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Evaluaie 3 naw Comggctgusion R b T e—— Mission: send 6 spacecraft in 6 orthogonal directions to Heliosheath and beyond Innovation: Helicity Drive, a scalable compact fusion propulsion engine o~ R Compared to other rocket propul sion 6~ The Helicity Drive ~Ga We have built a proof-of-principle sub-scale prototype (ECLAIR)
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Why is it important?

Our only known habitable astrosphere bubble is a shield for our motion inside the Galéky‘. R VUYAGER |
y SR 1544 Al

lay a role in how interstellar events can affect our world (paé't qpresent and future).
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This transformational in situ data sampling may be possible thanks to our novel compact fusion propulsion concept Helicity Drive. 3
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Video extract (company presentation materials)

NIAC Phase | Study Work Plan Extract (month 5 of 9) ECLAIR experimental results support Helicity Drive compression-heating scheme Egtﬁ:? égﬁsgfsm)port electromagnetic coupling model for compression and direct ggﬁg?ggﬁcgeﬂggeﬁ’omt based on fusion reactor model coupled to propulsion
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Innovation: Helicity Drive

How the Helicity Drive works and scales &~ Philosophy behind our novel fusion concept
\. Formation I. Pre-heating Elop M e o~ Helicity Drive physics basis and experimental results
Plectonemic jets Merging reconnection-heating 5 10°F 1 Key Points Comparison with other rocket propulsion
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Peristaltic magnetic scheme Expansion & mix with propellant y EP is limited: thrust is a small fraction (~—15%) of overall inpu H B EsE : ~ o~ ’ . — il S Gy VN P L, ——— r—
MOCHI, SSX experiments SSX, TS, MAST, ST-40 experiments Caltech experiments pace poner I [ited foday fo-ec e fission reaciors fave o g5 1] N 1E05 . ‘ v ¥ | , M [y
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Ton temperature Ti [keV] Long aspect raho No need for perfect geometry Specific Impulse [sec]
USE NEW PLASMA HEATING TECHNIQUES FOR FUSION . o . o . MAGNETIC RECONNECTION HEATING: Directly heats ions, eliminates the need for complex plasma shaping, and Schematic of ECLAIR experiment showing salient features: 4 plasma guns forming 3D MHD simulations performed on the LA-COMPASS supercomputer simulation inc Single frame from a high speed (5M frames per second) camera showing typical ECLAIR experiment (April 2025) as seen during a plasma shot with a phone camera and with operator.
L t breakthrouahs | fi tion heating to achi lable. efficient and . : . s : . . enables rapid temperature increases with feasible magnetic field strengths plectonemic plasma jets merging at the inlet of the peristaltic magnetic nozzle. , p J ging g P
compact fusion solution compared to traditional mefhods capabilities, combined with reconnection heating, offer a unique pathway to achieving fusion conditions PERISTALTIC MAGNETIC COMPRESSION: passi tof magnetic coils the plasma in 3D onditions o the thoat o further exoansion in the diverging soction, magnetic nozzle (passive, non-peristaltic in this run) |
- PassIve arrangement 0 magnetic Cotls 1o Compress e plasma in conditions at the throat for further expansion in the diverging section. g p ) p :
without dynamic material liners at a constant magnetic field energy4
o~ Thermonuclear fusion methods o~ j : o~ Projected scaling of fusion performance Evidence of e.m. coupling between plasma and coils Direct Electric Conversion (and Compression-Heating) model Thrust conversion model proposes scaling of Isp and T [no mixing here, at next step] Thrust conversion model (mixing with propellant)
- Landscape of fusion propulsion concepts ol 4% ngle-adizbatic mogel (L — adiabat ol 4y Thrst |
How to achieve fusion net gain. p oy cc Otencems%cﬁ e o RUL melE)ensny‘ Three classes of engine Scaling of fusion povier and propulsive Compared to other efficiant MIF concepts Instead of MHD single-adiabatic model (pY-l = cst), use MHD CGL double-adiabatic Ao jp’ w T = Thgxp Vexn = —Nenr F = Nenr ViPy
Requires EYy e R O - H S: Fusion-Augmented EP (FAER “afrburmer’, 0% rcirculation) power with N y Nonadioacive uel, puls rle (ch MSFC PUFF [5) Electrical Circuit point-of-view Measured voltage with/without plasma in Coil 15 model (two temperatures T, & Ty , 2 Mass and momentum conservation Mixture velocity is basically the injected propellant
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o Mor A ) . SOR Sph aoM =g R Tremal onversion ) nd wlry/backy = [V(e) = 22274 (1) direct electric conversion from expansion ECLAIR 1 ~ 41 km/s 0.6 T, 10% m-¥]
;m(aFg/’L\AI:F ‘é é D.I. 'F: MKE (10 Hz) MTFz:jhcity Drive L (1 Hz) ICF (30 H) ;7 ’\évv\\[‘twf fmoerot gurs I Mass (from availab 2Nt 55 kg °r ] ( ) &t ( ) p cf DO[J[J‘CV’ shift observations 30 km/s “Sp —2700s, 75[1(‘) ------------------ fusi
® ICF = = ipole g -5 GWihr Key points Thrust conversion (AIAA Recommendations [8], ~0.7) t ' ' ; ; f Y 1 usion
g P (4.3 Gt HeS) — No need to wait for full FD Optimistic assumptions -2 7 . . . . . . . ] , = [T (t) =T, (0) + 2;1,2 fo V(') dt (2) heatmg from compression Limit 2: after fusion, VP » | x B Mse Use : :
L'1of S TS -y & oot - el = No need to wait for availability of MWe power i» 1, n _300 —200 —106 © 100 200 300 400 nm 1 Pressure gradient accelerates to vy, ~4/kgT, /m velocity.
Lc:; s (cr?ﬂ] 22 i .Hel\fglt?[l)yrisgvseﬂé,(;? gz) ) = Scales from state-of-the-art NEP/SEP up to o s BEmE l“"' :‘*’ ol ¢ ~ f?, e_\r/ .33 Y Yore v ST (] Mix with cooler denser propellant to adjust Iy = v,g;h.
ICF: | g g interstellar class propulsion Dimensions (1D il bantig “ r~ o0 m 0 g5 ECLAIR Il estim. ~ 280 km/s [T;~1.3 keV, no mixing]
ncrease power . 8 1E+18  1E+20 1E+22 LEgEi:nyn:rﬁE‘%zs 1.E+28  1.E+30 Energy storage: advanced flyuheels Vol gea. in i) Vi~ 1 kv = 11 (1‘,) ~ 52 &V e = ]537“'28 000s = T~43kN
1E+18 1E+20 1E+22 1E+24 1E+26 1E+28 1E+30 1E+32 £~ 00 ps ony = 0 i }" Vit boov Need ECLAIR Il and Il machines (under dev.) to validate.
Density [m3] R 6\—_/_ v T (0) ~ 20 v . .
. . , , , . , , , L iy . . iy HIGH POWER DENSITY LEADS TO EXTREME DELTA-V’s
COMPACTNESS & SIMPLICITY: By preheating plasma with reconnection and merging multiple plectonemes, the Helicity Drive reduces the compression ratio and engineering complexities associated with traditional MIF Spacecraft hiah-soeed canability allows the constellation spacecraft to reach transit velocities quicklv. slow
concepts, achieving a mass power density and volumetric power density at least 10x higher than other Nuclear Fission, Fission-Fusion, and CW magnetic confinement fusion approaches5. P gn-=sp pabtity - L P auickly,
down at targets, and reaccelerate to maximize scientific return.
Design Point for Heliosphere Spacecrafts
i - . . . Propellant (H20/D20) . i v o i . . i
Overview Helicity Drive [L-30.DD.fw] [with RW System of Systems based on trade study of components (ongoing work St n et e Schematic of Helicity Drive Reactor Section radial dimensions HT Radiator
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diverging section with small P
. i . Total Mass Helicity Drive - Schematic Systems of Systems g‘ﬂaﬁ\nia g“ns‘l | Formgnion Merging Comprgssi o Iglr]?ﬁ; Exga’?ﬂsi;on
Heliospheric + ISM Science ConOps [Al:l o i . Iy Go~Prackec~ Bv~100 = sotllon Bt Ao secton section 28m
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6: Starboard flank > (] A i s “me 00 i Injectors [\|§;§fii ; Arﬁenna
6 15 50 éﬁizteﬁ:;v;:ﬁog;as electromagnels, . ‘ STICG?OE]A:(;W& Louvers) ‘ [;.AIIHI I" :
T D 0.3 ki/kg 200 kW mthimn o o i\gmt;bnlguxlr&clﬁness for o . . N ) = Ii~-“'l]|| i ’ Avioni
Spacecfaﬂ . elict y five g% m? 3000 psi 100 K E[ﬁm ((:F{S(ZHOOK) Formation section Merging section (Cztzgw)pressm section  Throat & Burn Expansion ) ‘lL : Hzo PFOPe"ent Helxe — N3 HEX
B » g 85610 Tubing-Compressor 8000 kg Plasma core diam. 7 cm 72¢m 250m 24cm 2.4 cminmix Com /
\‘ . = fank mass 1800 kg? Dual F‘y\meHGEHEFd‘Df lasma core len m m cm cm cm in mix pres or
-E=: o s emwed W mm Haoam Turbne 7" S
=il g = Sancc ot 00 ~iruelll - M N Inductive Suite
:i;rSum - C e . i | 15m 0é3§kyWh/kg 333 kg S . _ ‘ g;gi???ivﬁgl:m Blanket thickness 17 cm 17¢m 17 cm 17cm 3 Pulsers
Xband | Shadow ] — ‘ 1 B
E—— Shieid s,?“;d,,l,“r.ch olls ayload (Proke [T gy T ' 303 m? 605 kg
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Need: 00 Systems

High ~10MJ . ~1TW, 10ms
H;;h ;!i,rs:‘((wm MW)) ’ ~10MW, 15 [\ H Semiconductor Opening Switch 60 kA/cm? (10 cm? for 600 kA), 100 kV in oil “ /

o =7 Heah Y Propellant Mix Model

High energy density (>5 kJ/kg)
High power density (> 5 kW/kg)
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Semiconductor opening switches (SOS) are a class of high-power
nanosecond opening switches primarily used in pulsed power technology
and inductive energy storage systems, offering advantages like high pulse
eration, although their
wfacturers. These switches,
y rapidly switching from a

Off-the-shelf diodes as high-voltage
open

repetition rate, long lifetime, and maintenance-fre
widespread adoption is hindered by a lack of
often based on specially designed diodes, wor

forward-biased, low-resistance state to a reverse-biased, high-resistance 250 +
state, enabling fast current interruption and high-voltage pulse omi r opening switches based on 4H-SIC [
s atioh plsu o _
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Heal from fusi -
 rolaoal ki Hiz-1) 0 MODEL RESULTS
F H(Z=1), O
S % --- BRAYTON CYCLE PARAMETERS (PHYSICALLY VIABLE) - 2001 HiZ=1). 0
power.T_hot = 1800; % Turbine Inlet Temperature (K) [ HEZQ;: 0 11
- Reobtis . « Matlab model varies H.O aux propellent injection rate power.pressure_ratio = 6; % Brayton cycle pressure ratio 150 - H(Z=1), O
Ofidis Shalf Dlodasies 1 s I 2 prop J power.gamma_HeXe = 1.66; % Heat capacity ratio for He-Xe mixture 1
s * Calculates plasma temperature (w/ radiative and recombination losses) for various ionization power.eta_compressor = 0.94; % Isentropic compressor efficiency z | 0.9t
states power.eta_turbine = 0.95; % Isentropic turbine efficiency 2 100}
power.eta_plasmaguns = 0.25; % electrical efficiency of plasma guns for Helicity Drive = 5 0.8
* Calculates subsystem mass based on aux propellent flow rate (e.g. TCC mass proportional to power.frozen_in_frac = 0.7; %fraction of PG energy frozen into plasma So7h
% --- Thermochemical Cycle (TCC) Parameters --- 2
H,O mass flow rate) 206
S power.eta_tcc = 0.4; % 40% efficiency for converting waste heat to dissociation energy -
* Calculates propulsion performance based on thrust efficiency - delta-V calculation based on power.alpha_tcc = 40.0; % 40.0 kg/kW, specific mass of the TCC hardware T o5
mass fraction and ISP % -—- Radiator Parameters --- S0F
radiator.areal_massHT = 2.0; % kg/m”"2 , 04r
radiator.areal_massLT = 1.0; % kg/m"2 ‘ ‘ 0.3+
radiator.emissivityHT = 0.9; 10! 102 103
radiator.emissivityLT = 0.95; Water mass flow rate (mg/s) 02
achatortowtermp ArEdHh tatortempe 0.1 1
102
\Watar mass flow rate/imal/<\
900
r
———H(z=1), 0(z=1)
. ASSUMPTIONS ASSUMPTIONS MODEL RESULTS et o MODEL RESULTS
THE HEL'OSPHERE A VaSt BASE“NE EXAMPI.E PAYLUAU 800 H(Z=1), O(Z=3)
; ; % --- Propellant Parameters (Water) --- H(z=1), O(Z=4)
region of space dominated by 874 | 86.7w % - Miission & Spacecraft Parameters - propellant.Name = "Water'; 700 E——
T mission.m_wet_max = 56000; % Maximum total initial mass (wet mass) in kg — LT 9.y . H(Z=1), 0(Z=7) \
the Sun S In"uenceF aCtS as a mission.m_engine_payload = 13700; % Mass of the fusion engine and payload in kg (magnets, shield, PGs, Energy storage, startup power) propeHant.Formula = {H, 2,0, 1}’ H(Z=1), O(Z=8) \ sl
i i INSTRUMENTS issi = 0.15: 0 i ropellant. Atoms = struct( 800 - 10
protective shield for our solar mission.f_structure = 0.15; % Structural mass as a fraction of total wet mass prop : &
: EPARGEUbPARTIULPEi Yomission.eta_thrust = 0.7; % Thrust conversion efficiency (nozzle efficiency) 'H', struct('MolarMass', 1.008, TonizationEnergies', [1312.0], 'AtomicNumber', 1),... g
system  against  harmful [ i % — Fusion & Power System Parameters — , ‘0", struct(MolarMass', 16.00, TonizationEnergies', [1313.9, 3388.3, 5300.5, 7469.2, 10989.5, 13326, 71330, 84080], £ 500 _
; . Energetic Particles (EPS) power.fusion DD_power = 104.1E6; % 104.1IMW of total fusion power A icN ber'. 8)): = g
galaClIC COSMmIC rayS. Cosmic Rays (CRS) power.neutron_fraction = 0.38; % Fraction of power emitted as neutrons tomicNumber, ))* o] 400 - 2
i i P_recirc_electric = 30.9E6; % Required electrical power input to plasma guns propellant.VaporizationEnergy = 2260e3; % J/kg 2 £
Understandmg .lTS SJ[r.U cture g% H ﬂ:;nllfoﬂjf(‘mis) gow}fr,alp;afggsazg‘%; :?l;g/k\g, i(')r' p(iw;r) c]g]r;versliorll system [williams 1998] propellant.DissociationEnergy = 51066e3; % J/kg 200 -
| lasma Waves ( ) _charged = 0.2 5 o from HelicityLL-30- calculations . _ )
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