to reach the level of correction in one aperture. 

The current generation of large telescopes is around 10m in diameter. This equation can be used 

to find the number of modes required for a telescope of that size and also assumes that the AO 

system perfectly corrects for any wavefront variation on a scale greater than the 10m-diameter 

subaperture. Then it scales the number of modes needed for a 10m subaperture to the entire 4km 

aperture size.  

 ! ! !
! !!"

!

! !"#
!

! !

! !!"##
! !"#
! !

! !

! !
!

 (3-2) 

 

! !  = Wavefront variance from Strehl ratio (Equation 2-3) 

! !  = Fried parameter. Set to 20cm from work of Hart4 

DLLA = Diameter of Laser Launch Aperture 

Dsub = Subaperture Diameter 

Nm = Number of modes needed to be corrected 

 

This number of modes now is calculated based on the Strehl ratio used for the AO system. Table 

3 displays the results of Equation (3-2) at different Strehl ratios. For the rest of the results, a 

Strehl ratio of 50% is used. The primary effect from changing the needed Strehl ratio for the AO 

system is that the higher the Strehl ratio, the less total launch power is needed from the laser, 

however the tradeoff is that many more modes are needed to correct for higher Strehl ratios. This 

creates a trade-off between the two.  The power loss is a combination of the 6% expected loss 

from scattering and absorption in the atmosphere15 and the percent of power loss due to the 

Strehl ratio.  
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Table 3: Adaptive Optics System Properties Based on Strehl Ratio 

Strehl 
Ratio [%]  

Initial Power 
from Laser 

Launch Aperture 
[GW]  

Power Lost due to 
turbulence and 

atmospheric effects 
[GW] 

Variance of 
residual 

wavefront error 
[radians2] 

Number of 
modes needed 

for AO 
correction 

30 145.4 101.8 1.204 0.585 * 108 

50 87.2 43.6 0.693 1.108 * 108 
70 62.3 18.7 0.357 2.385 * 108 
90 48.5 4.8 0.105 9.752 * 108 

 

No corrections can be made to a system that hasnÕt been measured. This is especially true for an 

AO system. If enough photons canÕt be measured quickly enough, then it does not matter how 

many modes the system is trying correct because it wonÕt be able to gather enough information 

to do the correction. For each measurement, the residual wavefront error caused by the finite 

number of photons and the wavefront sensor is calculated through Equation (3-3)9. This residual 

wavefront error caused by the detection lets us know whether the number of photons coming 

back will limit the AO system. 

 

 ! !"#
! !

! ! !

! ! ! !"!#$

! !

! !

!

 (3-3) 

 

! !"#
!  = Wavefront variance from Wavefront Sensor [radians2] 

! !  = Laser Wavelength (1064 nm) 

! !  = Doppler shifted wavelength given in Figure 2.3-2 

nphotons = Number of photons per subaperture area per ! !  

! !  = Times constant. (5 ms) from Hart4 

Subaperture Area = 
!"#$ !!" !! !" !!"#$%!!""#$

!"#$%& !!" !!"#$% !! !
 

 

3.1.3 Apparent Magnitude 

The apparent magnitude of the sail on the nanocraft will also be plotted for reference. The 

apparent magnitude is one of the most common reference units in astronomy to determine how 

bright an object is. The apparent magnitude is on a reverse logarithmic scale so the brighter an 

object is, the lower an apparent magnitude it has. It is a relative measurement of how bright an 
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object is relative to the star Vega. For example, the full moon (in the visible) has an apparent 

magnitude of -12.9, and Venus has an apparent magnitude of -4.1. The laser wavelength of 

1064nm lies between I-band (797nm) and J-Band (1220nm). The zero magnitude flux was 

extrapolated between these two reference values. The equation for apparent magnitude is given 

in Equation (3-3)7.  

 

 !""#$%&' !!"#$%&'() !!!! ! ! ! !! !"# !"
!
! !

 (3-3) 

F0 = Zero Magnitude Flux = 2.851E10 
! ! !"!#$

! ! ! ! ! !"
 at 1064 [nm] 

F= Measured Flux 
! ! !"!#$

! ! ! ! ! !"
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3.2 Results with Kapton BRDF profile 
Table 4: Results from tests with Kapton BRDF profile 

Kapton 
BRDF Profile 

Spherical Sail Flat Sail Concave Sail 

Start of 
Launch 

End of 
Launch 

Start of 
Launch 

End of 
Launch 

Start of 
Launch 

End of 
Launch 

Power incident on 
entire 4km LLA [W]  

2.11E+07 108.8 4.37E+07 6.37E+04 2.04E+07 109.3 

Irradiance at LLA 
[W/m2] 

1.678 8.66E-06 3.481 0.005 1.629 8.69E-06 

Number of Photons/ 
subaperture / time 
constant  

5.14E+15 2.65E+10 1.06E+16 1.55E+13 4.99E+15 2.66E+10 

Apparent 
Magnitude 

-21.26 -8.04 -22.04 -14.96 -21.22 -8.04 

Wavefront Variance 
! !"#

!  [radians2] 
3.84E-15 1.09E-9 1.85E-15 1.85E-12 3.95E-15 1.08E-9 

 

 

Figure 3.2-1: Results from Kapton BRDF profile  
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3.3 Results with Mylar BRDF profile 
Table 5: Results from tests with Mylar BRDF profile 

Mylar  
BRDF Profile 

Spherical Sail Flat Sail Concave Sail 

Start of 
Launch 

End of 
Launch 

Start of 
Launch 

End of 
Launch 

Start of 
Launch 

End of 
Launch 

Power incident on 
entire 4km LLA [W]  

2.66E+07 111.7 5.33E+07 8.05E+04 2.65E+07 112.0 

Irradiance at LLA 
[W/m2] 

2.118 8.89E-06 4.24 0.0064 2.111 8.91E-06 

Number of Photons/ 
subaperture / time 
constant 

6.49E+15 2.72E+10 1.30E+16 1.96E+13 6.47E+15 2.73E+10 

Apparent 
Magnitude 

-21.51 -8.07 -22.62 -15.21 -21.51 -8.07 

Wavefront Variance 
! !"#

!  [radians2] 
3.04E-15 1.06E-9 1.52E-15 1.47E-12 3.05E-15 1.05E-9 

 

 

Figure 3.3-1: Results from Mylar BRDF profile  
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3.4 Results with AZ-93W BRDF profile 
Table 6: Results from tests with AZ-93W BRDF profile  

AZ-93W 
BRDF Profile 

Spherical Sail Flat Sail Concave Sail 

Start of 
Launch 

End of 
Launch 

Start of 
Launch 

End of 
Launch 

Start of 
Launch 

End of 
Launch 

Power incident on 
entire 4km LLA [W]  

2.45E+06 1.38E+03 2.78E+06 2.51E+03 2.47E+06 1.43E+03 

Irradiance at LLA 
[W/m2] 

0.195 1.09E-04 0.222 1.99E-04 0.196 1.14E-04 

Number of Photons/ 
subaperture / time 
constant 

5.98E+14 3.37E+11 6.79E+14 6.11E+11 6.02E+14 3.50E+11 

Apparent 
Magnitude 

-18.92 -10.8 -19.06 -11.44 -18.92 -10.84 

Wavefront Variance 
! !"#

!  [radians2] 
3.30E-14 8.55E-11 2.91E-14 4.71E-11 3.28E-14 8.24E-11 

 

 

Figure 3.4-1: Results from AZ-93W BRDF profile 
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4. Conclusions and Future Work 

4.1 Conclusion about Using Sail as an AO Beacon 
It is possible to use the solar sail as the beacon for the Adaptive Optics of the Breakthrough 

Starshot launch with a wide variety of sail shapes and BRDF profiles. The results clearly show 

that the solar sail of the nanocraft can be used as the Adaptive Optics beacon for the system. The 

enormous abundance of light implies that both the chosen sail shape and BRDF will not limit the 

ability of the sail to be used as the beacon. Furthermore, it is an ideal beacon choice because the 

system is already pointing at the object and therefore does not need to take into account 

anisoplanatism or other off-axis beacon affects.   

 

There is a massive amount of light that comes back from the sail to earth at all distances. The 

wavefront variance !!"#
!  due to sensing is negligibly small at all distances due to the large 

number of photons that hit each subaperture every second. Looking at the apparent magnitude, at 

the beginning of the launch, the sail has an apparent brightness, in the infrared, comparable to the 

brightness of the full moon in the visible spectrum. At the end of the launch window, the sail has 

an apparent brightness greater than the planet Venus in the night sky. The major cause of this is 

the large amount of power that must hit the sail for it to reach 20% the speed of light. Even 

0.00000025% of the 43 [GW] is enough to measure the return light. That percent corresponds to 

the amount of light that is returned from both the Kapton and Mylar sails at the final distances 

for the spherical and concave sail shapes.  

 

4.2 Conclusion on Effect of BRDF and Sail Shape on AO 

Performance 
Sail shape has an interesting effect on the return light because it creates an Òactive areaÓ on the 

sail, within which light would reflect towards earth, and outside of which almost none of the 

light would reflect back. The region within ±2.5 degrees angle of incidence on the sail defined 

this active area, for the highly specular materials of Kapton and Mylar. However, for materials 

with a more diffuse reflectance component, like AZ-93W, the sail shape had less impact. The 
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practical effect is that even though the PSF from the laser would cover the entire sail, only a 

small area of that would be returned to earth for the specular materials.  

 

There is essentially no significant difference between a spherical sail and a concave sail of 

opposite curvature. This is due to the rotational symmetry on the sail. Since the BRDF integral is 

only concerned with angle of incidence, a point on the left side of the spherical sail looks 

identical to a point on the right side of the concave sail for the BRDF integral.  

 

The biggest difference between the flat sail and the curved sail is the sensitivity to tip and tilt. 

While the flat sail returns more light at all distances while it is normal to the incoming laser, if it 

tips or tilts more than 2 degrees, almost none of its light would returns towards earth. However, a 

sail tip or tilt  of this magnitude would certainly cause the nanocraft to veer off course, so in 

addition to losing the light returning to earth, the nanocraft would also be lost. If the nanocraft is 

no longer in the beam path, the AO correction becomes meaningless. The spherical and concave 

sails are not very sensitive to the tip and tilt (over tip and tilts less than 2 degrees). The active 

area on the curved sails mentioned above can just shift off-center, and another region on the sail 

becomes the primary point reflecting light towards the earth.  

 

The BRDF that will be chosen for the Starshot program will need to be highly specular to 

efficiently use the laser light that hits the nanocraft. The narrower the specular component of the 

BRDF, the less light will make it back to earth. However, this will not be a limiting factor in 

using the sail as the AO beacon.  

 

4.3 Future Work  
Several elements of the Starshot system can be examined in future work. A critical one is sail 

stability. There are two aspects of sail stability that need to be examined. The first is determining 

the ideal laser beam shape (PSF) and sail shape to enable a stable launch that will keep the 

nanocraft in the path of the laser. The second is determining the effect of speckle on sail stability. 

While a Strehl ratio of 50% is acceptable from the perspective of the return light, the speckles 

caused by the beam degradation might be large enough to push the nanocraft off course. Along 
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this same line of thought, the amount of tip or tilt that the sail can experience before going off 

course would also be valuable information in selecting a PSF and sail shape.  

 

The buildup of lateral kinetic energy at the nanocraft is a problem facing the launch2, another 

application of this study for future work is in asking with the large number of photons that are 

received back at earth, is it possible to modulate the laser, as it is launched, to get information 

about the state of the nanocraft during the launch? Specifically, would it be possible to measure 

the slow oscillations caused by the lateral kinetic energy buildup in order to correct for them as 

well?  

 

Once the final PSF, sail shape, and sail material are chosen, it would be beneficial to run this 

model again with the actual parameters the Starshot project will use. 

 
 

 

 

  



 40 

5. References 
1. G. Anglada-EscudŽ et al., ÒA terrestrial planet candidate in a temperate orbit around Proxima 

Centauri,Ó 7617, Nature 536(7617), 437Ð440, Nature Publishing Group (2016) 
[doi:10.1038/nature19106]. 

2. M. Noyes, ÒOrbital and Flight Stability Models for Breakthrough StarshotÕs AO System,Ó 
University of Arizona (2020). 

3. Breakthrough, Breakthrough Starshot Animation (Full), YouTube (2016). 
4. M. Hart, ÒWavefront Sensing for the Breakthrough Starshot Laser Launch Projector,Ó College 

of Optical Sciences, University of Arizona (2017). 
5. A. T. Tokunaga, ÒChapter 51 - New Generation Ground-Based Optical/Infrared Telescopes,Ó 

in Encyclopedia of the Solar System (Third Edition), T. Spohn, D. Breuer, and T. V. Johnson, 
Eds., pp. 1089Ð1105, Elsevier, Boston (2014) [doi:10.1016/B978-0-12-415845-0.00051-7]. 

6. R. Giovanelli et al., ÒThe Optical/Infrared Astronomical Quality of High Atacama Sites. II. 
Infrared Characteristics,Ó PUBL ASTRON SOC PAC 113(785), 803Ð813 (2001) 
[doi:10.1086/322136]. 

7. M. Hart, ÒAdaptive Optics and Imaging through Random Media,Ó University of Arizona. 
OPTI528 Lecture. (2018). 

8. Breakthrough Starshot, ÒBidders Briefing for developing the Starshot Sail.Ó (2018). 
9. R. Tyson, Principles of Adaptive Optic, Boca Raton: CRC Press (1991). 
10. N. Takato and I. Yamaguchi, ÒSpatial correlation of Zernike phase-expansion coefficients for 

atmospheric turbulence with finite outer scale,Ó J. Opt. Soc. Am. A, JOSAA 12(5), 958Ð963, 
Optical Society of America (1995) [doi:10.1364/JOSAA.12.000958]. 

11. V. F. Zernike, ÒBeugungstheorie des Schneidenverfahrens und Seiner Verbesserten Form, 
der Phasenkontrastmethode,Ó Physica 1, no. 8, 689Ð704 (1934). 

12. K. Parkin, ÒThe Breakthrough Starshot System Model,Ó Parkin Research (2018). 
13. N. Kulkarni, ÒRelativistic Spacecraft Propelled by Directed Energy,Ó University of 

California Santa Barbara (2017). 
14. J. Rice, ÒRadiometric Design and Analysis of the Breakthrough Starshot Initiative in Launch 

Space,Ó University of Arizona (2020). 
15. M. Noyes and M. Hart, ÒAnalyzing the Viability of Satellite Laser Guide Stars for 

Breakthrough Starshot,Ó Proc. AO4ELT6 (2019). 
16. M. Mansuripur, Field, Force, Energy and Momentum in Classical Electrodynamics (Revised 

Edition), Bentham Science Publishers (2017). 
17. J. Hyatt, ÒLaser Beam Projection for Starshot Launch,Ó Proc. AO4ELT6 (2019). 
18. J. Palmer and B. Grant, The Art of Radiometry, Bellingham: SPIE Press (2010). 
19. Jacqueline A. Reyes et al., ÒUnderstanding optical changes in on-orbit spacecraft materials,Ó 

in Material Technologies and Applications to Optics, Structures, Components, and Sub-
Systems IV 11101 (2019) [doi:10.1117/12.2528919]. 

 

 

 


