
Solar and Laser Driven Light Sails for In-Space Propulsion
Grover Swartzlander

Center for Imaging Science
Rochester Institute of Technology, Rochester, NY

7 June 2023, ISSS, 3:30-4:00 am, Brooklyn, NY

RIT:
Prateek Srivastava
Ryan Crum
Qing Wang
Aaron Becker

JHU-APL:
Amber Dubill
Joseph Miragliatta
David Shreckenhamer
Christine Zgrabik

Beam Co:
David Roberts
Anna Tabirian

NASA MSFC:
Les Johnson
Andy Heaton

Phases I, II, III



Grover Swartzlander

- History
- Our NIAC Space Mission
- Fundamentals
- Introduction to Gratings
- Geometric Phase Gratings
- Metasurface Gratings
- Hybrid Gratings
- Validation Experiments
- Notional Sailcraft Architecture
- Raising the TRL

Contents

Carl Sagan & Johnny Carson (Tonight Show, 1976)

Josh Spradling / The Planetary Society

Lightsail-2  (June 2019)

2

7 June 2023, ISSS, 3:30-4:00 am, Brooklyn, NY



• Kepler (1619); Newton (1704) – corpuscular theory (momentum)
• Kelvin (1845) – ponderomotive (gradient) force
• Maxwell (1873) – radiation pressure, ponderomotive force
• Nichols/Hulls; Lebedev; Poynting (early 1900’s)
• Tsander; Tsiolkovsky (early 1900’s) – solar sailing
• NASA/CCCP (1960’s); Mariner 4 stabilization; Mariner 10 rescue (1974) 
• Wright; Friedman/Sagan/Murray; Forward (1970’s)
• Many contributors since then (Matloff, Johnson, Vulpetti, McInnes, Landis, …

1.  Schagrin, Early observations and calculations on light pressure, Am. J. Physics 42, 927–940 (1974)
2.  www.planetary.org/explore/projects/lightsail-solar-sailing/story-of-lightsail-part-1.html
3.  www.centauri-dreams.org/2014/07/07/sailing-to-halleys-comet/

Early Radiation Pressure History
Grover Swartzlander
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Heliophysics

What’s Happening At The Poles?

Mission: Full 4p Solar Observations
Grover Swartzlander
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Forces: Solar Gravity + Radiation Pressure

~F = GmM
r2 r̂

<latexit sha1_base64="v4wME4l6eUC9+HSYSLxvnEyoIf8="></latexit>

~FRP
<latexit sha1_base64="M7USSb4scg+Xz/nm3jiqJ1iNE2k=">AAAB83icdVDLSsNAFJ3UV41Wqy7dDJaCq5A01ra7glBcVrEPaEKZTCft0MmDmUmhhPyGGxeKiDt/wk9w5984bRVU9MCFwzn3cu89XsyokKb5ruXW1jc2t/Lb+s5uYW+/eHDYFVHCMengiEW87yFBGA1JR1LJSD/mBAUeIz1verHwezPCBY3CGzmPiRugcUh9ipFUkuPMCE5b2TC9bmfDYsk0Gud2rd6AplGr2JZtK1I5q1bNKrQMc4lSs/CalFv6c3tYfHNGEU4CEkrMkBADy4ylmyIuKWYk051EkBjhKRqTgaIhCohw0+XNGSwrZQT9iKsKJVyq3ydSFAgxDzzVGSA5Eb+9hfiXN0ikX3dTGsaJJCFeLfITBmUEFwHAEeUESzZXBGFO1a0QTxBHWKqYdBXC16fwf9KtGJZtVK6sUrMOVsiDY3ACToEFaqAJLkEbdAAGMbgF9+BBS7Q77VF7WrXmtM+ZI/AD2ssHKeeUqw==</latexit>
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z

Sail

Grover Swartzlander
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Sun-Facing Diffractive “Dubill Roll Maneuver”

~K = (2⇡/⇤)p̂

⇤ : Grating Period
<latexit sha1_base64="D0Q8RhVnsCoG+GrgF+iJdZArArM="></latexit>

Grover Swartzlander
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Trajectory: Inward Spiral + Raise Inclination Angle
Grover Swartzlander
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Negligible

Orbit Raising/Lowering

Two-Body Equation of Motion (Sun + Sail)

Inclination Cranking

Fr = �GMms/r
2 + (IER

2
EAs/c r

2) ⌘r = �(µms/r
2)(1� ↵r)

= ms

⇣
r̈ � r(✓̇ cos�)2 � r(�̇)2

⌘

F✓ = (IER
2
EAs/c r

2) ⌘✓ = (µms/r
2)↵✓

= ms

⇣
r✓̈ cos�+ 2ṙ✓̇ cos�� 2r✓̇�̇ sin�

⌘

F� = (IER
2
EAs/c r

2) ⌘� = (µms/r
2)↵�

= ms

⇣
r�̈+ 2ṙ�̇+ r(✓̇)2 cos� sin�

⌘

Initial State Vector at t=0: (r, ✓,�, ṙ, ✓̇, �̇)

Final State Vector at t=T: (r, ✓,�, ṙ, ✓̇, �̇)

Control Parameters: ↵j depends on the momentum transfer e�ciency ~⌘ and sail areal density�

↵r = (1/2)(�cr/�)⌘r ; ↵✓ = (1/2)(�cr/�)⌘✓ ; ↵� = (1/2)(�cr/�)⌘� ;

� = ms/A ; �cr = 1.54 [g/m2] ; µ = GM
<latexit sha1_base64="1UHJXLyJmzi4NpJHhNiqV/MmRVc="></latexit>

1 AU to 0.3 AU in 5 years       
14kg 6U CubeSat with A = 400m2

60° Inclination in 5 yr

Key Parameters :

E�ciency ~⌘ (Control Parameter)

Sailcraft Areal Density � = ms/A
<latexit sha1_base64="WUfTAVSLmo8ChfxPej3//kXspus="></latexit>

Grover Swartzlander
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Grover Swartzlander

Currently We Are Exploring Means
Of Optimizing the Transverse
Momentum Transfer Efficiency
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Photon Momentum Transfer
Grover Swartzlander

Illumination Projection Angle:  A’ = A cosqi

Spectral Irradiance: In or Il

Spectral Radiation Pressure Force:

Sunline

x

z<latexit sha1_base64="ZwLTCgwKK9p+cE9MwZAzC3euaTM="></latexit>

θi

<latexit sha1_base64="Ub49Y+7+QFdjygKII6TGppAAqEE="></latexit>

θf

<latexit sha1_base64="yHueTcFAZU80CBaQf9P4asXtPRI="></latexit>

~ki

<latexit sha1_base64="xHWvpTKi0RIls/P6fHOM5dgr9aQ="></latexit>

~kf

<latexit sha1_base64="F2lI3AaCx+ig82ogsOv9hBHFqhY="></latexit>

~Fλ

<latexit sha1_base64="RxPLKFJZx5NAZXG9nVUvTE6pk+Y="></latexit>

p̂

<latexit sha1_base64="ZKdq3JLuV6eEA01lJLaE3cOuU4g="></latexit>

n̂

Scattering Surface Area, A
Oblique Incidence Angle, qi
Illuminated Projected Area, A cosqi

<latexit sha1_base64="2neFyul3fVt3TMch/DIaYMu5xNI=">AAACjnicbZHdahNBFMcna7W1fjS1l94MDUqFEnaLtiKIlQrtRYUIpi1kQzg7OUmGzMcyc7YkLHmDPo23+iJ9G2fTFEzqgYE/v/M155wsV9JTHN/Wokdrj5+sbzzdfPb8xcut+varC28LJ7AtrLLuKgOPShpskySFV7lD0JnCy2x8Uvkvr9F5ac1PmubY1TA0ciAFUEC9+tuUcEJla2TJGv7dajRU6E98xtNRBo6n1yjK8axXb8 TNeG78oUgWosEW1upt11pp34qiqicUeN9J4py6JTiSQuFsMy085iDGMMROkAY0+m45H2jG3wTS5wPrwjPE5/TfjBK091OdhUgNNPKrvgr+z9cpaPCxW0qTF4RG3DUaFIqT5dV2eF86FKSmQYBwMvyVixE4EBR2uNRlXjtHsTRJOSmMFLaPK1TRhBwE6JE0SFNNVX51EtQ9C8UquPdNDiX5/fNwHrN/6hDH7+4Dww2S1Y0/FBcHzeSw+eHH+8bxweIaG+w122V7LGFH7JidsRZrM8Fu2C/2m/2J6tFh9Dn6chca1RY5O2zJorO/QGzLLQ==</latexit>

Photon Momentum: ~~k

<latexit sha1_base64="H4x3buPpBofHHylXJG8kV+Z6oPI="></latexit>

d~Fλ ⌘
AIλ
c

~ηλ dλ

where ~ηλ =
~ki �~kf

k
cos θi

is the momentum transfer efficiency

k = 2π/λ, ~ki = k ẑ,
~kf = �k cos(θf � θi) ẑ+ k sin(θf � θi) x̂
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|~k| = 2π/λ = 2πν/c



Grover Swartzlander

Spiral Orbit Missions:

High Transverse Force &
Small Radial Force

Desirable

Diffraction

Reflection

Momentum Transfer Efficiencies:
hx = Fx/F0 (or hr) – along sunline
hy = Fy/F0 (or hf) – perpendicular to sunline

hx

h
y

F0 = P/c

Force Bubble: Diffraction vs Reflection
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Radiation Pressure on a Reflecting Surface
Grover Swartzlander

x

z
<latexit sha1_base64="ZwLTCgwKK9p+cE9MwZAzC3euaTM="></latexit>

θi

<latexit sha1_base64="yHueTcFAZU80CBaQf9P4asXtPRI="></latexit>

~ki

<latexit sha1_base64="xHWvpTKi0RIls/P6fHOM5dgr9aQ="></latexit>

~kf

<latexit sha1_base64="RxPLKFJZx5NAZXG9nVUvTE6pk+Y="></latexit>

p̂
<latexit sha1_base64="ZKdq3JLuV6eEA01lJLaE3cOuU4g="></latexit>

n̂

Mirror Surface Area, A

<latexit sha1_base64="wpWJfxDr50iENBmfPJrSk3+5I4Q=">AAACfXicbZHfSxtBEMc3V6upthqVPvVlaRAsxHBX6o+XgqJQH3xIwaiQhDC3mUuW7O0du3OScPjH+Nr+Rf41uhdPMNGBhe9+ZmZ3foSpkpZ8/6HifVj6uLxS/bS69vnL+kZtc+vKJpkR2BaJSsxNCBaV1NgmSQpvUoMQhwqvw/Fp4b++RWNloi9pmmIvhqGWkRRADvVrX7s0QoJ+xH/zPV5eZL9W95v+zPhbEZSizkpr9Tcrre 4gEVmMmoQCazuBn1IvB0NSKLxb7WYWUxBjGGLHSQ0x2l4+q/+O7zgy4FFi3NHEZ/R1Rg6xtdM4dJEx0Mgu+gr4nq+TUXTUy6VOM0Itnj+KMsUp4cUw+EAaFKSmToAw0tXKxQgMCHIjm/tl9naKYq6TfJJpKZIBLlBFEzLgoEWKQeqiq/zESFAvzD1WwN0zOZRkGxduG7rxxyCOf7wEuh0EixN/K65+NoOD5v7fX/Vjv9xGlX1j39kuC9ghO2bnrMXaTLCc3bN/7H/l0dvxGl7zOdSrlDnbbM68wydVTsQo</latexit>

θf = �θi

<latexit sha1_base64="TexBHD2qxnvdP4t803wZ6Nkc3YQ="></latexit>

~F

Reflecting Solar Sail
<latexit sha1_base64="s1VLdY5hEkqmnbsm9xms2glPETU="></latexit>

Law of Reflection: θf = �θi ! θf � θi = �2θi

~ki = k ẑ
~kf = �k cos 2θi ẑ� k sin 2θi x̂
~ki �~kf = k(1+ cos 2θi) ẑ+ k sin 2θi x̂

sin 2θi = 2 sin θi cos θi and 1+ cos 2θi = 2 cos2 θi

~η = 2 cos2 θi (cos θi ẑ+ sin θi x̂) = 2 cos2 θi n̂
~F = (IA/c) ~η Normal to the Surface

A sun-facing reflective sail provides no transverse force

ηx|max = 0.77 at θi = 35.26�

Effective Scattering Angle: sin θeff = 0.77 ! θeff = 50.35�

(qi = 0)
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Radiation Pressure on an Ideal Sun-Facing Sailing
Grover Swartzlander

Sunline

x

z
<latexit sha1_base64="yHueTcFAZU80CBaQf9P4asXtPRI="></latexit>

~ki

<latexit sha1_base64="xHWvpTKi0RIls/P6fHOM5dgr9aQ="></latexit>

~kf

Scattering Surface Area, A

Ideal Sun-Facing Sail
<latexit sha1_base64="QQJl89L53PzBaH2Tc0FUKrxctjY="></latexit>

θi = 0�

θf = 90�

<latexit sha1_base64="TexBHD2qxnvdP4t803wZ6Nkc3YQ="></latexit>

~F

<latexit sha1_base64="LeHEv+RqyFzCTHdoykTfwwhsYbg="></latexit>

θi = 0� and θf = 90�

~ki = k ẑ and ~kf = k x̂

(~ki �~kf)/k = ẑ� x̂

~η = ẑ� x̂
~F = (IA/c) ~η

Maximum Transverse Efficiency:100%

<latexit sha1_base64="9WZSZQ+wCuSrEj7f4B3TcXfr+MU="></latexit>

|ηx| = sin θeff = 1.0 ! θeff = 90�

13

7 June 2023, ISSS, 3:30-4:00 am, Brooklyn, NY



Refracting Prism
Grover Swartzlander

x

z

a

<latexit sha1_base64="yHueTcFAZU80CBaQf9P4asXtPRI="></latexit>

~ki

<latexit sha1_base64="xHWvpTKi0RIls/P6fHOM5dgr9aQ="></latexit>

~kf

n

<latexit sha1_base64="Ub49Y+7+QFdjygKII6TGppAAqEE="></latexit>

θf

Transverse momentum transfer efficiency hx can reach 100%

-- Ignores internal and external reflection
-- Acceleration = 0 owing to large mass

<latexit sha1_base64="9rkb/dU2L82lmXv2CzqSMdZN0qI=">AAADbnicbVLbbhMxEPUmFEq49ILEC0JYRNBUSqPdiHIRKioCCR54CIK0lbJp5DiziRWvd7FnUaJVfoJX+DH+gk/Ae0lEUrxaa+bMOTNjj4exFAZd97dTqV7bun5j+2bt1u07d3d29/bPTJRoDl0eyUhfDJkBKRR0UaCEi1gDC4cSzofTd1n8/DtoIyL1Fecx9EM2ViIQnKGFBnvO1lPqG6F8JuMJoydUFS5OANkB9RFmmNLGFw VSHi58v2bpRezAkkvV0RKjdKUYQxQC6nkpWkubS1fuIKCbdWhRyG4rygl95V76XGhO/ezLBSJY5J5645tvGtM29V8vxTzCsr9BQeZ6kdfNiOqybbv2cvqRV6sNdutuy80XvWp4pVEn5erYi+v4o4gnISjkkhnT89wY+ynTKLiERc1PDMSMT9kYetZULATTT/OBLegTi4xoEGn7K6Q5+q8iZaEx83BomSHDidmMZeD/Yr0Eg5f9VKg4QVC8KBQkkmJEs+nTkdDAUc6twbgWtlfKJ0wzjvaNrFXJc8fA106SzhIleDSCDVTiDDWzoAEMmVDZqdK3WjC5xGyyDGy8F2OBpvnJPj/V/KABpodLop2Bt3njV42zdst73jr+/Kx+2iynsU0ekMekQTzygpySj6RDuoQ70vnh/HR+Vf5U71cfVh8V1IpTau6RtVVt/AXS/xE5</latexit>

sin α = n sin θ0 (Snell)
θ00 = α � θ0 (geometry)
n sin θ00 = sin θf (Snell)

θf = 90� if n >
p
2

cotαcr =
p

n2 � 1 � 1
14
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Idealized Prismatic Transmission Grating
Grover Swartzlander

<latexit sha1_base64="yHueTcFAZU80CBaQf9P4asXtPRI="></latexit>

~ki

Sun-Facing 
Idealized 
Transmission 
Grating

<latexit sha1_base64="FtOxqgJPI6zgc6laxyGKwmb0ygU="></latexit>

~k1
<latexit sha1_base64="9cXSi/zlmp01Rwdgd76oT67BkvY="></latexit>

~k0
<latexit sha1_base64="q2UQo7xQxPycWTogm85zLLHFJnE="></latexit>

~k�1

x

z

Far
Field

L

<latexit sha1_base64="izBHwwY0T3IIftJ4QhCUjLR3RHg="></latexit>

Grating Equation with Period Λ : sin θm = mλ/Λ

~km/k = mλ/Λ x̂+
q
1� (mλ/Λ)2 ẑ

Diffraction Strength Im,λ = |Em,λ|2

Em,λ =

p
Iλ
Λ

Z Λ/2

�Λ/2
exp(ikx sin θf) exp(�imKx)dx

where K = 2π/Λ and Iλ is the incident spectral irradiance

Net Momentum Transfer Efficiency:

~η =

R1
0

⇣
Iλ ẑ�

P
m Im,λ( ~km/k)

⌘
dλ

R1
0 Iλdλ

for |m| < INT[Λ/λ]

(Fraunhofer Regime)
Alternative Approach: Maxwell Stress Tensor

Cut-Off

15
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An Archimedes Dilemma

Transverse Momentum
Transfer Requires
A Cut-Off Condition:

b < l

Fabrication Round-Off

Fulcrum

Fa
r-F

ie
ld

 Ir
ra

di
an

ce

b

Grover Swartzlander
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Types of Gratings (transmissive or reflective)
Grover Swartzlander

Blazed 
Grating

(series of prisms) he
ig

ht
distance

L

L

LCycloidal
Polarization

(Geometric Phase) 
Grating

(BeamCo) Director of Nematic Liquid Crystals

Subwavelength
Effective Media,
Meta_Surface

Thick &
Heavy

Polarization
Dependent

Fabrication
Scale-Up
Limits

L

L
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Refraction Angle: qf = 60.5° (sin qf = 0.87)

0.87

Idealized Prismatic Grating (ignore shadowing)
Grover Swartzlander

Wavelength Averaged Efficiency 
Greater for Long Period Grating
(Geometric Optics Asymptotics)
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Grover Swartzlander

Geometric Phase Gratings

19
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Optics & Photonics News, 2021 and 2010 

Grover Swartzlander

Pancharatum / Geometric Phase Elements 
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Optics & Photonics News, 2021 and 2010 

Grover Swartzlander

Pancharatum / Geometric Phase Elements 
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x

Grover Swartzlander

Geometric Phase Gratings

<latexit sha1_base64="shhf9GUWxff0n5Hb0LxPG+w3TFw="></latexit>
Ex,out
Ey,out

�
=


cos θ sin θ
� sin θ cos θ

� 
exp(iφx) 0

0 exp(iφy)

� 
cos θ � sin θ
sin θ cos θ

� 
Ex,in
Ey,in

�
<latexit sha1_base64="YB71SUViyQGAr0x1JQjVCs3/0Go="></latexit>

Phase Retarder Rotation: ~Eout = RT J R ~Ein :

<latexit sha1_base64="QsZWo+JPlxQoNJswxMBhKtgGtso="></latexit>

Half-Wave Condition: Δφ = φy � φx = 2π(ny � nx)dHW/λ0 ⌘ π
<latexit sha1_base64="5TylMi2oEjh/o7CrDH4RdQ7wi4Y="></latexit>
Ex
Ey

�

out
= exp(iφx)


cos 2θ � sin 2θ
� sin 2θ � cos 2θ

� 
Ex
Ey

�

in
<latexit sha1_base64="CaDlXyrvhMSHdimH7VcFQsqw2oM="></latexit>

Left-Hand Circularly Polarized Input:

1
i

�
! exp(�i 2θ)


1
�i

�
exp(iφx)

Right-Hand Circularly Polarized Input:

1
�i

�
! exp(+i 2θ)


1
i

�
exp(iφx)

Linear Phase Grating: Spatially Variant Rotation Angle 2θ = 2πx/Λ

* S. Pancharatnam, “On the phenomenological theory of light propagation in optically active crystals," Proc. Indian Acad. Sci. A 44, 247–262 (1956).

L

y

*

Also called “q plates”, polarization diffraction gratings, etc.

22
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Grover Swartzlander

Unlike a Prismatic Grating
a Geometric Phase Grating may be achromatized* to provide nearly 
100% diffraction into the first order mode (for one polarization).

* S. Pancharatnam, “Achromatic combinations of birefringent plates," In Proceedings of the Indian Academy of Sciences-Section A 41, 137-144, Springer (1955)

m=1
<latexit sha1_base64="9DXgX110+Rwuz9NubCfutdQLKR0="></latexit>

Example: Λ = 1 [μm]

i.e., ν̃ = 300 [THz]

Geometric Phase Grating

<latexit sha1_base64="tPuzIN1H9K316ILY460WcoqlYM4=">AAAER3icjVPLbtNAFHWSAsU82sKSzRUVlSO1iZ2U </latexit>

ηx ⇡ �
Z 2ν̃

ν̃
Iν (ν̃/ν) dν

.Z 1

0
Iν dν

ηz ⇡
Z 2ν̃

ν̃
Iν
⇣

1 �
q

1 � (ν̃/ν)2 )
⌘
dν

.Z 1

0
Iν dν

If Iν ⇠ 2 ⇥ 10�12 [W/m2/Hz]

ηx = � (2 ⇥ 10�12)(3 ⇥ 1014)

1360W/m2 (ln 2) = �0.31
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Grover Swartzlander

* S. Pancharatnam, “Achromatic combinations of birefringent plates," In Proceedings of the Indian Academy of Sciences-Section A 41, 137-144, Springer (1955)

Achromatic Geometric Phase Grating

D. Roberts, H. Xianyu, S. Nersisyan, 
N. V. Tabiryan and E. Serabyn, 
Overcoming the tradeoff between efficiency 
and bandwidth for vector vortex waveplates, 
2019 IEEE Aerospace Conference, Big Sky, MTBeam-Co Measured

Efficiency Spectrum

24
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Grover Swartzlander

Meta-Surface Gratings

25

7 June 2023, ISSS, 3:30-4:00 am, Brooklyn, NY



Grover Swartzlander

<latexit sha1_base64="yHueTcFAZU80CBaQf9P4asXtPRI="></latexit>

~ki

Sun-Facing 
Prism 
Transmission 
Grating

x

L

x
<latexit sha1_base64="yHueTcFAZU80CBaQf9P4asXtPRI="></latexit>

~ki

Sun-Facing 
Meta-Surface 
Transmission 
Grating

L

<latexit sha1_base64="yHueTcFAZU80CBaQf9P4asXtPRI="></latexit>

~ki

<latexit sha1_base64="yHueTcFAZU80CBaQf9P4asXtPRI="></latexit>

~ki

FDTD Unit Cell Scattering Elements

Full FDTD Simulation Comparison

26
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Grover Swartzlander

Full FDTD Simulation Comparison

Optimize for 83% of the solar spectrum: 200 – 900 THz (l = 0.33 – 1.5 µm)

27

7 June 2023, ISSS, 3:30-4:00 am, Brooklyn, NY



Grover Swartzlander

Si3N4

(A)  ax = 731 µm/s2 (B)  ax = 1080 µm/s2

(C)  ax = 373 µm/s2 (D)  ax = 494 µm/s2
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Si3N4

Full FDTD Simulation Comparison

Transverse Acceleration 
on an Optimized 1m2 Area Sail 
Predicted to Reach > 1 mm/s2

<latexit sha1_base64="Bl2qTyaNuciTVAZ7StwWubXz4jo="></latexit>

Reflective Sail on 3 μm⇥ 1 m2 Polyimide Film

Fx = (1360)(0.77)(0.83)/(3⇥ 108) = 2.9 μN

M = (1540)(3⇥ 10�6) = 4.6⇥ 10�3 kg

ax = Fx/M = 0.63 mm/s2

Comparison:

Pillar Height ~ 1.2 µm
Substrate ~ 0.1 µm

Future designs must overcome
scattering in wrong transverse direction
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Grover Swartzlander

Hybrid Gratings
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Hybrid: Reflection/Transmission Grating
Grover Swartzlander

a = 30° Transparent 
Dielectric

Metallic 
Film

n = 1.5

hx » 57%

Fx
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Grover Swartzlander

FDTD Calculations:

Prism Angle a = 20°
provides hx ~ 45%

Fx ~ 2 µN

L = 3µm

Aerogel substrate à
high acceleration.

Hybrid: Reflection/Transmission Grating
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Validation Experiments
Grover Swartzlander

Lucy Chu
32
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12 µm Axicon Grating: PR on Sapphire
Grover Swartzlander

18mm X 18mm Axicon Grating
Substrate = 100µm-thick sapphire wafer

U. Utah
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Vacuum Torsion Oscillator
Grover Swartzlander

pivot

screen 

cameraFx
R mirror

x

f

S

D2f

forcing 
laser

tracking
laser

Vacuum:   1.8x10-5 atm
Filament restoring stiffness Kf ≈ 2x10-6 [N/m] 

f ≈ S/2D ≈ x/R

Phys. Rev. Lett. 123, 244302 (2019)
Phys. Rev. Lett. 121, 063903 (2018) 34
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Parametric Loss & Gain Demonstration
Grover Swartzlander

0 2000 4000 6000 8000 10000 12000 14000
time(s)

-5

0

5

 (m
m

)

parametric 
damp

parametric 
gainpause

(free)
Parametric damping decay time:
tdamp = 0.92E+4 [s]

Free oscillation decay time:
tfree = 1.0E+5 [s]

Parametric gain time:
tgain ≈ (1/tfree-1/tdamp)-1

≈ 1.1E+4 [s]

Opt. Lett 2021 35
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Grover Swartzlander

Sailcraft Architecture
(NASA MSFC ACO Study)
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Boom

Solar array (2)

Science 
instruments

Antenna (2 m)

Boom 
instruments
Magnetometer
Faraday cup

Radio wave 

antennas (3)

Radiators

National Aeronautics and Space Administration

Deployed Spacecraft Bus

6050 m2 Sail

Total Cost Est. $144M

Grover Swartzlander
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Advantages of a Sun-Facing Sail
Grover Swartzlander

National Aeronautics and Space Administration

Sun-Facing Configuration Advantages:
Non-Gimbaled, Thermal Management, Moments of Inertial,
Attitude Control, Non-Spinning Bus, Reduced Complexity

Sun-FacingTraditional
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Experiments
Torsion Oscillator (RIT)

Space Environment (MSFC)
Spectral Measurements (RIT)

Theory & Modeling
Opto-Mechanics (RIT)

Solar Polar Orbiter (MSFC / APL)
Attitude Control (MSFC / APL)

Polarization Gratings (Beam & RIT)
Metamaterial Gratings (RIT / APL)

Fabrication
Polarization Gratings (Beam) 
Metamaterial Gratings (APL)

Blazed Gratings (Various)

High Inclination ~75°
Solar Polar Orbit

0.3 – 0.5 AU

Gamma
Electrons
Protons

UV

Nano-
Newton
Force

Measurements

Linear,
Axicon &

Bi-Gratings

”White Light”
Diffraction

Angular
Momentum

Management

Net Force,
Torque, Stability

Raising TRL
Grover Swartzlander
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Questions PleaseQuestions Please

Thank You for AttendingThank You for Attending

gaspci@rit.edu
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Grover Swartzlander

Full FDTD Simulation Comparison

Transverse Force Spectra

H=0.76 µm, L=1.6 µm 

H=1.02 µm, L=1.6 µm h1 = h2 = 0.62 µm, L=1.6 µm 

h1 = 1.12 µm, h2 = 2.26 µm, L=1.6 µm 
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