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ABSTRACT

The Breakthrough Starshot program is an ambitious projectteve interstellar travel by using
a massive laser array to propahanocraft to 20% the speed of ligher 10 minutesnd send it

to thenextclosest star within 20 years.

For the laser to make it through the turbulent atmosphereféoently transfer its momentum
to the solar sail othe nanocraftan Adaptive Opts (AO) system is needed to corrdot
aberrations introduced to the laser by the atmosphere. However, teesgians canOt be

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

This thesis proposes ththe ideal beacon, after the first 30 seconds, for the AO system is the
nanocratft itself. For this purpose, a radiometric Matlalleh has been developed to simulhe
return photon flux of the light that hits the nanocrafd aeturns to Earth. This Wivalso model
howthe sail shape and BRDJaused by the samhaterial will contribute to theeturn flux and in
turn, the performance of the AO system.



1. Introduction

1.1 Starshot Overview and System Architecture

The goal of the Breakthrough Staosprogramis to enable interstellar travel beyond what is
currently possible wittraditional rocket technologythe Breakthrough Starshot Initiative is an
ambitious project to send a humamade satellite to take pictures of an exoplameur nex
closest star systen\With traditional spacecraft, this would be infeasible dudeédength of each
mission. Wth Starshatwe could see whahe closest eartlike planet, Proxima Centaurt,b

looks like upclose within 25 years.

To set upStarshatagiantlaser arrayFigure 11)? would be constructed here on earth to push a
tiny satellite or nanocraftvith a solar sai(Figure 12)* to 20% the speed of light withB00

seconds

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

For the laser to make it through the turbulent atmosphere and efficiently transfemiésitum

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 canOt be
correctedunless they aabe measured.daccomplish thisan objet or beacon isequiredon the

other side of the atmosphere to measure the turbulence. This measurement of turbulence is then
used to introduce opposite phaseem the laser so that when the lagasseshrough the

atmosphere, itomes to a nice fosuand its power reaches the nanocratft.

For the first 30 seconad¥ the launch, one idea for the AO beacon is to use the mothership that
releases the nanocraft in spadhiswould workbecause there is a very small angular
separation between the mothership and the nanadrdie beginning of the laundcind the
mothership will be within the isoplatia patch A laser could be attached to the mothership and
pointed back at the launch projectorbe used as the beacttowever, as the angular separation
increases between the mothership and the nanatiafbecomes less feasiblenethod

The simpést beacon that can be used is thers@# of the nanocraft itself because it would
includethe entire atmosphere between the nanoaradtthe lasemunch aperturéifter the first
30seconds of launclihe nanocraft will be faster than 0dd&nd itsreturn light will be
sufficiently Dopplershiftedto separate it from the initial laser light using a dichroic beam



splitter. This Doppler shift is important for this method because the laser in the atmosphere will
back scatter much more light back to flystem than the nanocraft will so the laser wavelength
needs to be filtered oufhe 0.03c velocitgorresponds to a ppler shift of 3Bm. The Doppler
shifted wavelengtlallowsthe atmosphere to be directly measured instead of using a spatially
separate lgject as the beacon. Thanocratft is the begiossible beacon that can be used since it
will always be an ofaxis target that theystem is already pointed at. It is not perfect though due
to the light travel time between the beacon and the earth. Wisleill not be significant near

the start of the launglit will become more pronounced the nanocraft gets farther awalkis
thesisinvestigateshefactors that contribute to the sokail being able to be used as the AO
beacon for the system.

1.2What is an Adaptive Optics Systen?

The goal of an Adaptive Optics system is to take an image that would be blurred out due to
differert turbulent effects, and make that imagene to a sharper focus on the detectat san

be improvedMany groundbasedelescopes use AO to take the OtwinkleO 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 josied whatOs on the other side of
the atmosphere. In the case of Starshot, this works in retese.the AO system is trying to
pre-mess up the laser, so that when the lpasses througtihe atmosphere arts the

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

An Adaptive Optics system isade up of four primary elementsbeacon of light in the sky
wavefront senso(WFS)that looks at the beacoa,computer thanterpretshe WFES signals,
anda deformable mirror agimilar element to introduce variabtgticalpath length into an
apertureBy seeing what the beacon actually looks like deformable mirror can be adjusted
until the beacon lookke it is expectd to. In the case of the laser, the AO system works in
reverse of th correction shown in Figure 112 The goal oStarshotO80 system is to send out
a distorted laser wavefront with an opposite distorfiom what ismeasured sthe laser is
correctedvhen it passes through the atmosphere
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Figure 1.2-1: Overview of AO System®

The AO system is a large servo loop that need® tgpdated many times a second due to the
turbulent nature of the atmospheréis time constant, , is thetime over which we can assume
the atmosphere doesnOt chaisgems at the 1064nm wavelength that the laser Tibesis a

good average value, b can vary based on the launch site, sky conditions, time of day, and
zenith angl® This means the AO system needs to apply a correction to the wavefront at least
200 times a secoraehd often 5 to 10 ties faster than that in order not to be limited by the servo

loop time AO systemdypically need a star of magnitude 13 or brighter in order to furlction

1.3 Questions to Determinghe Viability of Usingthe

Nanocraft as the AO beacorand the Relevance to Starshot

There are two primary questions this project answers that araméle\5tarshot. 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)
causedy the sail material impagthe silOsisability as a beacon. There are currently no

decided upon sail shapes or materials for Star3ihet project will diagnose the sail shape and
BRDF are critical design elements of the dafl using it as a beacopor if other factors should

be gven more priority in sail design.

1C



To accomplish this, a Radiometric model was created to discover how many photons per second
make it back to earth during the laun€his amount of photons widlrive how well the AO

system can performand if an adequatg@gnatto-noiseratio (SNR) can be achieved to drive the

AO systemThree different sail shapes and BRDF profiles will be examined to create the

potential rang®f return light that can be expected from using the nanocraft as the beacon.

11



2. Methodology and Model Designs

2.1 Overview and Starting Parameters for the Model

To see if the solar sail ofélmanocraft can be used as the Adaptipédd beacon for the course
of the launch, a model was developed to account for both the pmpafdhe nanoaft andthe
return light tothe earth.The model performBve essential stepsvhich are laid out in Figure
2.1-1. This section willay out all the factors that went into the creation of the model as well as

the sciatific concepts behind each step.

Starting Laser Propagate Laser How much Analysis of
on Earth laser from Irradiance light returns to return light
eAddition of Phase earth to profile on the earth eHow well can AO
errors due to nanocraft solar sail eBased on BRDF system operate
atmosphere ” AR integrati
e Done through the *Ability to ALCElationiaclioss)
'IESt"I"aft'O: LT Fourier transform customize sail the sail
e oL paase of initial beam shape and BRDF

correction can be

o o eDistances based on

kinematic model

Figure 2.1-1: Model Block Diagram

Some initial assumptions and paramegeesused to create theodel which are listesh Table
1. While many of the parameters for the Stargh@iject are not fully knowrtheseassumptions
will be used moving forwardChey are taken from the Bidders Briefing

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*10° [m]
LaserWavelength 1064 [nm]
Mass ofNanocraft 1[0]
LaserPowerat the Solar Sall 43.6[GW]
Beam Shape Gaussian
Launch Duration 10[minuteg
Speed at End of Launch 0.2c

12



2.2 Atmospheric Turbulenceand 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 tlasmospheric turbulende understand how thaser will

look after it has passdedrough theatmosphere as well as how the result will translatbeo
appearance of tHecused laser at the nanocrdthat atmospheric turbulence then needs to be
reduced based on how welbtAO systenperforms to model the residual phase error that will
make it to the nanocrafflo accomplish this, first the turbulence from the atmosphere is modeled
and calculated into a phase screen. Then that phase is filterechéadidown its residuével

after the AO correction.

Atmospheric turbulence is primaribaused by areas in whitigh and lowdensity airs moved
around by random winds in different layers of the atmosphere. Though this effect is random, it
hasbeenstatistically modeled through the work obknhogorov and Von Karman. The
Kolmogorov spectrunshown in Buation (21)° assumes an unlimited aal scale, while the

Von Karman spectrum assursa limiting outer scale above which isotropic behaigariolated.

This is shown in Buaion (2-2)°. For thesake of the Starshatodel,the Von Karma spectrum

is used with an outer scale of 80 metérs

I ,(K)= 003311} 111/ (2-1)

7/! | CZ 1 2
L, ot 1ot %!1! l—)~ 1/t (2-2)

|
0

@, (! )! The Power Spectralénsity (PSD) or the Fourier transform of the covariance
C,, = Refractive index structure constant
K = The three dimensional spatial wave number
Ko=21/L,

Lo= Outer Scale
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Once thePower Spectral Density?SD)is found forthe wavefront variatiorthe AO correction
needs to be simulatedlo do this, the Von Kanon spectrum is used to generate a 2D phase map
across the laser launch apertdreis is shown in Figure 2-2

=
3

o
o0

relative pupil location
o
Phase [radians]

relative pupil location

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

Thenthe first 20 Zernike polynomials are generated and the inner grisda&en between each
Zernike polynomiabind the phaseap Each inner product is then subtracted from the phase.

This creates the eftt of correctindor those 20 modeg&igure2.2-2 shows what this process

looks like in frequency space. The Power $@¢®ensity 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 filterdtb asise where theyOre

not What this efctively dees is create a higbass filterthat removeshe 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 freqaeresent.

14
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Power Spectrum (Fourier Transform of Phase squared)

—filtered phase
—unfiltered phase
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normalized frequency space ¢ n

Figure 2.2-2: (Top) 2D Power Spectrum for filtered ard 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 tagenerag more Zernikes.rnstead okubtracting every Zernike mode the AO system
can the remaining phase variation is scaledhe variance expected fraime MarZchal
approximatiorand the Strehl Ratigiven in Equation (B)°. For example, for a Sthl ratio of
50%, the expectedavefront variance would be 0.7 [fadAn importaniote about scaling the
power @ectrum to the varianaxpected from the Strehl ratio is that the shape of the Von

Karmon curve is what matters and not the scaling factors before it.

15



This filtered phase from the atmosphere after the AO correction is then combined with the laser
as will be shown later in Equation-8).

Wavefront""#$"%&' o' [radians' ] =~ —In ! (1 )! (2-3)

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

The equations for the Zernike Polynomitilat were usedre given in Buations (24)'* to (2-
6)11

L)y = O (2-4)
I YREINGIE TG (2-5)
| < DL
AR Z!!(!—k)!(!!m! !)!!'("')” (2-6)

" = normalized aperture radius
# = azimuthahngle
R}, (1) = Radial Zernike Polynomial
n = Radial order of polynomial, must be positive

m = azimuthal order in the ran@§a:2:n

16



2.3 Kinematic Model andModeling the Distance Between

the Nanocraft and the Laser launch Aperture

It is critical to know how fathe nanocraft is from the launch aperture during the launch. For this
purpose, the kinematics and the propulsion of the system need to be undé@itstdadematics

of directed energy for relativistic propulsibave been examined in tB¢arshot programA

baseline analysis was performed by Pdfkising the physical principles laid out by Kulkadfni

This work was redone by Rice in a paper entitled, ORadiometric Design and Analysis of the
Breakthrough Starshot Initiative in Launch Spate&drafull mathematicahnalysis of this

model, refer to his papdts resultsand theirelevance to this model will be laid dugre

This model deviates frostrictly following ParkirOs work for a few reaso®ne is that a more
ideal starting orbital idtance was calculatebased on an ideal orbit for the mothershim be
1.9*10° [m] between the launch aperture and the nanodrhi$ orbit was chosen by finding the
orbital height where the nanocraft doesm@ularly separate from the mothership by more than
the isoplanatic angle for the first 60 seconds of lawviale also minimizing the orbital period
so multiple launches can happéerhe second difference allowl#ferentlaser and solar sail
parametersotbe examined to see how they impact the acceleratidteanch windowlt 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 refiea real material but rather the need for very hgflectivity on the

sail. Without it,the absorption could destroy the sail at such hegkls of power. The results of
this model are laidut in Table 2 and Figure (213**.

Table 2: Results from Kinematic Model

Parameter At Start of Launch At End of Launch
(t=0 seconds) (t=600 seconds)
Distance from Launch perture 1.9%10° [m] 2.7*10% [m]
to the Nanocraft
Velocity 6*10° [m/s] 6*10" [m/s] or 0.2c
Acceleration 2.7%10° [m/s7] 7.8*10° [m/s7]
Force on &il 273 [N] 8.3 [N]

17
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Figure 2.3-1: Kinematic Model Outputs from Rice*
The most impdant parameters that carry inttothe rest of the model are the distance the

nanocraft has traveled and the veloatyvhich it movedor the different distances. The velgeit

is neededo characterize the Doppler shift of the return ligiite equation for the Dopplehiét

18



is given inEquation (27) and then the redhifted wavelength over the course of the launch is

plotted inFigure 2.32.

R — (2-7)

$ = Doppler shiftedvavelength
$o = Original laser wavelength
% = velocity [m/s]

c = speed of light [mf$

Doppler Shift over the Launch

1300 T

1250

1200

1150

Doppler Shifted Wavelength [nm]

—_
—_
o
o

1 050 1 1 1 1 1
0 100 200 300 400 500 600

Time [s]

Figure 2.3-2: Doppler Shift Throughout the Launch

The Doppler shift plot shows thattad seconds$,=1064nm att=30 seconds$;;=1100nm and

at the end of launct=600 seconds$so=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 waveleifgitih. alow pass filter the laser wavelength can

be filtered out to measure the return signal at the Doppler shifted wavelEhgtaxact 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 Beamcreation and Propagation

A Gaussian beam shapePoint Spread Function (PSB)used for all of the simulatignit was
choserbothbecause it is a straightforward beam shape for e launch array to generated
becauses the default beam shape ttwaould be acquired over such long distances without
special beam shaping. One note about the Gaussianib#aahit is noidealin terms of sail
stability. A Gaussian beam provides no dampeningddo the sail if it moves cffenter, s the
pointingerror with the Gaussian beam would cause the nanocraft to veer off the intended path.
However, the Gaussian beanorks 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 laumpsrtare to the nanocrathe electric field at the plane

of the laser launch apertugecreated through Equati¢2-8)™.

Elv,in=Annn! e oy (2-8)

A = Amplitude of field defined by the Gaussian besiape

I” = Electric Field
# = Residual maseafter filtering the turbulence to a specified variaf@escribed in Section 2.2)

x and y aefield points in the aperture

An importantassumptions now made that theanocrafts always at the focus of the laser.
Because of this, the Fourier transform of the electric figlidgive the resulting beam profile at
thenanocraft Note that for the first minute of the launch, the laser miglidfecued to allow a
smalkerenergydensity on the satb prevent theanocraffrom beingdestroyed by the focused
spot. Fbwever that is not modeled herand in tharegime thesolarsail cannot be used as the
AO beacon because the light has Dopplershiftedenough Theirradiancedistributionis then

found by Equation (:B)
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g 11 {0 ()1 (2-9)

I ,= 2D Fourier Transform

l.4g = Irradiance at Sail Plane [W/n

Theequation in this state doesnOt have the proper width or amplitusie a@eds some
additional terms. The first is that the width of the irradiance lerifiscaled to the diffractien

limited spot size of the laser launch aperture given in Equati0)(2

Dpgg (1)1 201" <?> (2-10)

ERTE
Dgix = Diameter of diffraction limited spot size [m]
D, A = Diameter of Laser Launch Aperture [m]
z = distance between nanocraft draainch Aperture

$ = Laser wavelength [m]

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

sail that is given by the calculated Strehl ratdhen combined togetheéhey givethe final

irradiance profile at the sail of the nanocraft as a function of the distance from earth. This is
shown for the starting, middland final distanceni Figure 2.41. 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.

(23Iose to Starting distance (t=30sec) ) Middle distance (t=300 seconds) Final distance (t=600 seconds)

Position on sail [m]
= 9\

'
=

‘2 1 0 1 2
Position on sail [m]

Figure 2.41: Irradiance on Sail at different distances with a 50% Strehl ratio
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2.5 Parameters forthe Solar Sail of the Nanocraft
2.5.1 Sail Shape

Three shapes for the solar sail are examingHlis work. They ara Pherical sail, a flat sail, and
a concae sail.Togethey theydemonstrate reflected lightross 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.

Spherical Sail Flat Sail Concave Sail

2 2 2 1 2 0
E
=1 1.5 1 08 1 -0.5
5 E
2 0.6 =
60 1 0 0 -1 §
5 0.4 =
= N
< -1 0.5 -1 -1 -1.5
o 0.2

-2 0 -2 0 -2 -2

-2 -1 0 1 2 -2 -1 0 1 2 2 -1 0 1 2

Position on sail [m]

Figure 2.51: Different Sail Shapes

Currently, the most promising sail shape in terms of stability is ussherical sail with a
doughnutshaped PSF. This combination would ideally allow thsail to act like a PingPong
ball on a jet of water and stay in the center oégardless of som&obble from the laser

pointing.
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2.5.2 BRDF profiles

It is important to know what will happen to thghHt when it is reflected othe solar sailThe
Bidirectional Reflectance Distribution Function (BRD§&}the fundamental geometric
description othe reflectance of a surface.tit, the reflection dfa surface can be well
characterizedThe BRDF is the reteonship between the reflecteadianceandthe irradiance in

a specified direction and its units dfe—-—-1. The equatioris shownin Equation (211,

Lo(t, 1,

IR (2-11)

BRDF(0;, p:"! 1, ) =

L, = reflected radiance in a specified direction [/
E; = Irradiance in a specified direction [W/m
i = Incident Beam
r = reflected beam
& = Polar angle measured from the surface normal

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

Different BRDF profiles will le investigated for this projecthe BRDF measured profiles are

taken from a NASA paper examiningetBRDF of different spacecraft materidlsAll the

materials used in that report are commonly founspace applicationsotheyare good starting
points for what a BRDF of the actual sail material might be since that is still unknown. The
materialsthat will be examined arnéapton polyimide film backed with aluminum, Mylar backed
with aluminum, and A3 white paint. Kapton and Mylar are both highly specular, while the
AZ-93 paint has a specular componeith a much broader reflectance plef All the profiles
werethennormalized so the areas under them totaled to one so they could be integrated. These

profiles are displayed in Figure (225'°. The profiles in the figure are not normalized.
A sail withLambertian reflectands dso used to test the model. Aambertian reflectance

profile is uniform in terms of anglesothe reflections the same regardless of viewiaiggle. A

white piece of paper or a projectoresen are good examples of neanibertian surfaces.
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The actal sail material will ne@ to be highly speculdo be efficiently moved by the laser
propulsion. Because of this, Kapton and Mylar are the most similar to what the actual BRDF of
the sailmaterial will be. Mylar issa common materiahat is proposed forofar sails butit has

too much massind absorptivity to be used for the actual sail material as it could take nanocraft
and sailmassabove 1g if iis coating the 4m sail.
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Kapton - 0° AOI [B] Mylar - 0° AOI
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Figure 2.52: Measured BRDF Rofiles for [A] Kapton, [B] Mylar, and [C] AZ -93 Paint"®
BRDF measurements irplane (0j blue curves) and out of plane (90j red curves)

It is important to note that the absolute reflectance of these materials 1At di064 nmthe
absolute reflectander Kapton is0.9, for Mylar is 075, and for AZ93 Paint is 0.9° This
means that the normalized integral of the figures in Figur@ 2&ed to equal their
corresponding reflectance values. Whitkeally,the material chosen for the project needs to

have as high of a reftéance as possible to maximize the coupling of the light to the sail, the real
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dealbreaker is the absorption of the mateii@kally, the absorption needs to be less than 0.01%
otherwise the sail would absorb too much of the energy and potentiallytbeydds” None of

the chosen materials here have that lo@roabsorptionHowever the primary investigation is

in how the BRDF profilef the materialmpacs the return light to earttBecause of this, the
chosen materials are fiteecause they provide the different BRDF profiles to exaewes

though they are less idaalterms of their absorption and overall reflectarides primary factor
that the reflectace of the sail impacts is how much power needs to be sent from Earth to achieve
the same level of propulsion. Due to tlysjen a sail material with a reflectance r, the starting
power from earth needs to be increased by a factor ofr}t¢lgive the ame level of

propulsion for different reflectance valuésresult 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 sart survive the launch.
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2.6 Radiometric Modeling and BRDF integration

The primary investigation dhis research iguantifyingfirst how much light makes it to the

nanocraft from the earéind then how muclight is reflected backrhe amount of retu light

that can be sensed the launch siteust be quantifietb determinghe 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 beatall. For this purpose, a Matlab modeas

developed t@redictthe radiometric properties of the return lighhile a mathematical model
confirmedthat the Matlab model has a reasonable output.

2.6.1 Matlab Radiometric Model

Now that the irradiancprofile on the solasail has been calculated, piswer distribution will
reflect offthe sail Thenextquestion is, how much of that reflected poweeitectedin the

solid angle that corresponds to the Idaanch projector size on earthi®@ do this a numerical
integration of the BRDF profile across the sail is requifdé Matlab code integrates the BRDF
at every solar sail location ttetermine theontribution that point on the sail has to the return
light that will make it back to the laser lazh aperture. ¥ery point is then summed to firtlde

final power that makes it back to earth. Tisislisplayed in Equation {22); the geomey is in
Figure 2.61.

11 20+0proj
'4$% 1! ]! !Z(!" ! fo f | "#$ (6,¢) do d¢> (2-12)

dA

d® = Power [W] in one dA element
dA = differential area oone of the points on the solar salil
& = Angle between incident light from earth and the surface normal on that point of the solar sail

&proj= Angular size of laser launch apesudrom the solar sail

The BRDF profile is centered on the specular refleatjavhich is why the integrand needs to
start at 2 or back in the incident directian
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Earth and Laser Launch Aperture

dA element on the solar sail

Figure 2.6-1: Geometric Setup of the BRDF integral (not to scale)

The sum of the outpwf this integration displays how much power [W] makes it back to the
4km circular laser launch aperture back on earth. With this number cal¢tha&tiedis enough
information to conclude if the solar sail can be used as the Adaptive Optics beacdmeover t
course of the launch.

2.6.2 Mathematical Radiometric Model

A reference point is need#al createa compelling reason to believe the radiometric outputs. To
do this,a mathematical baseline is established usifigt gail with a Lambertian reflectance

profile. This is the simpldscase and the most feasible way to check the mdHdel

mathematical baselingill be usedto confirm that the Matlab model is giving values that make
sensewhich will then allowthe Matlab modeto be used with more complgeometries and

BRDF profiles To begin we can use the equation of radiative tragsfen in Equatior{2-13)*2.

This equation descris 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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L(O,¢) *dA; *cos(6;)! A, *cos (6,) (2-13)
dZ

dz(pl_)z =

L= Radiance;[,%]
&; andé, = Angles between a normal line that connects the centers of both objects and the surface normal [radians]
d = distance between both objects [m]
dA; and dA are the differential area of each object

I 1, = Radiant power or fiu[W]

dA;

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

Some simplificationsan be made to the abovguation due to thgeometryof the system and
the large distance3he first is that with suclarge distances, the angles are very small. Due to
this, I"# (6) = 1. In addition, the distanais much larger than the area elements, so the
differential areas can be simplified to just the arblage, in the actual Matlab model these are
not simplified, these simplifications allow for a most simple caaedan be solved based on the
radiative transfer equation and that can be set up in the mMdieleavesEquation 2-14)*2,

L(6! * A x A
D, = ( d))dz 12 (2-14)

Using the lambertian approximation, the radiance at the sail is the total power at the sail divided
by I. A, is the area of the solar sail andifthe areafathe laser launch apere However this

radiance is not constant over the course of the launch. The radiance needs to be multiplied by the
beamcoupling factomat every distanc&he beancoupling factor can be seen as the result of

Figure 2.41. The different PSBizesrelative to the sail size tnalates to only a certain percent

of the power that makes it to tp&ane of the sail actually hittinpe sail.This beamcoupling

factor is impacted by the Strehl rgt@ncea lowerStrehl ratio spreads out the PSF
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Thenthe results from theadiativetransfer equation can be compared to the results the Matlab
radiometric model gives whenis run on a flat Bmbertian sail as is donekigure 2.63.

Matpmatical Prediction vs Actual Model for Lambertian Sail i’ Percent Difference Between the Two Plots [%]
10 - - , ‘ ‘ ‘ ‘ ‘

—Mathmatical model
—Actual model

Percent Difference %

107}

&

Power that Returns to the Whole Launch Aperature [W]
o o

o
S
S

0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 2.5 3
Distance [m] «1010 Distance [m] «1010

o

Figure 2.6-3: (Left) Results from Radiometric Transfer EquationCompared tothe 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 eautivery similar At the start othe launch the

plots differ by 86 and at the end of the laundtetplots differ by 1%. Theaverageercent

difference across the entire launch is%.3

This calculation serves two purposes. The first is seeing that the Matlab model matches the
mathematically model veryjasely. The second is in setting error bars for the resoits the

model. Based on Figure 23 the average error that is expected from the results of power back
on earth is 6.3% due the variation between the two.

29



3. Results
3.1 Processing of Da and Impact onthe 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 fedslity of using the sail as thAO beacon for the Starshot prografhe results

vary between three different sail shapes and three BRDF profiles. This gives nine total test
scenariosThe results are then processed to display the total power and irradiance returned ove
thelaunch 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 nanocratft.

3.1.1 Power and Irradiance at the Launch Aperture

When all the stas 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 eaéculated The first of whichs$the rradiance [W/m]

expected at the launch aperture.chiculate the irradiancéhe 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 isconverted to nmber of photons usingdiation(3-1)*°. Then divided by the time

constant, then scaled to the size of a subapertiihe subaperture size defined in Equatien (3

3)

1= (3-1)

E = Energy of a photons [W]
h = PlanckOs constant = 6.626%[*s]
I = Doppler shifted wavelength
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3.1.2Wavefront Variance from AO System

The AO system needs to correct for@tin number of modds get the right level of

correction. The equation for the number of modes based on ther&treld given in Equation

(3-2)°. This equation is based on thelNapproximation and thenumber of modesorresponds

to the number of Shaddartmannensletsneeded to reach the level of correctionme @aperture.

The current generation of large telescopesasind 10m in diametefhis equatiorcan be used

to find the number of modes required for a telescope of that size arabalsneshat theAO

system perfectly corrects for any wavefront variatom a scalgreater than th&Om-diameter
sulapertureThen it scales the number of modes needed for a 10m subaperture to the entire 4km

aperture size.

- S (3-2)
e\ | e (',i)/

I'' = Wavefront variance from Strehl ratio (Equatio)2
I, = Fried parameter. Set to @@ from work of Harf
D, A = Diameterof Laser Launch Aperture
Dsup= Subaperture Diameter

Nm = Number of modes needed to be corrected

This number of modenow is calculated based on the Strehl ratio used for the AO syistibla.

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

Strehl ratio of 50% is used. The primary effect from changing the neededr&tiefivr 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 tradeff between the twoThe pwer loss is a combination of the 6% expected loss

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

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

Initial Power Power Lost due to Variance of Number of
from Laser turbulence and residual modes needed
Strehl Launch Aperture | atmospheric effects| wavefront error for AO
Ratio [%] [GW] [GW] [radians?] correction
30 145.4 101.8 1.204 0.585* 10°
50 87.2 43.6 0.693 1.108* 10°
70 62.3 18.7 0.357 2.385* 10°
90 48.5 4.8 0.105 9.752* 10°

No corrections can be made teystem that hasnOt beeeasured. This is especially true for an
AO system If enough photons canOt be measguétkly enough, then it does not matter how
many modeshe system is tryingorrectbecause it woOt be able to gather enough information
to dothe correctionFor each measuremetite residual wavefront error caused by the finite
number of photonand the wavefront sensisrcalculated through EquatidB-3)°. This residual
wavefront error caused by the detection lets us know whether the number of photons coming

back will limit the AO system.

by ! 'L (:—> (3-3)

LIRS

Ity = Wavefront variance from Wavefront Sengadiang]
I, = Laser Wavelength (1064 nm)
I, = Doppler shiftedvavelengthgiven in Figure 2.2
Nehotons= NumMber of photons per subaperture ared per

I, = Times constant. (5 ms) from Hart

I"gg 0o NUE$% M
Subaperture Area 22 WSS
"#$%& 1" W"H$% N

3.1.3 Apparent Magnitude

The apparent magnitle of the sail on the nanocraft will also be ploftedeferenceThe
apparent magnitude is one of thest common reference unitsaestronomyto determine how
bright an object is. The apparent magnitude is on a reverse logarithmic scale so thedrighte

object is, the loweanapparent magnitude it has. It is a relative measurement of how bright an
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object is relative to the star Vega. For examipie full moon(in the visiblg has an apparent
magnitude 0f12.9 and Venus has an apparent magnitud& d. The laser wavelength of

1064nm lies betweendand (797nm) andBand (1220nm). The zero magnitude flux was
extrapolated between these two reference values. The equation for apparent magnitude is given
in Equation(3-3)".

I"HS%&" NHSY%&'() M1 L LI, <,|—> (3-3)

Fo= Zero Magnitude Flux = 2.851E{,9'|%] at 1064 [nm]

F= Measured Flu

L1 s ]
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3.2 Results with Kapton BRDF profile

Table 4 Results from tests with Kapton BRDF profile

Spherical Sail Flat Sall Concave Sall
Kapton
BRDE Profile Start of End of Start of End of Start of End of
Launch Launch Launch Launch Launch Launch
Powerincidenton | 541107/ 108.8 |4.37E+07| 6.37E+04| 2.04E+07| 109.3
entire 4km LLA [W]
Iradiance at LLA 1678 | 866606 | 3481 | 0005 | 1629 |8.69E06
[W/m~]
Number of Photons/
subaperture / time | 5.14E+15| 2.65E+10| 1.06E+16| 1.55E+13| 4.99E+15| 2.66E+10
constant
Apparent -21.26 -8.04 -22.04 | -14.96 | -21.22 -8.04
Magnitude
Wavefront Vaniance | 3 .15 | 1.0989 | 1.8%-15 | 1.8%-12 | 3.9%-15 | 1.06-9
'y [radians?]

Power incident on 4km Laser Launch Aperature
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3.3 Results with Mylar BRDF profile

Table 5 Results from tests with Mylar BRDF profile

Mylar Spherical Sail Flat Sail Concave Sall
BRDF Profile Start of End of Start of End of Start of End of
Launch | Launch | Launch | Launch | Launch | Launch
Powerincidenton 5 ggr107| 1117 | 5.33E+07| 8.05E+04| 2.65E+07| 112.0
entire 4km LLA [W]
Iradiance at LLA 2118 | 8.89E06 | 4.24 | 0.0064 | 2.111 | 8.91E06
[W/m~]
Number of Photons/
subaperture / time | 6.49E+15| 2.72E+10| 1.30E+16| 1.96E+13| 6.47E+15| 2.73E+10
constant
Apparent 2151 | -807 | -22.62 | -1521 | -2151 | -8.07
Magnitude
Wavefront Vanance | 3 og.15 | 1.06-9 | 15215 | 147-12 | 3.0%-15 | 1.08-9
'y [radians?]

Power incident on 4km Laser Launch Aperature
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3.4 Results with AZ93W BRDF profile

Table 6: Results from tests with AZ93W BRDF profile

AZ-93W Spherical Sail Flat Sail Concave Sall
BRDF Profile Start of End of Start of End of Start of End of
Launch Launch Launch Launch Launch Launch

Power incidenton | 5 45E.106| 1.38E+03| 2.78E+06| 2.51E+03| 2.47E+06| 1.43E+03
entire 4km LLA [W]
Iradiance at LLA 0195 | 1.09804 | 0222 | 1.99804| 0196 | 1.14E04
[W/m~]
Number of Photons/
subaperture / time 5.98E+14| 3.37E+11] 6.79E+14| 6.11E+11| 6.02E+14| 3.50E+11
constant
Apparent -18.92 -10.8 -19.06 | -11.44 | -1892 | -10.84
Magnitude
Wavefront Vanance | 3 3p.14 | g.5%-11 | 2.915-14 | 4.71E-11 | 3.285-14 | 8.245-11
'y [radians?]

Power incident on 4km Laser Launch Aperature
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4. Conclusions and Future Work

4.1 Conclusion about Using &l as anAO Beacon

It is possible to use the solar sail as thecbrdorthe Adaptive @tics of the Breakthrough

Starshot launclvith a wide variety of sail shapes and BRDF profilEise results clearly show

that the solar sail of thnanocraft can be used as the Adaptive Optics beacon for the system. The
enormous aburaihce 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. Furtherrntasegn idedbeacon choicbecausé¢he

system is already pointing at the object and therefore does not neke ilmtdeaccount

anisoplanatism or other e#ixis beacon affects.

There is a massive amouwftlight that comes back from the sail taréh at alldistances. The
wavefront variance? s due to sensinginegligibly small at all distances duethe lage
numberof photons thahit each subaperture every secdmbking at the apparent magnitude, at
the beginning of the launch, the sail has an apparent brighiméiss infraredcomparable to the
brightness of the full moon in the visible spaatr At the end of the launch window, the $eb

an apparenrightnesgreater than the planet Venus in the night sky. The nsajgse othis is

the large amount of power thatst hit the sailor it to reach 20% the speed of ligkven
0.00000025% ofhe 43 [GW] is enougto measure the return ligfthat percentorresponds to
the amounof light that is returned from bothe Kapton and Mylar sails thite final distances

for the spherical and concave sail shapes.

4.2 Conclusionon Effect of BRDF and Sail Shapeon AO

Performance

Sail shapdasan interesting effect on theturn lightbecausét createsan @cive area®n the

sail, within which light would reflectowardsearth, and outside of which almost none of the
light wouldreflect back Theregion within £2.5 degrees angle of incidence on the sail defined
this active area, for the highly specutaaterialsof Kapton and MylarHowever for materias

with a more diffuse reflectance component, like-8&WV, the sail shape hdekssimpact.The
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practical effecis that even though the PSF from the laser would cover the entire sail, only a
small area of that woulbe returned to arth for the specular materials.

There isessentially no gnificant difference betweenspherical sail and a concasail of
opposite curvaturéhis is die totherotational symmetrgn the sail. Since the BRDF integral is
only concerned with angle of incidencey@nt on the left side of the spherical sail looks
identical toa point on the right side of the concavé f&a the BRDF integral.

The biggest difference between the flat sail and the curved sail is the sensitivitynio tiip a

While the flat sail returns moreght at all distances while is normal to the incoming lasef it

tips or tilts more tha@ degreesalmost none of its light would retuwstowardsearth. However, a
sail tip ortilt of this magnitude would certaintyause the nanocratft to veer offurse so in

addition tolosingthe light returning to earth, the nanocraft would also be lfa$te nanocraft is

no longer in the beam patihe AO correction becomes meaningless. The spherical and concave
sails are not very sensitive to the tip and titdf tip and tilts less thandegrees). The active
areaon the curved sailsertioned abovean just shift oHcenter and another region ohé sail
becomes the primary poirgflecting light tavards theearth.

The BRDF that will be chosen for the Starshot program will neée highly speculao
efficiently use the laser light that hitssthanocraft. Thearrowerthe sgcular component of the
BRDF, the lessight will make it back to earttHowever, thiswill not be a limiting factor in
using the sail as th®O beacon.

4.3 Future Work

Severalelenents of the Starshot systeran be examid in uture work. A critical one isail
stability. There are two aspedstsail stability that neetb be examined. The first determining
the ideal laser beam shape (P8Rdsail shapdo enable a stable launch that will keep the
nanocraft in the gh of the laserThe second isletermining the effect of speckle on sail stability.
While a Strehl ratio of 50% is acceptabiem the perspective of the return light, the speckles
caused byhte beam degradation might be lagg®ugh to push the nanocraft course. Along
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this same lie of thought, the amount of tip bit that the saicanexperience before going off
course would also be valuable informatiorselectinga PSF and sail shape.

Thebuildup of lateral kinetic energgt the nanocrafs a problem facing the laurfgtanother
application of this study for future work in asking with the large number of photons that are
received back at earth, is it possible to modulate 8@z s it is lamched to get information
about the state of the nanocrdidiring the launchSpecifically, would it be possible to measure
the slow oscillationsaused by the lateral kinetic energy buildup idewsrto correct for them as

well?

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

model agairwith the actual parametettse Starshot project will use.
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