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ACT I: 5pace Warps



The Challenge of Interstellar Flight

" * Voyager 1 mi
‘ _ weworause — 0.722 t spacecraft launched
- . in 1977 to study outer solar

"W vovacen 1 system and boundary with
interstellar space. \x

— After 30+ years, Voyagér 1
is currently at ~120 ’Q

1} i i o Astronomical Units (AU)Y
. ~_wwe ——_ from the sun travelling at
. A, T 3:6 AU per year

l —— > Q o - MCE |

‘ T T e e If V ager 1.were on a

) i a3 — ajectory headed to one of

W - the Sun’s ne4PEEt”

S ) voracen: neighboring star systems,

Alpha Centauri at 4.3 light
years (or 271,931 AU), it
would take ~75,000 years to
traverse this distance at 3.6
AU/year.


http://voyager.jpl.nasa.gov/imagesvideo/images/voyager2_large.jpg

Project Daedelus
sponsored by
British
Interplanetary
Society in 1970’s to
develop robotic
interstellar probe
capable of reaching
Barnard’s star, at ~6
light years away, in
50 years.

The resulting
spacecraft was
54,000t,

92% fuel for fusion
propulsion system.

ISS is ~450t

www.bisbos.com



http://www.bisbos.com/
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@M Inflation: Alcubierre Metric?

Warp Metric:
Space expansion :
2 2 2 2 2 Location of
dS — —dt + (dX _VS f (rs)dt) + dy + dZ behind ship ship proper

Apparent speed
‘\\\\\\‘{t\\’é\?«\t'»a
A
W e

il o0
:': \\\\\‘ “0‘-‘- ', 0 oy
¥

Shaping Function:

Shell thickness  Shell size
parameter parameter

tanh(o (r, + R)) —tanh(o(r, — R))
2tanh(oR)

f(r,)=

0

York Time:
x. df (r.) York Time is measure of
0=v,— : expansion/contraction
' dl’s of space

S

Energy Density:

LAY 20 (df(r))
dr.

S

iGOO —
87 871 Ar*

S

Space contraction
in front of ship

1. Alcubierre, M., “The warp drive: hyper-fast travel within general relativity,”
Class. Quant. Grav. 11, L73-L77 (1994).



Appealing Characteristics

= Proper acceleration

T in the bubble is
formally zero

Images courtesy NASA

&
) Unappealing
P characteristic
(square peg, round hole)
MCC clocks synchronized with onboard
Flat space-time inside the bubble clocks

(divergence of phi = 0) (Coordinate time = proper time)



NQQQA Bubble Topology Optimization

York Time magnitude decreases

A

1:‘"‘
‘“’U

“bubble” thickness decreases

“bubble” thickness decreases

10
Surface plots of York Time & T%, <v>=10c, 10 meter diameter volume, variable warp “bubble” thickness



Changing topology greatly
reduces the energy required

16

As bubble thickness increases, L 10
York Time intensity decreases -

-G

w10

8 But space-time is really stiff: c*/87G

Can we further reduce the energy
required by reducing the stiffness?

Allowing the bubble to get
thicker reduces the flat space-
time real-estate in the center Maybe...but we need to engage

higher dimensional models to do so



Bubble Oscillation Optimization

a’(t)

2 A2442
ds® =—cdt R

dX ce® . du®
dt  af(t) c’dt?

dX
d_U:>1,U:o S—=0
dt dt

dg¢ duU

U
~ ~U ~
7xe g dt . dt

Oscillate the bubble intensity



Images courtesy NASA
Exotic Mass Warp Requirements, 10m diameter, v, .,=10c
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mirror

R e * Warp Field Interferometer developed after
putting metric into canonical form?:

toroid capacitor ring
normal to beam path

resultant spherical field

He-Ne Laser / 2
633 nm bcal}_] . Vv f (I’ )
\ | | ds® = (v, f(r,)? =1){dt - ——=—-"—dx; —dx?+dy®+dz*
\:']—’7‘ I.»» ( ( ) ) VSZ f (rs)z _1 y

Ll mirror
beam splitter

* Generate microscopic warp bubble that
perturbs optical index by 1 part in
10,000,000

* Induce relative phase shift between split
beams that should be detectable.

Numecical sim
of contour plot of ¢

for warp field
1. White, H., “A Discussion on space-time metric engineering,” Gen. Rel. Grav. 35, 2025-2033 (2003).



erf
ero
m
ete
ra
n
icle

u p {;"é > 555

\\i’_@_w /

g
ey,

!m-.)\/s




N&;S),, Fabry-Perot
. Interferometer

Fabry-Perot

Extended
Source

Focusing
Lens

e Consists of two reflecting,
highly parallel surfaces, called
an Etalon

7/  The interference pattern is
/ \ created within the Etalon

 Multiple reflections in the
Etalon reinforce the areas
where constructive and
destructive interference
occurs

e Allows for much higher-
precision measurements of
fringes (image averaging

/ without software)

Example: Fabry-Perot
Interferometer image for
Sodium source (note doublet)

Example: Michelson-Morley
Interferometer image for
Sodium source

7/

N






Primary/Auxiliary
Feed Air




FFT of imager data at frequency of interest

isolated not isolated

19



Frequencies
of interest

Inactive

20



Time of Flight Schematic

~200MHz test device _
(]
gi
: | HeNe
Z o
= o
A L
Q.
) O Beam EO Modulator
N Splitter
\ ; plitter Newport Broadband Amplitude Modulator
! Model 4102NF
~12”
Type Broadband Amplitude Modulator
. Operating Frequency DC-200 MHz
Mirror
Wavelength Range 500-900 nm
Detectors Thorlabs High-Speed Avalanche Detector | . MEOALINBO,
Model APD210
Maximum Vrt 195V @ 633 nm
Rise Time 0.5ns
Supply Voltage +12 to +15 V Maximum Input Power 2 W/mm2 @ 532 nm
Current Consumption 200 mA Aperture Diameter 2 mm
Max. Incident Power 10 mW RF Bandwidth 200 MHz
Spectral Range 400-1000 nm RF Connector SMA
Frequency Range 1-1600 mHz Input Impedance 10 pF
Maximum RF Power 10w
Maximum Gain 2.5x10° V/W
Connector SMA

Agilent Technologies Infiniium DS09254A 2.5 GHz Oscilloscope

2.5 GHz bandwidth across all 4 analog channels
*20 GSa/s max. sample rate
*Standard 20 Mpts memory per channel, upgradeable to 1 Gpts 21




Forward Plan

* Explore the d¢/dt dependency in future test
devices

The idea of an optimized space warp needs vacuum
energy, and large d¢/dt

both of these conditions are predicted to be present in
the g-thruster technology also being explored in the
lab.




Original Matthew Jeffries concept from mid
1960’s, rendered by Mark Rademaker

L)

Rademaker\drex files

Matthew Jeffries is the artist that created the familiar Star Trek enterprise
[oYe] ¢
23



Updated concept based on Dr. White’s theoretical findings, rendered by
With.artwork and inputs from Mike Okuda




Act II:
Experimental Thrust Measurement
of RF Test Articles
exploring g-thruster models



Q-Thruster Background

> A Q-thruster is a form of electric propulsion

> Through the use of electric and magnetic fields, a Q-thruster pushes quantum
particles (electrons/positrons) in one direction, while the Q-thruster recoils to
conserve momentum

> This principle is similar to how a submarine uses its propeller to push water
in one direction, while the submarine recoils to conserve momentum

> Based on test and theoretical model development, expected thrust to
power for initial flight applications is 0.4N/kW (~7x Hall)

> 0.4 N/kW enables power-constrained HEO SEP missions to close without
needing chemical kick stages and very long transit times.

> 0.4N/kW coupled with persistent power (e.g. NEP) enables rapid transit
missions throughout the solar system.




Liquid Metal Contacts

Torsion
Pendulum

) ¥ é;»-\\

Vacuum ops down to 5x10"-6 Torr

Linear Flexure Bearings

Magnetic Damper

Linear Displacement Sensor & Adjustment Remote

27



Cannae RF Test Article

> Test article is a pillbox/beam pipe design
fashioned after an RF resonant cavity design
used in high energy particle accelerators.
> Each test article is ~11” in diameter and 4-5"

between ends of the beam pipes, not counting
beam pipe extensions or antenna mounts.

> Concept is a modified particle accelerator
design that incorporates engraved radial slots
along the outside edge of the resonant cavity
interior, but on only one side of the pillbox
(equatorially-asymmetric).
> Cannae theorizes that asymmetric engraved
slots would result in a force imbalance
(thrust).

> As aresult, a second (control) test article was
fabricated without the internal slotting
dubbed the null test article.

28



Testing
Overview

> RF signal fed into one of test
article beam Flpes via an
approximately 20-gauge copper
wire drive antenna

> On opposite beam pipe, an
approximately 20-gauge copper
wire serves as a sense antenna
for manual tuning during
testing.

> The longer beam pipe is the RF drive
antenna that in practice ends up being
a /a4 wave resonance system in its own
right and has a dielectric PTFE slug in
the throat in both the slotted and null
test article.

> It is this characteristic that became an
item of further consideration after
completion of the test campaign.

25)

(Vdo)
ZX95-1015-S+ II ?d‘B I ZX73-2500M-S+
750-t0-1.010 MHz 10-t0-2,500 MHz

0-to-. SVd vCco VV-Atten.

Antennas
(Stainless Steel Chamber)
iven: 10. LM Contacts & #22

AWG wiring implies 7.0 Amps
max per chassis circuit.

200V Cal Pulses =~26 uN

28Vdcat 0-to-11.0
Amps Max

2 AWG)

ZHL-100W-13+

800-to-1,000 MHz
100W (SOdBm) Amp

ZX47-40LN-S+
- 10-8,000 MHz
Cannae Fwd./ Rev. Power Detector #1
Directional I

Coupler DRT ZXA47-40LN-S+

10-8,000 MHz
Power Detector #2

el
e v |

!
\ Temp-2 1< = 28V-t0-5.0Vde u

Thrust Pulse = ~33 uN
(Up = to Left)

(Down = to Right)

Representative Test Run



/0
0:26

Test article does not get
warm during operation
(high Q resonance system)
Amplifier kept below 100 F




Vﬁ/" » \’b:
Cannae Test Results Summary . \-

> The resistive RF Load evaluation indicated no significant
systemic cause for torsion pendulum displacement.

> Based upon this observation, both test articles (slotted and
unslotted) produced significant thrust in both orientations
(forward and reverse).
> Test schedule constraints prevented multiple data points
to be gathered in the reverse orientation, and the single
data point for each test article is insufficient to allow
comparative conclusions (between slotted and unslotted)
to be drawn.
> However, for the forward thrust orientation, the difference
in mean thrust between the slotted and unslotted was less
than two percent.

> Thrust production did not appear to be dependent on the
slotting.

Slotted Forward 31.7-45.3
Slotted Reverse 48.5

Unslotted Forward 35.3-50.1

Unslotted Reverse 22.5
50Q Load N/A 0.00

S ol SRl

Sl RF Dummy Load



Computer modeling of the electric field
within the pillbox and beam pipe
illustrates weakness of electric Field in
vicinity of cavity slots and relative strength
of the electric field within the beam pipe,
esgeciall in the drive antenna coaxial
cable and the region around the cable
within the PFTE dielectric slug as seen in
the following figure.

Consideration of the dynamic fields in the %2 wave resonance tube shows that there
is always a net Poynting vector meaning that the RF launcher tube assembly with
dielectric cylinder common to both the slotted and smooth test articles was
potentially a Q-thruster where the pillbox is simply a matching network.

The predicted thrust using the Q-thruster analytic model is 34 micronewtons with
input power of 25 Watts and Quality factor of 8000.

32



Tapered RF Q-thruster

> Just like there are many ways to build a race car motor, there are
many ways to build a thruster, or in this case, a Q-thruster.

> The figures depict one of the early COMSOL models representing
an early possible construction of a tapered RF unit alongside the

actual construction that was finally implemented as informed by
the COMSOL findings.

> The tapered RF geometry was explored as it pertains to some recent
findings published by the Northwest Polytechnical University.

L
4” dielectric TEO012 mode Test article
33 resonator




Copper Frustum TM212, 1,937.115 MHz Test Setup

L e |

4

M 270/,20 15 7 "\

34



Pendulum Systemic Noise Setup-4

o~

12/12/2014
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Systemic Forces on the Pendulum-4

Distance and Chart Data

ar

N -

Poo

Thermal response
at 10Amps-dc

576000 =
575000+

File Name

Points Saved 0 RST “ g

12/12/2014
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COMSOL RF Analysis

Eigenfrequency=1.94644429+26307.840098i ' Eigenfrequency=1.946444e9+26307.840098i Arrow: Electric fields
Slice: Electric field norm (V/m) Arrow. Magnetic field

-

AUto

s e et , 88.9
7401 OF e "; Lal'ge OD End of Cu Frustum

COMSOL Model BG=71.6




TM212, 1,937.115MHz, ~30W, Q,=6,726,

Microns Distance and Chart Data

Bearing IR
Thermals

£89.000 -
| Turn On/Turn Off Transients

633.000 - ~30W / 7.5Adc, Q;=6,726, ~5x10°

687,000 - Torr
14mm Loop + 0.25” Whip

Eile Mame R A

boints Saved 10812 !RST h 2014 1937.11MHz_200V-Cal_P-C_14mm loop_TM212 In 3x10-3 Torr-1



TM212, 1,937.115MHz, ~35W, Q,=6,726,

IR
Microns Distance and Chart Data

!
_.% Bearing IR
Thermals

Turn On/Turn Off Transients
~35W / 8.0Adc, Q;=6,726, 5x10° Torr
14mm Loop + 0.25” Whip

File Name .ﬁ!mwse

2014 1937.11MHz_200V-Cal_P-C_14mm loop_TM212_In 3x10-3 Torr_35W-1

|||||||||||||||||||||||||||||||||||||||



TM212, 1,957.115MHz, ~40W, Q, =6.726,

Microns Distance and Chart Data
T

+59.4uN Ne;—\/:/; p '

+40.4uN Net: -~ Lt if Bearing IR

\Thermals

‘5‘30 000+ “'{ el . Turn On/Turn Off Transients

559.001:1 - ~40W / 8.6Adc, Q;=6,726, 5x10° Torr

|

SB.DDD . 14mm Loop + 0.25” Whip

nints Savecl 143

unt

HHE R




TM212, 1,937.115MHz, ~45W, Q,=6,726,

Microns Distance and Chart Data

Bearing IR
Thermals

Turn On/Turn Off Transients
~45W / 9.2Adc, 0Q,=6,726, 3.3x103
Torr
14mm Loop + 0.25” Whip

File Name !B;;E—.;;—J -

B 2014 1937.11MHz 200V-Cal P

-C_14mm loop_TM212_In 3x10-3 Torr 45W-1



TM212, 1,937.115MHz, ~50W, Q, =6, /726,

Microns Distance and Chart Data

650.000 - g
649,000~
648,000 -

+78.0uN Net —omrgrne,.

' :
+54.0uN Net—--:-(,?z-—,\- =44 Bearing IR

£47.000 - PR Thermals

. 200V |
A - —
045.000 ‘l
A Turn On/Turn Off Transients L \ZOOV
‘ ~50W / 9.8AdC, QL=6/726/ -3.3X10-3 [ o
642,000 ~| Torr

641,000 - 14mm Loop + 0.25” Whip

643.000 -1

File Mame

% 2014 1937.11MHz_200V-Cal P-C_14mm loop_Th 1212 In 3x10-3 Torr 50




Forward Thrust Campaign
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FORWARD WORK

> JSC: Complete the vacuum test campaign

> Perform an I[IV&V test campaign at the Glenn Research Center using
their low thrust torsion pendulum followed by a possible repeat
campaign at the Jet Propulsion Laboratory using their low thrust
torsion pendulum.

> The Johns Hopkins University Applied Physics Laboratory has also
expressed an interest in performing a Cavendish Balance style test
with the IV&V shipset.

44



GRC Torsion Pendulum




Act III
Value Proposition



= Dawn propulsion & o
power system = Cous

Vesta departure
Three NSTAR xenon
ion thrusters

0.04 N/kWe thrust-
to-power ratio

~90 mN/thruster

2.3 kWe solar power
at1 AU

425 kg of xenon _

propellant Feh ‘15\ - IJEJCf1o;primary mission

.. Mars gravity assist
“... Feb09

Dawn with 2.3kWe Ion Thrusters Dawn with 2.3kWe O-thrusters

Activity Segment | Elapsed Segment Elapsed
(months | (months) (months) (months)

)

Earth to Sep 2007 — 46 Sep 2008 — 7
Vesta Jul 2011 Apr 2009 (15% of ion)

Vesta orbit Jul 2011 - 58 Apr 2009 - 12
Jul 2012 Apr 2010 (fixed)

Vesta to Jul 2012 - 89 Apr 2010 - 15 34
Ceres Feb 2015 Jul 2011 (48% of ion)

Ceres orbit  Feb-Jul 2015 94 Jul-Dec 2011 5 39
(7.8 yrs) (fixed) (3.3 yrs) (41%)




300 kW SEP Mars

70t stack departs from
DRO

300kW SEP

0.4N/kW Q-thrusters
50-day stay in Deimos
orbit around Mars

Total mission duration of
788 days and 2AU
maximum distance from
the sun.

JIARS




2MW NEP Mars

90t spacecraft
2MW power
4N/kW (8000N)

140 day mission with|
90 day stay at Mars

90t spacecraft
110 days 2MW power
0.4N/kW (800N)

246 day mission with
70 day stay at Mars

90t spacecraft:

O 50t cargo
. 20t 2MW nuclear reactor (10 kg/kW)
. 20t Q-thruster bank (10kg/kW)

49



Crewed Titan/Enceladus Mission

Assuming:
e Same vehicle characteristics as Jupiter mission assumed T.=0.4 N/kWe
P=2000 kWe
e Trip time to/from Saturn ~9 months each way, 6 month stay in Europa Upower=10 ke/kWe
... . .. .. a_..=10 kg/kWe
vicinity, 6 month stay in Enceladus vicinity. 32-month total mission. B
pl —
e Shorter than “current” conjunction-class Mars missions T/m =0.91 m-g’s

392 days in
10
Saturn space

Vehicle mass =90t

Segment Flight Time
LEO to C;=0 10 days
260 d 260 days Earth-Saturn 269 days
ays
inbound outbound C,=0 to Titan 7 days
Loiter at Titan 180 days
Titan to Enceladus 9 days
Loiter at Enceladus 180 days By comparison:
E ilizing NTR-
Enceladus to C;=0 16 days | ven uafizing
evels of
Saturn-Earth 269 days performance, these
missions would be
C,=0to LEO 10 days infeasible
Total 950 days

| Kent Joosten — 12 May 2014




Act IV:

Dynamics of the Vacuum and Casimir
Analogs to the Hydrogen Atom



>

>

Principles of Q-thruster Operation

Principle 1: Local mass concentrations, say in the
form of a conventional capacitor with a ceramic
dielectric, affect vacuum fluctuation density
according to equation 1

Principle 2: Just as relativistic acceleration (Unruh

radiation) can change the apparent relative density
of the vacuum, so too can higher order derivatives

according to equation 2.

Principle 3: The tools of MagnetoHydroDynamics
(MHD) can be used to model this modified
vacuum fluctuation density analogous to how
conventional forms of electric propulsion model
propellant behavior.

Pm_loca
/Ov_local = Py b - \ pm_localpv (1)

Py

Triangular
velocity

Capacitor Cross
Section

Triangular
velocity
profile




TABLE I: This table shows the derived “density” of a
given energy state n, with 7 =1

n®  radius(m)  E(eV) E(J) p (kg / -??1-3)

1 529x 107" 13.60 2176 x 107  3.905 x 10™°
2 211x1071% 340 5440 x 1071 1525 x 1077
3 4.76x107% 151 2418 x 107 5952 x 107°
4 846 x 10719 085  1.360 x 107 5959 x 107 1°
5 1.32x107° 0.54  &8.704 x 1072° 9,997 x 1011
6  1.90 x 107° 0.38  6.044 x 1072 2325 x 10~
7 259x%x107? 028 4441 x 1072 6.774 x 10712

% The primary quantum number n is only varied from 1 to 7 here.

. 2 2 ;
4?r€g-n2h2 o |m (e b
- - n ¢
' = —5 2h \ dmeg n?
€=M,
— 12 599%x10 11 . —1 9 ¢ IR ST
=n~ 5.29x 10" “meters, n=1,2,3, ... = ——13.6eV, n=1,2,3,...
1
2
2 Z= 20 17 1
n . L _ Fz,=—-+13.6eV,. n=1.23,..
rzZn = VA 5.20x 10" Ymeters. n=1.2.3. ... i n2 ' T
() = 22
Pl = 31 T3
3Tz n 53



TABLE II: This table compares the derived “density”
of a given energy state n, with Z = 1 to the Casimir
density for a cavity with a separation distance of 2r,.

radius(m) p(kg,"mg) Casimir (kg;’mg)a Ratio®

Tt

1 520x10 ¥ 3901 x10 ° 1.16 x 10 * 2.96
2 211 %107 153x10°7 4.51 x 1077 2.96
3 476 %107 595 % 1077 1.76 x 1073 2.96
4 846 x 10719 5,96 x 10°1° 1.76 x 1077 2.96
5 1.32x 1077 1.00 x 107 2.06 x 101 2.96
6 1.90x 107Y 233 x10H 6.88 x 10~ 2.96
7 250%x 1077 6.77 x 10712 2.00 x 107! 2.96

2 This is the Casimir force per unit area multiplied by 1/¢2.
b This ratio is the Casimir column value divided by the p column
value

Friedmann equation:

. . 5
a _ AnG (pcz n SP) () = — Ez ., _ 1 her
a 3 czg?r-r%__ﬂ 3c? 240d*
P < —pc?/3

w ~ —1/3



p (kg/m?)

T RL - - Zl=17 X Z = 1 observed |+
11 '®© + Z = 2 observed
Do ™
—a4 % Z = 3 observed
Z\=8 __®x . 4 Z = 4 observed
@:@
- Z Lo E&\@ O Z = 5 observed [ ]
©® Q L Z = 6 observed
7 o= 1 - — _® R X Z = 7 observed
N % —~ ¥,
N \% O CASIMIR
n =
&
- I3 L
e
"R
ni=7-——+®
RN | I | I | [
10— 10—10 10~

radius (meters)



Vacuum density perturbation (kg/m~3)

Vacuum Perturbation

1.000E+00 = N
- X Z=1, Observed -
7— * ’ .
/ 7 /7\..... . .
1.000E-01 Z=6_ -~ % +2=1, Predicted |
§ % Z=2, Observed §
/= ‘\{iu., . 1
1.000E-02 +7=2, Predicted  _
= ZANES 3
=3 Ve X Z=3, Observed |
1.000E-03 R +7=3, Predicted -
7-9 -
== X Z=4, Observed
1.000E-04 = +7=4, Predicted =
. \ : X Z=5, Observed E
1.000E-05 Z=1 L. § i
) % +Z=5, Predicted -
RN % 7=6, Observed |
1.000E-06 N =
AN -+ Z=6, Predicted 3
— *‘Sﬁﬁﬁ DN % Z=7, Observed .
1.000-07 |—— Z° *ﬁ* =
D=5 mepv ST ©z=7, Predicted |
-7 o .
| [ | [ | N o CASIMIR
1.000E-08 = =
E Z 10 m ) N
1.000E-09 =Py Joc = PENEIRT) Py :
= 3 7zl‘0 n i
— 5
N
1.000E-10 |- L [ [ [ [[]] %
- o 2
- Z Casimir . hcrw
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FIG. 6: COMSOL 2D axisymmetric model: element
sizes for n =1 ton =7 1s 1pm, 2.5pm, 5pm, 10pm,
25pm, 50pm, and 50pm respectively. In this figure, the
mesh size 1s too dense to be discernable for n = 5 and
lower. FIG. 4 shows the mesh for the n =1 and n = 2
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FIG. 4: Close-up of COMSOL 2D axisymmetric model.
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FIG. 7: COMSOL analysis results of the acoustic
“natural” vacuum model The orbital shells (dark lines)
can be counted, but the n = 1 radius is quite small as

seen from the top left thumbnail that depicts the

COMSOL eigenfrequency solution for that orbital.
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FIG. 9: 2D Axisymmetric model results that capture
axisymmetric acoustic solutions like 2p, 3d, and 4 f

orbitals (m = 0).
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FIG. 3: Plot for the Z = 1, 2p orbital from Orbital

Viewer Software.







