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TECHNICAL PUBLICATION

GRADIENT FIELD IMPLODING LINER FUSION PROPULSION SYSTEM
NASA INNOVATIVE ADVANCED CONCEPTS PHASE I FINAL REPORT

1.  BACKGROUND

 The advancement of human deep space exploration requires the continued development of 
energetic in-space propulsion systems, from current chemical engines to nuclear thermal rockets to 
future high energy concepts such as nuclear fusion. As NASA embarks on a program to develop 
near-term nuclear thermal propulsion, this NASA Innovative Advanced Concepts (NIAC) Phase I 
activity was funded to investigate the feasibility of an innovative approach toward highly energetic 
pulsed fusion propulsion. Previous concept studies have proposed the conversion of fusion energy 
for in-space propulsion, ranging from laser-ignited fusion systems such as Gevaltig1 and VISTA,2 
to the British Interplanetary Society’s Daedalus concept3 and its more recent incarnation under 
Project Icarus,4 to steady-state spherical torus fusion systems.5 Recent NIAC studies have also evalu-
ated several innovative fusion concepts, including the acceleration and compression of field reversed 
configuration plasmas in time-changing magnetic fields,6 magnetically driven liners imploding onto 
plasma targets,7 and high current z-pinch compression of material liners onto fission-fusion fuel 
targets.8 While each of these studies firmly established the potential benefits of fusion systems for  
interplanetary travel, they also identified significant challenges in successfully engineering such sys-
tems for spacecraft propulsion. The concept outlined in this Technical Publication (TP) builds on 
the lessons learned from these prior activities, approaching the quest for fusion-powered propulsion 
through an innovative variation of magneto-inertial fusion concepts developed for terrestrial power 
applications.

1.1  Concept Description

 The rapid magnetic compression of targets containing fusion fuel at high pressure offers poten-
tially higher implosion efficiencies than other inertial confinement fusion approaches, and remains 
an area of active development.9–11 To successfully implode the target and trigger fusion reactions,  
a pulsed high current discharge in a surrounding magnetic field coil generates a rapidly changing axial 
magnetic field, dBz  /dt, which induces a counterpropagating current in the conducting outer liner of 
a centrally aligned cylindrical target. The inductively driven liner current rapidly implodes the liner 
radially inward, compressing the fuel to the densities and temperatures required for fusion. A signifi-
cant energy loss mechanism observed during liner compression and ignition of the resulting plasma is 
electron thermal conduction, which is mitigated by the use of strong magnetic fields to suppress cross 
field thermal conduction losses, generating higher plasma temperatures at lower implosion velocities.12 
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 While promising, there are several challenges associated with imploding liner fusion concepts 
that must be addressed in the context of a propulsion system. The requirement of short duration, 
high current pulses to produce a rapidly changing magnetic field for target compression precludes 
the use of superconducting magnets, resulting in significant resistive losses and coil heating. Related 
issues include the need for capacitive or inductive power supplies, pulse-forming networks, and robust, 
long-life switches capable of repetitively channeling several MA of pulsed current into the magnetic 
field coil. Repetitive and accurate target replacement within the coil after each pulse, together with 
mitigating liner or other target material debris impacts to the chamber walls, presents additional engi-
neering challenges. Targets must be designed to suppress potential instabilities that may occur at the 
liner-fuel interface during compression, either by judicious choice of liner materials and thickness in 
solid target liners or the rotation of liquid liners prior to compression. Preheating the target fuel has 
been shown to improve ignition, and a method to efficiently deliver an energy pulse to the target prior 
to main compression must be incorporated. Finally, coupling the significant energy gain released in 
a successful target fusion event to the spacecraft without incurring structural or material damage 
requires directing the rapidly expanding plasma out of the chamber, using either a magnetic nozzle or 
causing the event to occur downstream where it can impact against a pusher plate to provide thrust.

 The proposed concept takes advantage of the significant advances in terrestrial magneto-
inertial fusion (MIF) designs while attempting to mitigate the potential engineering impediments 
to in-space propulsion applications. Methods to induce a rapid radial compression in a stationary 
central target typically focus on z-pinch or θ -pinch geometries. In the z-pinch geometry, a very high 
current pulse is sent through a conducting liner coating a cylindrical fusion target. The axial current 
induces an azimuthal magnetic field, and the combination creates a radial Lorentz force that rapidly 
compresses the target to high density and temperature. In a θ -pinch geometry, current is pulsed 
through a drive coil surrounding the central target. The pulsed current creates a time-changing axial 
magnetic field, which in turn induces an azimuthal current in the conducting target liner. The com-
bination of strong axial magnetic field and induced azimuthal current combine to again provide  
a rapid radial Lorentz force compression of the target. Equivalently, the compression mechanism in 
each case can be considered the result of a rapid buildup of external magnetic field pressure external 
to the conducting liner, which inhibits field penetration into the target. The external pressure signifi-
cantly exceeds the target fuel internal pressure, forcing a rapid radial compression until the pressures 
equilibrate at high internal densities and temperatures.

 A prior NIAC Phase I study evaluated the application of z-pinch geometries for in-space 
propulsion,8 and several ground-based fusion experiments are based on the z-pinch approach.13,14 
Although options to incorporate z-pinch physics into an in-space propulsion system continue to 
be explored by the previous NAIC authors, the current concept instead utilizes a geometry more 
closely aligned with the θ -pinch. An overview of the θ -pinch operation is provided in figure 1.15 

As noted, current sent through the drive coil induces an opposing azimuthal current in the stationary 
central target liner, and the combination of increasing axial magnetic field and induced azimuthal 
current provide rapid radial compression.
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Figure 1.  Pulsed θ-pinch operation (adapted from ref. 15).

 The approach being investigated in the current Phase I activity replaces the pulsed, high cur-
rent magnetic field coil and stationary central target with a fast-moving target fired axially into 
a  static, high gradient magnetic field. This essentially decomposes the time-changing derivative of 
the axial magnetic field into partial derivatives associated with an axial magnetic field gradient and 
an axial velocity:

 
dBz
dt

=
∂Bz
∂z

∂z
∂t

= vz
∂Bz
∂z

.  (1)

 As such, a target fired at high axial velocity into a steep magnetic field gradient will effectively 
experience a rapidly changing axial magnetic field and undergo the same inductive compression as 
a  stationary target at the center of a rapidly pulsed magnetic field. A conceptual overview of this 
gradient field imploding liner system is provided in figure 2, forming the basis for the study outlined 
in this TP.
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Figure 2.  Gradient field imploding liner concept.

1.2  Benefits and Challenges

 Shifting the onus of rapid target compression from a pulsed, high current coil to a target 
accelerator and a static high gradient magnetic field offers several potential advantages for in-space 
propulsion. Eliminating the need to rapidly pulse the magnetic field coil allows the use of energy 
efficient superconducting field coils, which in turn reduces energy storage requirements, coil thermal 
losses, and associated radiator requirements. The field coils can be shaped to provide strong upstream 
field gradients, a  high field midsection to enhance target fuel burning, and a magnetic nozzle at the 
downstream exit plane to convert the rapidly expanding plasma into directed thrust. Target accelera-
tion may be accomplished using one of several possible approaches, including inductive acceleration 
or laser ablation, the latter also offering a possible method for preheating the target fuel. Electron 
and ion radial thermal losses can be suppressed by strong internal magnetic fields trapped within the 
target during compression, reducing energy losses and improving target gain. The linear geometry of 
the system, together with the axial motion of the target as it enters, compresses, burns, and expands 
into the magnetic nozzle region, lends itself  more naturally to repetitively pulsed in-space propul-
sion, easing design issues associated with target placement and energy transfer to the vehicle.

 To realize these potential benefits, a number of significant challenges are being addressed 
during this Phase I activity to determine the feasibility of the concept. These include modeling the 
magnetic field geometries and axial gradients required for fuel target compression, evaluating accel-
erator concepts to achieve high target velocities, evaluating initial target fuels and design options, and 
evaluating methods to convert the expanding high temperature plasma into directed thrust. Analytic 
and numerical models have been developed to simulate and understand target pellet compression 
and burn physics, which in turn feed back into target accelerator concepts, magnetic field designs, 
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and mission performance parameters. Preliminary mission trajectory analysis and vehicle designs 
are being developed to guide system performance requirements and quantify potential benefits for 
crewed or robotic solar system and deep space exploration. Each of these areas are discussed in the 
following sections, which describes the methods, research status, and initial results that will underpin 
the determination of concept viability.
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2.  PHASE I RESEARCH OVERVIEW

 The purpose of this Phase I activity is to design and evaluate a system that can rapidly inject, 
compress, and burn a fusion fuel target, and efficiently exhaust the resulting high temperature plasma, 
in a configuration suitable for in-space propulsion applications. Taking advantage of the experience 
gained by international MIF research programs, the concept under evaluation seeks to replicate well 
known static target compression physics in a novel, dynamic system. As terrestrial systems advance 
toward break even, the target designs and field requirements used to reach these higher yields can be 
readily incorporated into this innovative in-space system design.

2.1  Target Design

 For this initial Phase I evaluation, a cylindrical pellet with deuterium-tritium (D-T) fuel and 
a conductive liner has been chosen both for simplicity of modeling and for consistency with current 
terrestrial MIF fusion experiments. D-T fuels have a higher fusion cross section at lower ignition 
temperatures, making them a standard fuel of choice for most terrestrial experiments. Figure 3 lists 
several fusion reactions with their corresponding energy release, and a plot of reaction cross section 
versus center of mass energy.16

Reaction Energy Release Cross Section Versus Center of Mass Energy

0 101 102 103 104

E (keV)

σ 
(b

ar
n)

101

0

10–1

10–2

10–3

10–4

DT
DD
D3He
D6Li
p11B

F3_1805

Figure 3.  Standard fusion reactions, energy release, and cross sections 
 (adapted from ref. 16).

 Several low atomic number coating materials have been investigated as conductive target lin-
ers, including beryllium (Be), aluminum (Al), and lithium (Li).17 For the inductively driven target 
compression under consideration, the liner material serves to carry the induced azimuthal current, 
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interacting with the applied axial magnetic field to generate a radial Lorentz force and rapidly com-
press the target. The heavier liner shell also provides momentum to the imploding target, stagnating 
on axis to provide longer confinement and burn times for more efficient fuel conversion.

 Several ground-based experiments and numerical studies have shown that the ratio of target 
radius to liner thickness (the aspect ratio (AR)) plays a role in the evolution of disruptive Rayleigh-
Taylor instabilities: 

 AR = R
ΔR

,  (2)

where R is the outer radius of the target (including liner), and ∆R is the liner thickness. Aspect 
ratio values ≤6 have been shown to delay the onset of Rayleigh-Taylor instabilities,18,19 which if  left 
unchecked, will significantly limit target convergence and enhance material mixing between the liner 
and target layers. Enhanced mixing leads to a substantial reduction in fusion burnup due to high 
z  poisoning of the mixing layer and faster thermal conduction losses. As such, most targets employ 
liner coatings that satisfy this AR to improve target compression and heating. Additional methods to 
reduce the Rayleigh-Taylor instability have also been investigated, including the use of thin dielectric 
coatings over metallic liners,19 which appears to significantly improve converging target uniformity. 
While not evaluated in this Phase I effort, dielectric coating of metallic liners can be incorporated 
into the Smooth Particle Fluid with Maxwell Equation Solver (SPFMaX) model currently under 
development by The University of Alabama—Huntsville (UAH) and remains an area for later  
investigation.

 A key parameter for achieving fusion conditions is the areal density of the target, expressed 
as ρR, where ρ is the fuel density and R is the radius at maximum compression. Values of ρR as 
a  function of temperature required to achieve net energy gain are plotted in Lindl-Widner diagrams, 
an example of which is shown in figure 4 for cylindrical D-T fuel at stagnation.20
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Figure 4.  Lindl-Widner diagram for D-T cylinder at stagnation (adapted from ref. 20).
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 The shaded region shows the area of net gain in pure inertial confinement fusion (ICF) with-
out internal magnetic fields. The solid lines demarking areas to the left of this region show ρR, 
T parameters required for net energy gain in cases where the targets have internal magnetic fields 
(displayed in the figure as values of B/ρ). Such plots show that incorporating strong magnetic fields 
within the fuel can significantly reduce the value of ρR required for net energy gain at a given tem-
perature. This in turn implies a less stringent requirement on the final fuel density and radius at com-
pression, reducing the energy required to compress the target. In current MIF experiments, applied 
magnetic fields of a few to several tesla are often used as the seed fields to produce compressed fields 
of 102–103 T during the brief  period of target implosion. Assuming an axial magnetic field is pres-
ent and remains trapped within the cylindrical fuel target during compression, the field strength will 
be significantly increased during compression via the conservation of magnetic flux. These strong 
axial magnetic fields can trap charged α particles produced during the fusion process to enhance fuel 
heating, and in addition, serve to reduce the loss of energy through radial electron and ion thermal 
conduction. This is the major advantage of MIF concepts over pure ICF, and why these systems are 
being actively investigated to provide terrestrial fusion power. The concept discussed in this TP like-
wise incorporates the use of seed magnetic fields to enhance the performance of the system.

 In addition to pure fusion targets, prior studies have also investigated fission-fusion hybrid 
targets for magnetically imploding systems,21 including the recent NIAC effort to develop a pulsed 
fission-fusion z-pinch system.8 In that concept, the target contained a central cylinder of D-T mate-
rial, surrounded by a 238U cylindrical sheath, which in turn is surrounded by a cylindrical Li sheath. 
Upon implosion, the D-T mixture is compressed and a limited number of fusion reactions begin to 
take place. The resulting fast thermonuclear neutrons bombard the surrounding 238U and induce fis-
sion, which in turn increases the fusion yield of the D-T core. Neutrons from both fission and fusion 
reactions are reflected and moderated by the surrounding Li liner, reducing neutron escape and dam-
age to surrounding structures. In this hybrid design, fusion neutrons result in a more complete burn 
of the fissile fuel, sustaining energy release. This sustained release extends the compression of the 
fusion reactants, yielding more fusion reactions, which in turn release more neutrons for more fissile 
material consumption. This synergy has been observed in the development of other fission-fusion 
devices, leading to more complete fuel burnup and allowing fusion ignition to be achieved with lower 
initial energy input than pure D-T targets. For the proposed concept, this would also translate into 
less severe requirements on the initial pellet velocities generated by the accelerator or on the strength 
of the gradient magnetic field. Pending a determination of the initial feasibility of the concept, 
a  hybrid target remains a viable option to be investigated.

2.2  Target Accelerator Concepts

 Maintaining a static magnetic field with constant currents in superconducting coils simplifies 
the problem of repetitively pulsed high current coil discharges and associated coil heating but intro-
duces a new challenge in the design of the pellet accelerator. To induce rapid radial compression as 
the pellet enters the gradient magnetic field requires a high initial pellet velocity of several kilometers 
per second. Several options were considered for the pellet accelerator, including gas guns, rail guns, 
electrothermal and electromagnetic accelerator concepts, and laser ablation acceleration. The dual 
requirements of efficient pellet acceleration to velocities of several kilometers per second and repeti-
tive, long life operation in a vacuum environment reduced the initial set of options to the conceptual 
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electromagnetic macron accelerator proposed by Kirtley,22 electrothermal accelerators proposed to 
accelerate fuel pellets for tokomak systems,23 and laser ablation concepts also proposed for use in 
refueling tokomak and other magnetic confinement fusion systems.24–26 Of these, the macron system 
appears capable of accelerating gram-size pellets to the required velocities but has not yet been dem-
onstrated. Electrothermal accelerators working via ablative arcs have been demonstrated to achieve 
a  few kilometers per second with gram-size pellets, and remain a potential option. Laser ablation 
employs a high-power laser pulse to ablate material at high velocity from one end of the pellet, caus-
ing the remaining mass to accelerate in the opposite direction. Models and initial experiments indi-
cate accelerations of up to 200 km/s for millimeter-size D-T pellets using modest laser intensities of 
1014 W/cm2, readily achieved by commercially available carbon dioxide (CO2) lasers. Of additional 
interest, it may be possible to provide preheating of the accelerated pellet via the same laser pulse, 
which can significantly increase the final temperature achieved during pellet compression. For these 
reasons, the laser ablation concept was chosen for a more detailed initial evaluation.

 Following the model of Jarboe25 and Jarboe et al.,26 the laser ablation concept is treated 
using the rocket equation, where the ablated material plays the role of reaction mass expelled from 
the system:

 Δv = ve ln
m0
mf

⎛

⎝
⎜

⎞

⎠
⎟ , (3)

where ∆v is the velocity imparted to the pellet, ve is the velocity of the ablated material leaving the 
pellet, m0 is the initial pellet mass, and mf is the final pellet mass following ablation. For the gradi-
ent field concept, the required pellet velocity is on the order of 10 km/s, hence the equation can be 
inverted to determine the fraction of material that must be ablated to provide this velocity:

 1−
mf

m0
= 1− exp −Δv

f ⋅ve

⎛

⎝⎜
⎞

⎠⎟
. (4)

Here, an ‘exhaust’ shape factor (f) has been included in the expression to account for ablated material 
leaving the surface at angles to the axial direction of motion. Laser ablation experiments performed 
on conically shaped pellets provide a shape factor of approximately 0.6.25

 Assuming that the energy imparted to the ablated material is converted to kinetic energy of 
the ions, the velocity ve is given by:26

 ve =
4 I
nc mi

⎛

⎝⎜
⎞

⎠⎟
,  (5)

where I is the laser intensity illuminating the pellet, nc is the critical density at which the incident laser 
light frequency equals the plasma frequency, and mi is the mass of the ion species being accelerated.
The critical density is given by: 
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 nc =
meε0ω

2

e2
⎛

⎝
⎜

⎞

⎠
⎟ , (6)

where me is the electron mass, ε0 is permittivity of free space, ω is the frequency of the incident laser 
light, and e is the elementary unit of charge. Assuming a CO2 laser with a wavelength of 10.6 µm, 
the laser light frequency is 2.83 × 1013/s. Substituting into the equation above yields a critical density 
of 2.52 × 1023/m3.

 Assuming the laser illuminates and ablates liner material, a choice must be made for the liner. 
As noted in the preceding section, various liner materials have been proposed for MIF pellets, includ-
ing Al, Li, and Be. For this sample calculation, Al is chosen as a  representative liner material. The ion 
mass is then given by mi = 27 ∙ (1.6726 × 10–27) kg = 4.52 × 10–26 kg.

 The laser illumination can be estimated using available laser powers and appropriately sized 
beam widths that approximate the pellet cross section. Available high-power CO2 lasers can readily 
provide 10 kW of power. Assuming an initial pellet radius of 1 cm provides a cross-sectional area of 
around 3.14 × 10–4 m2, for a pulsed laser intensity of 3.18 × 107 W/m2.

 Combining these results into a calculation of ablated ion velocity yields:

 ve =
(4) 3.18×107( )

2.52 ×1023( ) 4.52 ×10−26( )
⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

1/2

= 1.06×105 m/s.  (7)

The fraction of ablated liner mass required to provide this velocity is then given by:

 1−
mf

m0
= 1− exp −104

(0.6) 1.06×105( )
⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
= 0.15 .  (8)

Thus, for the given parameters, ablating 15% of the liner mass would provide a pellet injection veloc-
ity of 10 km/s. Increasing the incident laser energy on the target would increase the ablated ion  
velocity and reduce the amount of ablated material required to reach the desired injection velocity. 
For example, increasing the laser power from 10 to 100 kW in equation (7) would increase the ion 
velocity to 3.33 × 105 m/s. Substituting into equation (8) indicates that approximately 5% of the ini-
tial target (liner) material would need to be ablated at this higher power level to provide the required 
10 km/s injection velocity. A 1 MW pulse reduces the mass requirement even further to around 
1.5%. This mass could be accounted for by adding additional mass to the upstream face of the pel-
let, designed to be ablated away by the pulsed laser illumination. Alternatively, it may be possible to 
design the pellet with different ablative material at the back of the pellet, or if  D-T ice is used as the 
fuel, illuminate the ice directly to provide a lower ablative ion mass and higher exhaust velocity. In 
addition, once the required velocity is imparted to the pellet and the ablative mass is worn away, the 
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laser pulse may be tailored to continue for a brief  period to heat the internal fuel as the target enters 
the magnetic field and begins to compress. Achieving an internal fuel temperature of several tens to 
hundreds of eV prior to compression would reduce the amount of compression required to achieve 
fusion temperatures, which in turn can reduce the demands on pellet acceleration and compressive 
field strengths. Laser heating of D-T fuel pellets is an active area of investigation in magnetized liner 
inertial fusion. Sandia National Laboratories incorporates a 2.5 kJ, 1 TW Nd:YAG laser in their 
z-pinch experiments to preheat a stationary target prior to compression.18

2.3  Magnetic Field Coil Design

 A simple solenoid magnetic field coil is assumed for this preliminary analysis. Steady-state, 
super-conducting solenoid coils with field strengths up to 30 T are now available,27 and it is rea-
sonable to expect coils at or above this field strength can be designed and manufactured for the 
proposed concept. As concept definition progresses, more complex coil geometries can be incorpo-
rated, including magnetic nozzle coils and transition coils between the primary gradient field coil and 
the magnetic nozzle. However, to investigate whether the concept can compress and heat a rapidly 
injected target within a reasonable distance and with realistic field strengths, a simple solenoid coil 
model will be used. Because typical target diameters are small (centimeter scale or less), a small-bore 
magnet can be used which should help reduce system mass and volume. Using a simple solenoid 
model also allows a ready calculation of axial and radial magnetic field strengths and gradients for 
use in the analytic and more advanced numerical models discussed below.

 Some initial constraints on the axial length of the field coil can be estimated by assuming the 
injected target must be compressed and burned before the external (driving) magnetic field diffuses 
into the target, and exhausted into a magnetic nozzle before it dissociates to prevent damage to the 
coil. The diffusion time (τ) for a magnetic field to penetrate through a conducting layer into a cylin-
drical target can be estimated as: 

 τ ≈ µσ Δr
2

,  (9)

where µ, σ, and ∆ are the permeability, conductivity, and thickness of the liner, and r is the radius. 
For typical liner materials, the diffusion time is roughly on the order of 10–3 s. For an assumed ini-
tial target velocity of around 10 km/s, the target will travel a distance of approximately 10 m before 
the external magnetic field will diffuse into the interior of the target. A more stringent constraint is 
associated with the compression and burn time of the target. For the same initial target velocity and 
a compression time on the order of 10 µs, the distance traveled by the target (assuming no slowing 
down within the coil) is around 10 cm, indicating that the coil needs to be sufficiently short to allow 
the target to compress and burn within this distance before expanding into the nozzle region. While 
more detailed estimates of coil length can be derived from the compression models, the initial analy-
sis indicates the magnetic field coil will likely be less than a meter in length.

 Once fusion is achieved and the plasma begins to expand, it must be directed into axial thrust. 
The initial assumption is that a magnetic nozzle will be used for this purpose, and a numerical model 
has been developed by UAH to simulate this effect.28 In this model the coil windings are grouped in 



12

stages, with the number of windings and current in each stage treated as variables. The field is high-
est at the throat and expands downstream. The axial field gradient can be increased by increasing the 
number of windings, the current, or both, at the throat section while decreasing the field on either 
side of the throat stage. An example of a simulated magnetic nozzle is presented in figure 5. Once the 
numerical modeling work underpinning the compression and burn physics is completed, the model 
will be integrated with the magnetic nozzle simulation to provide a complete system description. 
More immediately, a magnetic nozzle efficiency factor can be employed to estimate system perfor-
mance as discussed in section 2.4.

0 0.5 1 1.5 2 2.5

1

0.8

0.6

0.4

0.2

0

–0.2

–0.4

–0.6

–0.8

1

R 
(m

)

z (m)

F5_1805

Figure 5.  Example of magnetic field topology (stream lines) generated by coaxial windings 
 of magnetic field coils (yellow). Outline of representative nozzle walls 
 and chamber geometry are for illustrative purposes (adapted from ref. 28).

2.4  Estimating System Performance

 The analytic and numerical models developed under this Phase I activity provide an estimate 
of the fusion yield energy, which in turn can be used to roughly estimate the exhaust velocity of the 
plasma propellant. Equating the yield energy, E, to the directed kinetic energy of a propellant pro-
vides the following equation for the exhaust velocity, ve:

 ve = vz _ target +
2ηE
m

⎛
⎝

⎞
⎠

1/2
,  (10)

where vz_target is the axial velocity of the target imparted by the accelerator (taking into account 
any reduction*due to traversing the radial portion of the magnetic field gradient), m is the expelled  

*  The analytic model was used to determine the change in initial target velocity caused by radial magnetic field  
pressure within the magnetic field gradient. In general, the axial target velocity was reduced by less than 10%.
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propellant mass, and η is the efficiency at which the magnetic nozzle converts the uniformly expanding 
plasma into directed axial thrust. Values for η can vary widely, and the performance of the system 
will be more accurately represented through an integrated numerical simulation of the compression, 
burn, and expansion of the fusion plasma in the magnetic nozzle. However, for these preliminary 
Phase I estimates, a value of η  ≈  0.7 is assumed, consistent with recommended practice.29

 The specific impulse (Isp) of the system can then be estimated using

 Isp =
ve
g0

,  (11)

where g0 is the acceleration due to gravity (9.8 m/s2). The impulse (Ibit) provided by the pulsed 
exhaust is calculated by:

 Ibit = mve =
mIsp
g0

(N-s) .  (12)

 For a pulse repetition frequency f (Hz), the average thrust, Fave, provided by the system is 
given by:

 Fave = f (Hz) ⋅Ibit . (13)

Once the yield energy is defined, these equations can be used to estimate the performance of the 
system.

 The overall gain of the fusion system can be estimated using the ratio of the yield energy to 
the energy required to accelerate and preheat the target (driver energy). As with other systems, using 
a laser will incur inefficiencies in converting the input power to laser power, and in converting the 
laser energy illuminating the target to directed kinetic energy. For an input power (Pin) to laser power 
conversion efficiency ηin and a laser power to power on target (Ptarget) conversion efficiency ηtarget, 
the gain (G) may be defined as:

 G =
Pfusion

Pin
η in

⎛

⎝⎜
⎞

⎠⎟
+

Ptarget
η target

⎛

⎝
⎜

⎞

⎠
⎟

, (14)

where Pfusion is the fusion power released by the imploding target. Gains exceeding unity are clearly 
desired for efficient system operation, but high gains can also place severe stress on vehicle struc-
tures. Defining the optimum gain to produce desired vehicle performance is integrally connected to 
the mission performance modeling described in a later section, and ties to requirements on specific 
impulse, power, and mass. This iterative process between mission modeling and fusion system model-
ing is currently ongoing as part of the Phase I activity.
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3.  SEMI-ANALYTIC COMPRESSION MODEL

 A semi-analytic model is being developed to help evaluate initial concept feasibility and to 
provide initial approximations for magnetic field geometries, target fuel densities and initial veloci-
ties, target compression and heating, and fusion yields that could be used to guide more detailed 
numerical simulations and initial vehicle performance estimates. The model is based on the Semi-
Analytic MagLIF Model (SAMM) developed by McBride and Slutz30 for a terrestrial z-pinch geom-
etry, modified and adapted to the current concept with additional simplifications to be discussed 
below. Given the unique nature of the concept under investigation, the quantitative values predicted 
by the modified semi-analytic model cannot be readily validated and provide crude approximations 
at best. However, the qualitative results likely predict correct trends and thus can be used to guide 
a  smaller set of more accurate numerical simulations.

 In its present form, the analytic model used in the Phase I effort consists of several interlinked 
analytic expressions, encompassing fuel and magnetic field pressure terms, liner radial acceleration, 
optional fuel preheating, α particle energy deposition, radiative losses, ion and electron thermal 
conduction losses, fusion reaction rate calculations, energy balance, and gain calculations. Devel-
oped to simulate a z-pinch system, the original SAMM included circuit equations for axial current 
generation and corresponding induced azimuthal magnetic fields acting on a  stationary D-T fuel 
target. In the current model, a stationary magnetic field is assumed and a D-T target is injected into 
the field with a user-defined velocity. For simplicity, the initial model assumes a linear magnetic field 
gradient up to a maximum value of magnetic field within the coil, after which the field is assumed to 
remain constant within the coil. This is fairly consistent with numerical simulations of solenoid coil  
magnetic fields and associated axial gradients, an example of which is shown in figure 6.
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Figure 6.  Example of:  (a) Half-plane contours for axial magnetic field strength half-plane 
 contours (coil geometry in black box) and (b) corresponding axial magnetic field 
 strength along the magnetic centerline as a function of axial position.
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 User-defined inputs to the analytic model include the magnetic field coil radius, maximum 
axial magnetic field within the coil, axial magnetic field gradient, target outer radius and liner thick-
ness, target length, liner material (currently Al, Be, or Li), the initial target D-T fuel mass density, 
initial target fuel temperature, initial target axial velocity, initial axial magnetic field internal to the 
target, and options to include target preheating, α-heating, radiation losses, ion and electron radial 
thermal conduction losses, and magnetic nozzle efficiency. Time steps and total run times are also 
defined. With these inputs, the model runs through a series of calculations at each time step, following 
the block diagram outlined in appendix A. The equations corresponding to each block function are 
described below.

3.1  Liner Radial Acceleration

 For this initial simplified model, it is assumed that the target liner is incompressible and 
remains at a constant thickness during compression. This is a gross simplification compared to the 
SAMM model, which treats the liner as multiple shells with corresponding material equations of 
state and dynamics to estimate liner compression during implosion. With a rigid liner the current 
model will likely overestimate the amount of target compression and the corresponding energy 
release compared to the more realistic SAMM liner model. While a compressible shell model is being 
considered for a later version of the current model, the initial simplification of a rigid liner provides 
a useful starting point for analyzing performance trends.

 Ignoring internal liner shell pressures, the radial acceleration of the fuel-liner interface !!rfl( ) 
is  given by

 !!rfl =
Pf +PBi −Pli

ml / 2
⋅2πrf L  (15)

and that of the liner-vacuum interface !!rlv( ) is given by

 !!rlv =
Plv

−PBv
ml / 2

⋅2π rlL ,  (16)

where Pf is the isobaric (ideal gas) fuel pressure, PBi  is the magnetic field pressure internal to the 
target, Pli  is the liner pressure facing the fuel, Plv  is the liner pressure facing the vacuum, PBv

is the 
magnetic field pressure external to the target, ml is the liner mass, rf is the fuel radius, rl is the external 
target radius (including liner), and L is the liner length. In this approximation, half  the liner mass is 
attributed to the liner-fuel interface and half  to the liner-vacuum interface. For an incompressible 
liner, Pli  =  Plv  and the radial acceleration of the fuel-liner interface is equal to the radial accelera-
tion of the liner-vacuum interface. As such, equations (15) and (16) can be combined to provide an 
expression for the radial acceleration of the target liner:

 !!rl =
2πL
ml

Pf +PBi −PBv( )rl − Pf +PBi( )Δ ,  (17)
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where ∆ is the thickness of the (incompressible) liner. Pressure values are calculated for each time 
step, and the radial acceleration is updated. From this updated acceleration, the liner radial velocity 
and radial position can then be determined at each step.

3.2  Pressure Terms

 The following are pressure terms:

• The isobaric fuel pressure is given by Pf   =  ρRTf, where ρ is the fuel mass density, R is the universal 
gas constant, and Tf  is the fuel temperature.

• Magnetic field pressure internal to target: 

 PBi
=
Bi
2

2µ0
.  (18)

Here, Bi is the internal magnetic field strength and μ0 is the permeability of free space. During target 
compression, the internal magnetic field increases as the initially trapped magnetic flux is compressed 
into an ever-shrinking radius. For an initial trapped magnetic field Bi0 and target radius r0, the mag-
netic flux ϕi confined within the uncompressed target is: 

 ϕi = Bi 0 π r0
2( ) .  (19)

 Assuming the magnetic flux remains constant during compression (no flux leakage), the mag-
netic field Bi at target radius r is then: 

 Bi =
Bi 0 π r0

2( )
πr2

= Bi 0
r0
r

⎛
⎝⎜

⎞
⎠⎟
2

.  (20)

 For even modest compression ratios (r0 /r), an initially trapped magnetic field of a few to sev-
eral Tesla within the target can significantly increase to axial field values sufficient for trapping fusion 
α particles and suppressing the radial thermal conduction of ions and electrons.

• Magnetic field pressure external to target:

 PBv
=
Bv
2

2µ0
.  (21)

 For the simple version of the code developed under Phase I, the vacuum magnetic field is 
assumed to consist of a gradient region followed by a maximum constant axial field within the coil. 
As noted in a prior section, the axial gradient is assumed to be linear to simplify the analytic model. 
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It is assumed that any magnetic flux external to the target does not penetrate the liner during com-
pression (compression time << field diffusion time). The flux within the solenoid coil prior to target 
entry is given by: 

 ϕv = Bv0 πrc
2( ) , (22)

where Bv 0 is the initial vacuum magnetic field within the coil and rc is the solenoid coil radius. As the 
target enters the coil the flux will be compressed between the target liner and the internal coil wall: 

 ϕv = Bvπ rc
2 − rl

2( ) .  (23)

 For conserved flux, the displaced magnetic field external to the liner as the target traverses the 
coil is then given by:

 Bv =
Bv 0 rc

2( )
rc
2 − rl

2( ) .  (24)

For an initial target radius close to the inner coil radius, the compressed flux can significantly increase 
the magnetic field strength between the coil and target, in turn providing enhanced magnetic field 
pressure to compress the target.

3.3  Energy Terms

 The total fuel energy changes during each time step due to multiple heating and cooling 
terms, which are described in detail in McBride and Slutz30 and summarized below:

• Adiabatic heating !Ead( ) :   The adiabatic heating rate is given by !Ead = Pf !Vf , where Pf  is the inter-
nal isobaric fuel pressure (defined above) and !Vf  is the change in fuel volume calculated at each time 
step.

• Fuel preheating !Epre( ) :  As noted, several ground-based experiments and simulations have demon-
strated significant improvements in final compressed fuel temperatures if  the fuel is preheated prior 
to compression. In most cases, this is accomplished via pulsed, high-intensity laser illumination of 
the target to raise the fuel temperature several tens to hundreds of eV just prior to implosion. The 
SAMM code30 includes laser preheating through a target window, simulating recent Sandia experi-
ments. For this more simple initial model, the analysis includes an option to ramp the fuel tempera-
ture from an initial temperature to a user-defined temperature over a given time period. The time 
period can be adjusted to provide a temperature change before the target enters the gradient region, 
or during traversal of the region prior to the start of radial compression. While crude, it offers at 
least an initial ability to investigate the effects of preheated fuel temperatures on the performance 
of the concept.
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• α particle heating !Eα( ):  If  the axial magnetic field internal to the target is sufficiently strong at 
compression, the α particles released during D-T fusion will be trapped and deposit some fraction 
of their energy into the fuel. For a given α particle energy Qα, the fraction fα of  energy deposited in 
the fuel is given by:30

 fα =
xα + xα

2

1+
13xα
9

+ xα
2

 (25)

with

 

xα = 8
3

rf
lα

+ b2

9b2 +1,000

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

 (26)

and

 lα = 4π∈0( )2 ⋅ 3
4 2π

⋅
mαvα 0 kTf( )3/2
neZα

2qe
4me

1/2 lnΛ
, (27)

 b =
rf
rαL

, (28)

and

 rαL =
mαvα 0
ZαqeBi

.  (29)

In the above, lα is the mean free path of an α particle, mα is the α particle rest mass, vα 0 is the initial 
velocity of the α particle = 2Qα mα( , where Qα is the α particle energy), Zα is the α charge (=2), 
rαL is the α particle Larmor radius, and ln(Λ) is the Coulomb logarithm. Using these equations, the 
heating rate due to α particle energy deposition is then given by:

 !Eα = !ND-TQα fα , (30)

where !ND-T  is the D-T reaction rate, discussed in a later section.

• Radiative cooling:  The initial radiative cooling term included in the simplified analytic model was 
limited to bremsstrahlung radiation, given by: 

 !Er = 1.57 ×10
−40Zf ni ne Tf ⋅ πrf

2L( ) ,  (31)
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which assumes a constant density and temperature over the entire fuel volume, and an optically 
thin volume emitter. This radiative model significantly overestimated the fuel cooling rates, and in 
many cases, overwhelmed the heating terms to prevent any temperature rise in the plasma. While 
circumstances can exist where radiative cooling can exceed adiabatic and other heating sources, the 
rapid radiative energy loss observed in several cases for the initial analytic model was somewhat 
suspect, leading to the need for a more accurate approach. As such, the gray radiation model dis-
cussed in McBride and Slutz30 seemed a more suitable representation. The gray model incorporates 
two-temperature effects as well as liner radiation absorption and reemission. Due to the limited 
time remaining on the Phase I activity, a simplified version of the gray model was adapted for the 
current analysis. In this adaptation, the volume radiation (Prv) is set equal to the gray body surface 
radiation (Prs), with the terms defined as:

 Prv = Abr ⋅2πL ⋅Zf ni ne Tf 1−
TB
Tf

⎛

⎝
⎜

⎞

⎠
⎟

4⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥0

rf∫ rdr  (32)

 Prs = 1−αs( )σTB4 ⋅2πrf L ,  (33)

where Abr  =  1.5  ×  10–40 m3 K–1/2 J/s, L is the length of the cylindrical fuel element, Zf  is the aver-
age ionization state of the fuel, σ is the Stefan-Boltzmann constant, Tf is the fuel temperature, TB 
represents the brightness temperature, and αs is the albedo of the liner’s inner surface (typically 
≥0.9). In the simple analytic model used here, the albedo is set to 0.9, and number densities and 
temperatures are assumed uniform over the fuel volume. With these approximations, the equations 
are set equal and the brightness temperature, TB, is solved and used to determine the total radiated 
power at each time step.

• Thermal conduction cooling !Etc( ) :  The SAMM code30 differentiates fuel regions into a high 
temperature central hot spot and cooler shelf  region, which provides a well-defined radial thermal 
gradient for thermal conduction to occur. The simplified model used here assumes a uniform volu-
metric fuel density and temperature, and instead uses an assumed linear radial thermal profile to 
approximate potential thermal conduction losses. In this instance, the energy loss rate due to elec-
tron thermal conduction is given by:30

 !Etc,e = 2πrL ⋅κe ⋅k
∂Tf
∂r

≈ 2πrL ⋅κe ⋅k
Tf
r

≈ 2πL ⋅κe ⋅kTf ,  (34)

where k is Boltzmann’s constant, L is the target length, and κe is the electron thermal conduction 
coefficient perpendicular to the axial magnetic field internal to the target: 

 κe =
nekTf τei

me
⋅

6.18+ 4.66xe
1.93+ 2.31xe +5.35xe

2 + xe
3 .  (35)

Here, ne is the electron number density, me is the electron rest mass, xe is the electron Hall param-
eter, defined as xe ≡ωceτei ,   where ωce is the electron cyclotron frequency and τei is the average 
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electron-ion collision time. Similarly, for ions, the energy loss rate due to ion thermal conduction is 
given by:30

 !Etc, i = 2πrL ⋅κ i ⋅k
∂Tf
∂r

≈ 2πL ⋅κ i ⋅kTf  (36)

with 

 κ i =
ni kTf τ ii

mi
⋅

2.645+ 2xi
2

0.677 + 2.7xi
2 + xi

4 , (37)

where ni is the ion number density, mi  is the average ion mass, xi is the ion Hall parameter, defined 
as xi  ≡  ωciτii, ωci is the ion cyclotron frequency, and τii is the average ion-ion collision time.

 The total thermal conduction loss term is then given by:

 !Etc = !Etc,e + !Etc,i .  (38)

• End losses !Eend( ): Particles escaping from the ends of the target during compression constitute 
an additional energy loss term, as well as contributing to the loss of fuel mass. The expression for 
particle end losses is modeled after reference 30: 

 !Eend = 2 ⋅ 3
4

⎛
⎝

⎞
⎠

4 Ef
Vf

cf ⋅0

rf∫ 2πr ⋅dr = 2 ⋅ 3
4

⎛
⎝

⎞
⎠

4 Ef
Vf

cf ⋅ πrf
2( ) ,  (39)

where

 c f =
γ f pf
ρf

⎛

⎝
⎜

⎞

⎠
⎟

1/2

 (40)

is the speed of sound in the fuel region and γf  =  5/3 is the ratio of specific heats for an ideal gas. 
For this initial evaluation, it is assumed that particle losses are identical from each end of the tar-
get (yielding the factor of 2 in equation (39)) and that the fuel pressure and density are uniform 
throughout the fuel region. In addition to energy loss, the loss of particles from the ends of the 
target also creates a mass loss, which is further discussed in section 3.5.

3.4  Net Energy Change and Fuel Temperature

 The combined effect !Ef( )  of  the energy gain and loss terms is given by the expression:

 !Ef = !Ead + !Epre + !Eα − !Er − !Etc − !Eend ,  (41)
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which is evaluated at each time step to determine the net change in fuel energy. Multiplying !Ef  by the 
time step ∆t yields the net energy change in the fuel for each time step. The cumulative energy in the 
fuel, Ef, is then calculated, and from that total energy, an average fuel temperature can be determined:

 Tf =
2Ef

3k ND +NT +Ne( ) ,  (42)

where ND  , NT  , and Ne are the total number of deuterons, tritons, and electrons in the fuel. The 
initial numbers and number densities of D and T are determined from the initial user-defined fuel 
density and volume, which provides the fuel mass, Mf  . For this initial model, a 50:50 fuel mixture of 
D and T is assumed. For this approximation, the number of D and T atoms in the fuel is given by:

 ND = NT =
Mf

mD+mT( ) , (43)

where mD and mT are the deuteron and triton masses, respectively. The fuel mass will change as 
a  result of fusion events (fuel burnup), and N D and NT will change in equal proportion as each are 
consumed in the D-T fusion reactions. The rate of change for ND and NT are governed by fusion 
reaction rates, discussed below. The number of electrons is assumed to be given by Ne  =  ND  +  NT; as 
the fuel temperature rises above several electronvolts, the fuel becomes nearly fully ionized and each 
atom gives up one electron. A more detailed ionization model is being evaluated for inclusion in the 
model, but for this initial analysis, the approximation of full ionization due either to laser preheat-
ing or to adiabatic heating shortly after the start of target compression appears justified based on an 
initial Saha ionization analysis. The number of each species divided by the fuel volume provides the 
number density (ns) for each species, which will change as the fuel volume changes during compres-
sion and as D and T ions are consumed by fusion reactions.

3.5  Fusion Reaction Rates

 Consistent with the SAMM model, the D-T reaction rate used in the simplified model is:

 !ND-T = L nDnT σv D-T ⋅2πr ⋅dr
0

rf∫ ,  (44)

where nD and nT are the fuel deuteron and triton number densities, respectively, and σv is the reactiv-
ity parameter for D-T reactions. For D-T, the reactivity parameter is calculated as:30

 <σv >D-T=C1ζ
−5/6ξ2 exp −3ζ −1/3ξ( ) ,  (45)

 ζ = 1−
C2Tf, keV +C4Tf, keV

2 +C6Tf, keV
3

1+C3Tf, keV +C5Tf, keV
2 +C7Tf, keV

3 ,  (46)
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and

 ξ =
c0

Tf, keV
1/3 , (47)

where Tf,kev is the fuel temperature expressed in units of keV, and C0–C7 are fitting parameters used 
in SAMM and reproduced below for D-T fuel (table 1).

Table 1.  Coefficients for reaction rate calculations (adapted from ref. 30).

Coefficient DT Fuel
C0 6.6610

C1 × 1022 630.5
C2 × 103 15.136
C3 × 103 75.189
C4 × 103 4.6064
C5 × 103 13.500
C6 × 103 –0.10675
C7 × 103 0.01366

 For the model presented here, the number density and temperature of the D-T fuel is assumed 

to be uniform, which simplifies the reaction rate to !NDT_ fus = nDnT σv DT πrf
2L .  The rate at which 

the numbers of D and T ions are reduced due to fusion reactions is then given by:

 !ND_ fus = !NT_ fus = − !ND-T_ fus .  (48)

 Ignoring for now any secondary reactions, the rate at which deuterons and tritons are lost 
to D-T fusion reactions is also the rate at which neutrons are produced (one 14.1 MeV neutron per 
reaction), allowing the neutron number to be tracked for later fluence calculations.

 As previously noted, particles will also be lost from the ends of the target during compression 
and heating, constituting an additional change in ion number and number density within the fuel 
region. The rate at which particles are lost from each end of the cylindrical fuel region are assumed 
here to be equal, and given by:30

 !ND_ ends = !NT_ ends = −2 ⋅ 3
4

⎛
⎝

⎞
⎠

4
nD,T ⋅cf ⋅2πr ⋅dr = 2 ⋅ 3

4
⎛
⎝

⎞
⎠

4
⋅nD,T ⋅cf ⋅

0

rf∫ πrf
2( ) , (49)

where again the factor of 2 accounts for particle losses from both ends and uniform pressure and 
density are assumed throughout the fuel region. 
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 The rate at which particles are lost from the fuel region due to fusion reactions and end losses 
is then given by:

 
!ND = !ND_ fus + !ND_ ends

 !NT = !NT_ fus + !NT_ ends .  (50)

The values of !ND and !NT are multiplied by the time step ∆t and used to update the total ion number 
remaining at each time step 

 The fusion power at each time step is then estimated by:30

 PD-T=
!ND-T ⋅QD-T , (51)

which in turn is used to estimate the fusion energy released at each time step, ND-TQD-T. This energy 
value is then summed over the total simulation time to provide the total energy yield, which is used 
to provide estimates of engine performance (sec. 2.4).
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4.  ANALYTIC MODEL:  PRELIMINARY RESULTS

 The simplified semi-analytic model was used to investigate the effects of various parame-
ters on system performance; e.g., changing the initial target radius, density, and velocity; changing 
the strengths of the magnetic field gradient and maximum external axial field; and evaluating the 
impacts of the various heating and cooling terms discussed in section 3.3. The following sections dis-
cuss several key results in more detail, with a summary table of key trades and performance impacts 
provided in appendix B. Given the approximations made in the simplified analytic model, the quan-
titative values discussed below are likely optimistic. However, the trends appear reasonable and can 
be used to provide guidance for the more detailed numerical simulations to follow.

4.1  Model Check:  Adiabatic Compression

 As this is a new concept, there are no readily available codes or experiments against which to 
compare the analytic model results. A limited evaluation of model accuracy was performed by com-
paring the maximum predicted fuel temperature due to adiabatic compression against well-known 
analytic solutions for adiabatic compression heating. This provides some reassurance that key energy 
terms are being evaluated correctly, but again, an appropriate amount of caution should be used 
with the quantitative analytic model values presented in this TP.

 An exact analytic expression for heating an ideal gas by adiabatic compression alone is given by:31 

 T =T0
r0
r

⎛
⎝⎜

⎞
⎠⎟
4/3

, (52)

where r0 and r are the initial and compressed fuel radius, T0 and T are the initial and compressed fuel 
temperatures, respectively. Three test cases were run to compare the adiabatic compression tempera-
tures predicted by the model against the exact analytic expression. The value of the compression ratio 
calculated by the model was used along with the initial fuel temperature to determine the final fuel 
temperature per equation (52). In each case the target outer liner radius was set at 1 cm, liner thick-
ness at 0.16 cm (for an aspect ratio of 6), external vacuum field at 30 T, gradient field at 100  T/m, and 
initial fuel density at 0.05 kg/m3. Initial fuel temperature and initial internal magnetic field values 
were changed to affect the maximum compression ratio. Results of the trials are presented in table 2.
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Table 2.  Predicted and analytic adiabatic compression fuel temperatures for various 
 initial conditions.

Initial Fuel 
Temperature 

(eV)

Initial Internal 
Magnetic Field 

(T)

Fuel Compression 
Ratio 

(Model)

Temperature (eV) 
at Compression 

(Model)

Temperature (eV) 
at Compression 

(Eq. (48))
Percent 

Difference
1 1 34.7 105 112.9 7
1 2 17.2 42.8 44.3 3.4

50 1 33.2 5.02 × 103 5.33 × 103 5.8

 In general the semi-analytic model does well at predicting the fuel temperatures due to adia-
batic compression. While the remaining terms do not lend themselves as easily to an analytic com-
parison, the results for the adiabatic heating term provide some confidence in the solutions presented 
for the semi-analytic model.

4.2  Initial Target Density

 Changing the initial target fuel density changes not only the amount of fuel present in the 
target but also the compression dynamics. Low density targets may not provide sufficiently high 
reaction rates during compression for significant fusion to occur, limiting the yield. Conversely, high 
internal pressures generated in higher density targets at lower fuel temperatures may prevent signifi-
cant compression and fuel heating, again limiting reaction rates and energy yield.

 The initial target density was stepwise evaluated from a low of 0.01 kg/m3 to a high of 0.1  kg/
m3. The initial target injection velocity was 10 km/s, the outer (Be) liner radius was 1 cm with an 
aspect ratio of 6 (liner thickness of 0.16 cm), and a target length of 5 cm. The initial fuel temperature 
was set to 1 eV with a maximum preheat temperature of 500 eV (occurring as the target traversed 
the gradient region). The maximum axial magnetic field produced by the coil was set to 30 T, with 
an axial gradient of 100 T/m; e.g., rising from 1 to 30 T in approximately 30 cm. The initial internal 
target axial magnetic field was set to 1 T. The only change in initial conditions for each run was the 
fuel density, and the impact on performance was primarily measured by the impact on yield, impulse, 
and Isp for each pulse. The change in Isp with initial target density is plotted in figure 7.
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Figure 7.  Specific impulse as a function of initial fuel density.

 For the same initial conditions, the Isp increases with increasing fuel density up to approxi-
mately 0.07 kg/m3, at which point the Isp rapidly decreases. Reviewing the runs at higher density 
values, the compressed fuel temperatures were limited to a few keV, too low for any significant fusion 
events to occur. As such, the target essentially underwent some radial compression but with no sig-
nificant additional heating as it traversed the coil and exited the system. An initial target fuel density 
of around 0.07 kg/m3 (0.07 mg/cc) thus appears close to optimum for the system under evaluation 
and was used for the subsequent performance trades discussed below.

4.3  Initial Target Radius

 Keeping the density constant at 0.07 kg/m3 and the other values as described above, the exter-
nal target radius was sequentially changed from 0.75 to 2 cm. The aspect ratio (ratio of external 
target radius to liner thickness) was kept at AR = 6 for each run, corresponding to the minimum AR 
value for stability quoted in the literature. The impact of changing radius on performance param-
eters was then evaluated, and the change in Isp as a function of target radius is shown in figure 8.
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Figure 8.  Specific impulse as a function of initial target radius.

 As shown in the figure, the Isp rapidly increases over a small change in initial radius, changing 
from approximately 1,000 s at 0.75 cm to a value approaching 18,000 s at a target radius of 1 cm, 
after which there is no significant change in performance with increasing target radius. As noted in 
appendix B, the yield at an initial target radius of 0.75 cm is approximately 4 orders of magnitude 
lower than the yield for target radii larger than 1 cm. For the assumed parameters, the small radius 
target was unable to reach the required compression densities and temperatures for significant fusion 
events to occur. 

4.4  Initial Target Velocity

 As described in section 1, the rapidly time-changing magnetic field used in standard θ -pinch 
experiments to induce a target liner current and cause compression (or equivalently to generate 
a  compressive axial magnetic field external to the liner) is replaced in this system with a conductively 
lined fuel target injected at high velocity along the axis of a superconducting coil. The combination 
of axial velocity and axial magnetic field gradient provides an effective time-changing magnetic field 
in the target frame of reference. As discussed in section 2.3, the time it takes the axial magnetic field 
to diffuse through the conductive liner is longer than the target compression time, and the unbal-
anced external pressure causes the target to implode. To evaluate the impact of initial target velocity 
on system performance, the target velocity was evaluated from 2 to 20 km/s, assuming a constant 
magnetic field gradient of 100 T/m. The initial target density was 0.07 kg/m3 and the radius was set 
to 1 cm for each run, with all other values the same as above. The results of changing the initial target 
velocity on Isp are shown in figure 9.
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Figure 9.  Specific impulse as a function of initial target velocity.

 For low target velocities, the Isp remains approximately equal to that of the initially accel-
erated target, traversing the systems without additional energy gain. However, at approximately 
10  km/s, there is significant additional energy gain from fusion events, with the Isp rapidly increas-
ing to approximately 18,000 s, and then slowly increasing at higher initial velocities. At the lower 
injection velocities, the apparent change in magnetic field does not sufficiently increase rapidly for 
significant compression to occur. At around 10 km/s, the changing magnetic field in the target frame 
of reference is sufficient to compress the target and initiate fusion, providing rapid additional energy 
gain and a correspondingly large increase in Isp. Beyond 10 km/s, there is minimal additional gain, 
accounting for the slower increase in Isp with increasing initial velocity. To minimize the amount  
of laser power required to accelerate the target, it appears that providing an initial target velocity of 
10 km/s may be sufficient to enable Isp values of interest.

4.5  Target Preheating

 Prior studies have shown the benefit of preheating the target fuel prior to compression to 
reduce the amount of compression required to reach fusion temperatures. To evaluate the effect of 
initial fuel temperature on performance, it was assumed that once the target reaches its injection 
velocity, a second high-energy laser pulse would be focused on the aft end of the target to generate 
a specified amount of heating as the target traversed the gradient field region (sec. 3.3). To evaluate 
the effect of fuel preheating on performance, the amount of preheating was varied from 50 to 750  eV, 
assuming a uniform temperature distribution within the fuel region. The initial target density was 
0.07 kg/m3, with an outer radius of 1 cm and initial injection velocity of 10 km/s. The remaining 
values are the same as above. The impact on Isp by laser preheating of the fuel is shown in figure 10.



29

2×104

1.5×104

1×104

5×103

0

I sp
 (s

)

0 100 200 300 400 500 600 700 800

Fuel Preheat Temperature (eV)

F10_1805

Figure 10.  Specific impulse as a function of uniformly preheated fuel temperature.

 For initial fuel temperatures below approximately 300 eV, very little additional energy gain is 
provided by the system. The compression of the target is insufficient to raise the initial temperature 
high enough for significant amounts of fusion to occur. Between 300 and 400 eV, the Isp rapidly 
increases as the compressed fuel conditions begin to support gainful fusion. Above roughly 400 eV, 
there is no significant increase in Isp with increasing initial fuel temperature for otherwise identical 
targets. Higher initial fuel temperatures would require a commensurate increase in laser heating 
power, with little additional benefit to system performance. Hence, preheating the target to approxi-
mately 400 eV appears sufficient to generate a significant fusion yield on compression.

4.6  External Magnetic Field

 The magnetic field produced by the superconducting solenoid coil creates the external axial 
magnetic field required to maintain inward radial pressure on the target during compression and 
heating. To evaluate the effect of external magnetic field strength on performance, the value of the 
maximum axial magnetic field was varied from 5 to 50 T. For these runs, the initial fuel density, radius, 
and target velocity were 0.07 kg/m3, 1 cm, and 10 km/s, respectively, with a fuel preheat temperature 
of 500 eV. A magnetic field gradient of 100 T/m was assumed in all cases. The results of changing 
the maximum external magnetic field on Isp are plotted in figure 11. Below approximately 30 T, there 
is little increase in Isp beyond that of the uncompressed target exiting the system. At approximately 
30 T, sufficient radial compression is achieved to initiate substantial fusion reactions, resulting in 
a  significant increase in energy yield and corresponding increase in directed exhaust velocity, again 
assuming a 70% magnetic nozzle conversion efficiency. Increasing the external magnetic field beyond 
30 T does not significantly increase the Isp and would require more advanced steady-state supercon-
ducting magnets than currently available. While higher external compression fields can be achieved 
using pulsed coils, the intent of the current study was to assess the viability of a steady-state super-
conducting magnet to alleviate the mass and complexities associated with high current pulsed power 
delivery systems. It appears that an axial magnetic field of approximately 30 T, currently at the limit 
of available superconducting magnet technology,27 may be sufficient for the concept to work.
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Figure 11.  Specific impulse as a function of axial magnetic field external to the target.

4.7  Internal Target Magnetic Field

 As noted in the prior discussion of pressure and energy terms (sec. 3), an initial axial mag-
netic field within the target prior to compression will increase as the square of the compression ratio 
(eq. (20)), assuming no magnetic field diffusion through the target occurs during the compression 
time. To evaluate the effect of initial internal magnetic field strengths on system performance, the 
internal magnetic field was varied from 1 to 5 T. The impact on Isp is plotted in figure 12.
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Figure 12.  Specific impulse as a function of initial target internal magnetic field.



31

 It is seen that the Isp drops off  fairly rapidly for initial internal target magnetic fields above 
approximately 2.5 T. An inquiry of the code results shows that above this value, and for the target 
and external magnetic field parameters described above, the maximum radial fuel compression is 
lower for higher initial target internal magnetic fields. As a specific comparison, the simple analytic 
model predicts a maximum fuel compression ratio of around 14 with an initial internal field of 2.5  T, 
while the compression ratio is closer to 6 with an initial internal field of 5 T. The lower amount of 
compression corresponds to a lower maximum fuel density and temperature, resulting in less fusion 
reactions, lower yield, and lower Isp. An internal magnetic field of approximately 1 T appears to pro-
vide a suitably high field on compression to mitigate radial thermal conduction and provide trapped 
α particle heating.

4.8  Magnetic Field Gradient

 As discussed in section 1, the concept uses a stationary magnetic field and rapidly injected 
target to generate the compression dynamics of more standard θ-pinch geometries. The axial target 
velocity and magnetic field gradient combine to mimic a rapidly time-changing magnetic field in the 
moving target frame of reference, creating the conditions necessary for radial compression. Assum-
ing a 10-km/s initial target velocity, 30-T external axial magnetic field, 1-T initial internal magnetic 
field, and a 1-cm radius, 0.07-kg/m3 target preheated to 500 eV (used for consistency during the trade 
study), the impact of magnetic field gradient on Isp is plotted in figure 13.
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Figure 13.  Specific impulse as a function of axial magnetic field gradient.

 The axial gradient of the magnetic field provided by the superconducting coil was varied from 
50 to 200 T/m, with a sharp increase in Isp observed for a gradient field value of around 100 T/m. At 
this value, the combination of initial target velocity and magnetic field gradient generated sufficient 
target compression for fusion reactions to occur, resulting in significant energy gain and a rapid 
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increase in Isp. Above 100 T/m, the energy produced by the target (assuming the same initial density, 
radius, etc.) does not significantly increase, but an inquiry of the code results shows the time to reach 
maximum compression was shorter (e.g., approximately 42 μs at 100 T/m versus 32 μs at 200 T/m). 
The combination of target velocity and higher field gradient appears equivalent to a higher rate of 
change of magnetic field in the target frame of reference, resulting in more rapid radial compression.

4.9  Liner Material

 Finally, the simplified model was run with three different types of liner material: Al, Be, and 
Li, to evaluate the effect of liner mass on target compression and corresponding system performance. 
The runs described in the sections above were performed with a Be liner, which is a good neutron 
reflector. The literature also reports models and experiments using Li and Al liners, so these were 
also evaluated in a limited set of runs for comparison with Be. No attempt was made to evaluate the 
various radiative or reflective properties of each liner; the comparisons were strictly to observe the 
effects of different liner densities on target compression. The set of generally optimized values found 
in the preceding sections, summarized here, were used in each liner simulation (table 3).

Table 3.  Target and magnetic field values used in liner material evaluation.

Initial Fuel 
Density 

Initial Liner 
Radius 

Aspect 
Ratio

Injection 
Velocity 

Fuel Preheat 
Temperature 

External 
B-Field 

Initial Internal 
B-Field 

Axial B-Field 
Gradient 

0.07 kg/m3 1 cm 6 10 km/s 500 eV 30 T 1 T 100 T/m

 To evaluate the effect of liner material on system performance, plots were obtained not only 
for Isp (fig. 14) but also for the yield (fig. 15) and impulse (fig. 16) provided per pulse.
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Figure 14.  Specific impulse as a function of target liner material.
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Figure 15.  Yield as a function of target liner material.
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Figure 16.  Impulse as a function of target liner material.

 Of interest, the Al liner did not achieve a significant energy yield under the assumed target 
and magnetic field conditions, while both the Be- and Li-lined targets reached similarly high-energy 
yields (1.7 × 108 J and 1.95 × 108 J, respectively). Because the Al liner did not achieve any appreciable 
energy gain, the Isp was similar to that of the initially accelerated target traversing the system. In 
the remaining two cases, the Isp increases as the liner material density decreases; e.g., the Be-lined 
target delivered approximately 18,000 s, compared to roughly 34,900 s for the Li-lined target. The 
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target properties outlined above correspond to a Be liner mass of 8.6 × 10–3 kg and Li liner mass of  
2.47 × 10–3 kg. The D-T fuel mass in each case is approximately 7.76 × 10–7 kg; hence, the target mass 
is dominated by the liner mass. Because the liner mass makes up the bulk of the total target mass, 
higher mass targets will have a lower directed exhaust velocity than lower mass targets for a given 
yield energy. The impulse delivered for each case shows the Li-lined target has a lower impulse than 
the Be-lined target (845 N-s versus 1,510 N-s, respectively), which again is primarily due to the lower 
mass of the Li liner. Per equation (12), the impulse is directly proportional to the exhaust mass and 
Isp. Substituting the values of mass and Isp for each target into that equation provides the impulse 
values noted in figure 16. Based on the analytic model predictions, a Li liner provides roughly a fac-
tor of 2 increase in Isp but about half  the impulse of a Be liner for an otherwise similar D-T target.

4.10  Pulse Considerations

 The results presented above were obtained assuming a total run time of 100 μs for each case.
However, the target may undergo compression followed by rapid expansion and a subsequent second 
compression during longer simulation periods, as shown in figure 17. The latter compression cycle 
in the model results from the target cooling on expansion to the point where external magnetic field 
pressure on the axially moving target can again cause contraction. This is most likely an artifact of 
the simplified analytic model. But even were it to physically occur, it would be more desirable to have 
the initial rapid expansion of the high temperature target (at this point a hot, radiating plasma) occur 
in the magnetic nozzle to provide directed thrust rather than a rapid expansion within the confined 
bore of the superconducting coil.

 As shown in figure 17, the first compression cycle reaches a minimum radius at a time of 
approximately 41.5 μs (the time between the target entering the magnetic field gradient and the time 
for maximum compression to occur). At this point the target begins to expand, and if  located in the 
magnetic nozzle, the radially expanding plasma would be redirected to provide axial thrust. This 
indicates that the superconducting coil preceding the magnetic nozzle should be relatively short. For 
an initial target velocity of 10 km/s, the magnet coil will be just over 0.4 m long. While this estimate 
needs to be verified with more detailed numerical modeling, it does indicate that reasonable super-
conducting magnet sizes and field strengths may be employed for the concept.
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Figure 17.  Target radius compression, expansion, and subsequent compression cycle.

 Although the initial compression time for the target is on the order of several tens of micro-
seconds, the period over which the target is accelerated to its axial injection velocity can be signifi-
cantly longer, subject to the engine’s pulse repetition frequency. Returning to section 2.2, a rough 
estimate can be made of the time required to accelerate the target to the desired injection velocity. 
The ablative acceleration model25,26 discussed in that section also derives the acceleration time (t) as 
a fraction of the time required to fully burn through the ablative target material (tb), which is related 
to the fraction of remaining target mass (mf) to initial target mass (m0): 

 1− t
tb

⎛

⎝⎜
⎞

⎠⎟
=
mf

m0
.  (53)

The burn time is given by:

 tb =
L0
Cc

⎛

⎝⎜
⎞

⎠⎟
n0
nc

⎛

⎝⎜
⎞

⎠⎟
, (54)

where L0 is the target diameter, Cc is the sound speed of the target material at the critical density nc, 
and n0 is the initial density of the ablated material. The critical sound speed is given by:

 Cc =
I

2ncmi

⎛

⎝⎜
⎞

⎠⎟

1/3

, (55)
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where I is the incident laser intensity (W/m2), and mi is the mass of an ablated ion (in this case, 
Be). From section 2.2, the critical density for a CO2 laser is nc = 2.52 × 1023 m–3. The density of Be 
is 1,850 kg/m3, and the ion mass is 1.5 × 10–26 kg, for an initial number density of 1.23 × 1029 m–3. 
Following section 2.2, a laser power of 10 kW provides a laser intensity on a 1-cm radius target of  
3.14 × 107  W/m2. Equation (7) then predicts a velocity of 1.8 × 105 m/s for the ablated Be ions. Sub-
stituting this into equation (8) indicates approximately 9% of the Be liner material was ablated to 
reach the required injection velocity of 10 km/s. Using equation  (55), the critical sound speed is 
equal to 1.1 × 103 m/s, and assuming a 10–2-m radius target, equation (54) then yields a burn time 
of 8.8  s. From equation (53), the time required to accelerate the target, with mf  /m0  =  0.91, is 0.76 s, 
substantially longer than the desired 0.1 s acceleration period. This indicates the laser power must 
be increased to more rapidly accelerate the target. Redoing the above calculations and assuming  
a laser power of 1 MW results in a laser intensity on target of 3.2 × 109  W/m2. The corresponding 
critical sound speed is 7.5 × 103 m/s, and the ablated material velocity is 1.84 × 106  m/s. The ratio of 
final to initial mass from equation (8) is 0.991, indicating that about 1% of the target mass is ablated 
to reach the desired 10 km/s injection velocity with the 1 MW laser. Using equation (54), the burn time 
is approximately 1.3 s, and from equation (53), the acceleration time is predicted to be 1.17 × 10–2 s, 
or roughly 12 ms. Similar calculations using Li as the ablative material show that a similar amount 
of ablative mass (~1%) is required to reach an injection velocity of 10 km/s with the 1 MW laser, but 
over a shorter acceleration period of 3.6 ms. Although very crude estimates, the analysis indicates that 
a sufficiently high-power laser incident on a Be- or Li-lined target for several milliseconds will rapidly 
ablate a small fraction of the liner material, providing sufficient axial acceleration of the target into 
the gradient field on a time scale suitable for multi-Hertz pulsed operation.

4.11  Optimized Case

 Based on the trades described above, an initial set of ‘optimum’ target and magnetic field val-
ues were defined to help guide more detailed SPFMaX numerical simulations of the D-T target implo-
sion physics and associated vehicle and mission designs. These values were used in additional runs of 
the analytic model with an abbreviated simulation time of 45 μs to capture target compression and 
the subsequent start of target dissociation/expansion. Separate runs were conducted for Li- and Be- 
lined D-T targets with otherwise identical target and magnetic field values to estimate the potential 
range of engine performance. Figures 18–24 provide comparisons of several key parameters for the 
Li- and Be-lined targets.

 As shown in figure 18, the external magnetic field applied by the superconducting coil is 
assumed constant for each case, with an axial gradient of 100 T/m leading to a maximum value of 
30 T within the coil. During compression, the initial 1-T axial field within the Li-lined target briefly 
reaches a maximum compressed value of approximately 730 T, while the internal axial field within 
the Be-lined target reaches a maximum value of around 1,100 T due to a slightly higher amount of 
fuel compression, as seen in figure 19.
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Figure 18.  External and internal magnetic field values for Be- and Li-lined targets.
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Figure 19.  Evolution of liner and fuel radius with time.

 Of interest, the Li-lined target reaches maximum compression at an earlier time than the 
Be-lined target. This is due to a more rapid radial acceleration of the lower mass Li liner for a given 
compression force compared to the Be-lined target.
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 Figure 20 displays the evolution of the D-T fuel density during compression. For the Li-lined 
target, the fuel density increases from the initial 0.07 kg/m3 to a value of approximately 37 kg/m3, 
while for the Be-lined target ,the fuel density increases to a value of 57 kg/m3 before the target begins 
to expand. Figure 21 displays the evolution of the D-T ions due to fusion and end losses during 
compression (sec. 3.5). For a 50:50 mixture of D-T, the evolution of ion number is identical for each 
species.
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Figure 20.  Evolution of D-T fuel mass density with time.
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Figure 21.  Evolution of number of D-T ions with time.
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 Figure 22 shows the evolution of the D-T fuel temperature as the target is compressed, with 
an expanded vertical scale to more clearly show the evolution. In each case there is an initial tem-
perature increase from 1 to 500 eV due to laser preheating, followed by heating due to adiabatic 
compression and a rapid increase in temperature as fusion begins to occur and the energy of the 
resulting α particles is trapped within the target and contributes to the rising fuel temperature. As the 
temperature rapidly increases, the internal fuel pressure eventually exceeds the compressive magnetic 
field force to cause the target to expand, reducing the internal fuel temperature.
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Figure 22.  Evolution of D-T fuel temperature with time.

 Figure 23 displays the areal density of the fuel during compression and subsequent expan-
sion, where the fuel areal density is equal to the fuel mass density multiplied by the fuel radius (ρR). 
Upon compression, the Li-lined target reaches a maximum ρR value of 0.12 g/cm2 (1.2 kg/m2), while 
the Be-lined target reaches an areal density of approximately 0.14 g/cm2 (1.4 kg/m2). These values 
(and corresponding fuel temperatures) are comparable to the ρR values for net energy production 
shown in the Lindl-Widner plot of figure 4.
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Figure 23.  Evolution of fuel areal density (ρR) with time.

 Figure 24 displays the cumulative fusion yield produced for each target. Upon ignition, the 
D-T fuel rapidly generates energy in the form of α particles and neutrons, with a combined energy 
release of 17.6 MeV (2.8 × 10–12 J) per fusion event.
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Figure 24.  Cumulative target yield as a function of time.
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 For sufficiently strong internal magnetic fields, the α particle energy (3.5 MeV) is deposited 
in the fuel and contributes to a rapid increase in the fuel temperature. If  not absorbed or reflected by 
the liner material, the 14.1 MeV neutron may escape the target and impact the surrounding magnet 
or support structure, depositing energy and causing embrittlement which must be taken into account 
in vehicle designs. The amount of neutrons produced during fusion and the cumulative amount of 
neutrons produced in each compression cycle are plotted in figures 25 and 26.
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Figure 25.  Evolution of neutron production with time.
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Figure 26.  Cumulative neutron production with time.
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 In each case a copious amount of neutrons are produced, approximately 5.8 × 1019 neutrons 
in the case of the Li-lined target and 5.4 × 1019 neutrons for the Be-lined target. The energy carried 
by these neutrons is 1.3 × 108 and 1.2 × 108 J, respectively, representing a significant deposition of 
energy into the surrounding structure during each pulse.

4.12  Summary

 The key performance results of this section are summarized in table 4, which displays the opti-
mized target and magnetic field values assumed in these final analytic runs and the corresponding 
estimates of engine performance. Although the results are undoubtedly optimistic given the simpli-
fying assumptions made in the model, they serve as an initial guide for the more detailed numerical 
simulations to follow.

Table 4.  Engine performance estimates for optimized target and magnetic field values.

Initial Fuel 
Density 

Initial Liner 
Radius 

Aspect 
Ratio

Injection 
Velocity 

Fuel Preheat 
Temperature 

External 
B-Field 

Initial Internal 
B-Field 

Axial B-Field 
Gradient 

0.07 kg/m3 1 cm 6 10 km/s 400 eV 30 T 1 T 100 T/m

Specific Impulse (s) Impulse (N-s) Yield (J) Gain (100% Efficiency)
Li Liner Be Liner Li Liner Be Liner Li Liner Be Liner Li Liner Be Liner
32,200 17,145 780 1,445 1.65 × 108 1.53 × 108 982 323
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5.  SPFMaX THREE-DIMENSIONAL NUMERICAL MODEL

 The primary simulation tool being developed under the Phase I NIAC effort is the Smooth 
Particle Fluid with Maxwell Equation Solver (SPFMaX), a 3D smooth particle hydrodynamic (SPH) 
numerical method.32 SPH is similar to other finite difference or finite element approaches to solving 
mass, momentum, energy, and Maxwell equations in that a set of discrete points are used to calculate 
the time rate of change of a model’s properties in one, two, or three dimensions. The SPH method 
was chosen in the development of SPFMaX because it conserves mass exactly and does not require 
a grid to subdivide the domain. This feature makes SPH an attractive method for modeling closed 
systems with fixed amounts of mass, such as the gradient field pellets. A  set of particles defines the 
shape and properties of the pellet and enables 3D simulations with a  laptop in a matter of minutes 
or a few hours. In spite of the criticisms frequently applied to the SPH method, SPFMaX resolves 
shocks, heat transfer, viscosity, radiation, etc., and thus far has done so on various test cases to 
within 10% accuracy for 3D problems. SPFMaX is considered an effective design tool for supporting 
fusion and other advanced propulsion experiments.

 For completeness, the theory behind SPFMaX is included below. At the heart of the code is 
the kernel approximation, which is common to all SPH methods, where properties are modeled with 

 Aa (r) = A( ′r )W(r −∫ ′r , h)d ′r ,  (56)

where A is any property (like temperature, pressure, etc.), subscript a means point a, r is the position 
of point a in space, and W is the interpolating kernel function. In the limit that h → 0, W becomes 
the direct delta function and the expression becomes exact. Any function can be approximated in this 
way, and this is the first assumption of SPH. The second is to replace the integral with a summation, 

 Aa = AbVbWab(r − ′r , h)
b
∑ , (57)

where Vb is the volume of the neighboring particles b. This is called the summation or particle 
approximation. The kernel function W is usually a Gaussian-like or cubic b-spline function which 
goes to zero at some κ h, where κ = 2 normally. Gradients can be approximated as:

 ∇Aa = AbVb∇Wab(r − ′r , h)
b
∑ . (58)

 In SPFMaX, the cubic spline function is used because of its simplicity and compact support 
at a  radius of 2h away from the test particle. The cubic spline is given by 
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1
4πh

ab3
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⎭

⎪
⎪
⎪
⎪
⎪
⎪

.  (59)

The key to implementing any SPH method properly is to have an accurate list of neighbors for each 
particle and a compact support distance h which scales the kernel function and its gradients so the 
following constraints are satisfied:

 VbWab = 1
b
∑  (60)

and 

 Vb∇Wab = 0
b
∑ ,  (61)

where V is the particle volume, given by

 Va =
ha
3

η3 ,  (62)

and η is a flexible parameter that is fixed at a value of 1.11 in SPFMaX. It scales the ratio of h to the 
particle’s true radius. In practice, it is very difficult to choose a compact support distance for each 
particle to satisfy the equations above everywhere at every time step.

 SPFMaX solves the single fluid equations of motion. Conservation of mass is given by

 
∂ρ
∂t

+∇⋅(ρu) = 0 ,  (63)

where ρ (kg/m3) is the mass density, u is the velocity vector, and t is time. SPFMaX solves conserva-
tion of mass exactly because the continuity equation is not solved. Rather, density is determined by 
the particle mass divided by the particle volume, where the mass is a constant property of the par-
ticles. SPFMaX computes the density from: 
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 ρa =
ma
Va

.  (64)

 The momentum equation for a single fluid is given by

 ∂u
∂t

= − 1
ρ
∇p+∇⋅τ + 1

ρ
j ×B , (65)

where p is the static pressure and τ is the deviatoric viscous stress tensor. The single temperature 
energy equation (Ti = Te = T) is given by:

 
∂e
∂t

= − p
ρ
∇⋅u + τ

ρ
∇⋅u −∇⋅(k∇T )− 4σT 4χPlanck +

η
ρ
j 2 ,  (66)

where k is the thermal conductivity, σ is the Stefan-Boltzmann constant, T is temperature, and χPlanck 
is the single group Planck emission opacity. Alternatively, if  the optical thickness 1/(ρχPlanck) is of 
the same order or smaller than the particle scale h, then radiation can be modeled as a diffusion pro-
cess by adding an additional term to the overall thermal conductivity: 

 ktotal = k + kRoss = k +
4acTe

3

3ρχRoss
,  (67)

where a = 4σ  / c is the radiation density constant. If  the temperature is split between ions and elec-
trons, then the two temperature energy equations are given by: 

 
∂ei
∂t

= −
pi
ρ
∇⋅u + τ

ρ
∇⋅u −∇⋅(ki∇Ti )+Qei  (68)

and

 
∂ee
∂t

= −
pe
ρ
∇⋅u −∇⋅(ke∇T )− 4σTe

4χPlanck −Qei +
η
ρ
j 2 , (69)

where

 
Qei =

3meZk

mi
2

Te −Ti( )
τe

 (70)

and the electron collision time is:33
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 τe =
3

4 2π
mi me
Zρ

kTe( )3/2
λ

4πε0( )2
q4

. (71)

 The NIAC-funded gradient field project posed some challenges to the existing gradient field 
solver, which propagates electric and magnetic fields via the scalar and magnetic vector potentials 
using second-order time derivatives, 

 
∂2φ
∂t2

= c2 ∇2φ +
ρc
ε 0

⎛

⎝⎜
⎞

⎠⎟
 (72)

and

 
∂2A
∂t2

= c2 ∇2A + µ0 j( ) ,  (73)

where φ is the electric scalar potential, c is the speed of light in a vacuum, ε0 is the permittivity of 
free space, A is the magnetic vector potential, μ0 is the permeability of free space, and j is the current 
density vector. The model works well for propagating waves from current and charge density sources, 
but in steady state, the second-order derivatives have to balance exactly with the source terms, oth-
erwise, the fields can grow rapidly. In steady state, which is a good approximation when the time for 
an electromagnetic wave to propagate from the source to a point of interest is short with other time 
scales in the model, the magnetic and vector scalar potentials are:

 A (r,t) =
µ0
4π

j( ′r , ′t )
r − ′rΩ∫ d3 ′r  (74)

and

 
φ (r,t) =

µ0
4πε0

ρ ( ′r , ′t )
r − ′rΩ∫ d3 ′r .

 (75)

The challenge with these equations is that the integrals have to be evaluated over the entire computa-
tional domain, so that if  each SPH particle had a finite charge or current density, it would be felt by 
every other particle in the domain, making the method computationally expensive. To overcome this, 
the source terms are gathered to point sources in a subset of the points to approximate the sources, 
while avoiding a set of N2 number of calculations. The electric field is computed from φ and A with

 E = −∇φ − ∂A
∂t

 (76)

and the magnetic field is calculated with

 B = ∇×A .  (77)
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Evaluating B in this way ensures that — ◊B = 0  is enforced exactly.

 The source terms used to propagate fields are either determined from boundary conditions, 
such as from an external field coil, or via solution to a system of self-consistent transmission line 
equations which propagate current and potential changes in the SPH particles. Figure 27 is used to 
explain how the model works. The green circuit represents an example of an external circuit which 
drives current, voltage, electric, and magnetic fields inside the computational domain. The computa-
tional domain is represented by the red, gray, and black physical SPH particles and the cyan (electric) 
and yellow (magnetic) field particles, where the electric and magnetic field points are staggered as 
shown in the figure.
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Figure 27.  Example of external circuit and connections to anode and cathode of a z-pinch 
 with SPH particles (red, gray, and black) immersed in electric particles (cyan) 
 and magnetic particles (yellow).
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 For an external circuit, which can be modeled as a series of transmission line sections (includ-
ing simple RLC circuits, Marx banks, pulse forming networks, and linear transformer drivers), the 
equations are:

 

!V1 =
I1
C1

,

 

 ( )= − −I
L

V R I V
1

,T1
1

1 1 1 ,1

 

!VT,1 =
IT
CT

I1 − IT,1
Δz

⎛
⎝⎜

⎞
⎠⎟
,

 

!VT,i =
IT
CT

IT, i−1 − IT, i
Δz

⎛
⎝⎜

⎞
⎠⎟
i = 2 toN ,

 

!IT,i =
IT, i
LT, i

VT, i −VT, i+1
Δz

⎛
⎝⎜

⎞
⎠⎟
−
IT, iRT, i
LT, i

i = 1toN −1 ,

 !IT,N = 1
LSPH

φSPH,pos−φSPH,neg( )− IT,NRT,NLT,N
,  (78)

where the subscript T refers to a transmission line section. Note that the nodes N of  the transmis-
sion line could be capacitors with their own initial charging voltage or could be bus bars or other 
passive elements transferring the current and voltage from the capacitor bank to the SPH particles. 
The last equation, for the time rate of change of current, is directly connected to the SPH particles 
through the potential difference between the positive and negative SPH particles where the circuit 
is connected, and the potential is taken to be the mean value for each of the positive and negative 
electrode leads.

 For all SPH particles, the transmission line equations for the physical SPH particles are given as:

 ∂φ
∂t

⎛
⎝⎜

⎞
⎠⎟ a

= − I
′C

⎛
⎝

⎞
⎠ a

,  (79)

where n is a unit normal for each face of the particle and C  ′ is the capacitive gradient per particle. 
The current I in each particle is advanced in the x, y, and z directions with
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∂In
∂t

=
−
∂φn
∂n

− v ×B( )n +
∂R
∂n

In
∂Ln
∂n

, n = x,y,z , (80)

where

 Rn =
ρl
An

.  (81)

 Current density in each particle is given by:

 jn =
In
An

 (82)

and charge density by: 

 
∂ρ
∂t

= 1
vol

I ⋅n ,  (83)

where the In term is the net current into the particle. In order to connect the external circuit to the 
SPH particles, the current from the external circuit is added to the positive and negative SPH par-
ticles where the circuit is connected. This will add potential to those boundary particles at a rate of 
I /C. Also, these boundary particles are set with a total current rise rate equal to !IT,N  from the exter-
nal circuit transmission line equations above.

5.1  SPFMaX Preliminary Results

 A preliminary model has been developed for target injection into a converging/diverging mag-
netic field coil. Figure 28 displays the notional converging/diverging nozzle geometry, showing (a) the 
coil windings and (b) the magnetic streamlines.
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Figure 28.  Magnetic field coil:  (a) With converging/diverging windings 
 and (b) with magnetic field streamlines.
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 A simulated fuel target was launched at 2 km/s into the entrance of the coil, with the sequen-
tial evolution of target density displayed in figure 29. Although not shown in the figure, an azimuthal 
current was induced on the surface of the pellet caused by the gradient field, further validating the 
physics of the gradient field imploding liner concept. Plans to further verify the magnetic flux com-
pression algorithms using a known test case are discussed in section 5.2.
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Figure 29.  Sequence of target propagation through the entrance of a magnetic field coil:
 (a) 0 ns, (b) 500 ns, (c) 1,000 ns, and (d) 1,500 ns.

 Figure 30 shows a plot of the 3D target entering the mouth of the coil. It is difficult to 
see against the other details in the plot, but the current is induced on the surface of the pellet as  
a result of the vz ∂Bz ∂z  term. Qualitatively, this provides independent validation of the concept, but  
additional verification remains to be performed using the test case described below.
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Figure 30.  Preliminary simulation of the gradient field propulsion system.

5.2  Verification Test Case Plan

 Among the more relevant subjects in which the physics overlap with the gradient field fusion 
concept is magnetic flux compression. Typically, magnetic flux compression generators are devices 
that convert part of the energy contained in high explosives into electromagnetic energy (fig. 31). 
These have application where weight and volume are limited. In general, explosives are used to com-
press an initial magnetic flux by driving a conductive surface that contains the flux. These conductors 
work on the magnetic field by moving against them, resulting in an increase in the electromagnetic 
energy. This energy comes from the explosives and is transmitted to the conductors. 
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Figure 31.  Flux compression generator illustration:  (a) A conductive plate with a seed current 
 and seed field traps flux between itself  and a bottom conductive plate. Explosives 
 or other force push the plate down with a negative vertical velocity and (b) the top 
 plate and compressed area between the plates. The flux is conserved, and the current
 rises under conditions discussed in the text.
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 The modeling of such devices is documented in Fowler and Altgilbers.34 Conservation of flux 
gives
 φ = B0λx0 = φ(x) = Bλx ,  (84)

where λ is the plate width and x0 is the initial plate spacing. The magnetic pressure is 

 PM = B2

2µ0
.  (85)

 The initial magnetic energy is obtained by multiplying this by the volume:

 E0 =
B0
2

2µ0
λωx0 ,  (86)

where ω  is the plate depth into the page. As the conducting plate moves downward, the energy is 

 E(x) = B2

2µ0
λωx .  (87)

 Using the expression for the magnetic flux,

 E(x) =
B0x0 / x( )2

2µ0
λωx =

B0( )2
2µ0

λωx0
x0
x

= E0
x0
x

.  (88)

 It is desirable to relate the magnetic field to the current. For the plate geometry, this is 

 B = µ0
1
ω

.  (89)

The generator inductance is then 

 L(x) = µ0λ
x
ω

.  (90)

Thus, the flux becomes

 φ = L0I0 .  (91)

As the conductor moves, the flux is

 φ(x) = L(x)I .  (92)
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The energy is

 
E0 =

1
2
L0 I0

2 .
 (93)

As the conductor moves, the energy varies as

 E(x) = 1
2
L(x)I 2 = E0

L0
L(x)

. (94)

More generally, for perfectly conducting systems, one can write

 dφ
dt

= BA
dt

= d(LI )
dt

= 0 .  (95)

This is also a statement that the voltage around the circuit is zero; expanding, gives 

 I
dL
dt

+L dI
dt

= Bλv +L dI
dt

= 0 . (96)

 The circuit in a flux compression generator (FCG) hooked to an external load (denoted by 
L1) can be illustrated in figure 32, where the FCG is represented as the time-dependent inductance.

L(t) RI I0 L1

Figure 32.  Circuit in an FCG.

 The equation governing the performance of this circuit is

  
d
dt

L +Lp +L1( )I⎡
⎣

⎤
⎦ + IR = 0 ,  (97)

where the parasitic transmission line inductance is Lp. The equation expands as 

 
dL
dt

+R⎡
⎣⎢

⎤
⎦⎥
I + L +L1 +Lp( ) dIdt = 0 . (98)

 Using this model to guide a future verification run in SPFMaX, a MATLAB-based graphical 
user interface (GUI) was developed to expedite the parametric analysis of a case in which current is 
amplified in a parameter space comparable to the gradient field fusion concept. Figure 33 displays 
results for a compressive plate velocity of 12 km/s, resulting in an initial seed current of 1 MA, rising 
up to 16 MA in 20 μs.
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Figure 33.  Screen capture of the MATLAB-based GUI flux compression generator model 
 developed for this project.

 While additional modifications to the SPFMaX code remain to be incorporated, signifi-
cant progress has been made toward modeling rapid magnetic flux compression and simulating the 
induced currents generated by a high velocity target traversing a magnetic field gradient, lending 
a degree of confidence in the proposed concept and the underlying simulations. Future work will 
incorporate these advancements into a simulation of the gradient field imploding liner geometry to 
evaluate the accuracy of the analytic results presented earlier and to provide a deeper understanding 
of the physics underlying the concept.
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6.  MISSION ANALYSIS

 In order to identify operating regimes with the greatest impact on space exploration missions, 
a parametric assessment of mission outcomes has been performed. To span both near- and far-term 
mission goals, one-way missions to Mars and Saturn have been examined. In order to capture a range 
of applications from piloted to cargo, the missions spanned trip times from 20 days to 1 year, and 
with payloads from 20 mt (representing a crew vehicle for a fast transport) to 200 mt (representing 
a  cargo mission in support of extended presence at the destination). While fusion offers the potential 
for much higher power and thrust levels than conventional electric propulsion, it is not quite in the 
range where simple impulsive ∆Vs might be assumed. For demanding, fast planetary missions, the 
system must still thrust over a significant portion of the trajectory, which then introduces gravity and 
steering losses that must be accounted for based on system performance. In order to capture a pos-
sible range of operating scenarios, from nearly impulsive burns to extended operation similar to that 
of an electric propulsion vehicle, an analytic approximation method was used that captures this full 
range of operation.

 The mission analysis is based on the equivalent length method developed by Zola,35 in which 
an equivalent length, derived from detailed trajectories over a range of acceleration levels, was found 
to be essentially invariant to the magnitude of the vehicle acceleration. Using this length, together 
with an assumption of travel in field free space, allows simplified rectilinear analysis of missions. 
This approach provides for rapid estimation of mission performance over a wide range of propulsion 
systems and mission times and has been used previously to examine nuclear electric propulsion per-
formance for Mars missions.36 Equivalent length values for one-way rendezvous missions to Mars 
and Saturn were used to scope vehicle performance for the current concept.

 The overall propulsion performance of the system can be defined parametrically in terms of 

the specific power of the propulsion system, α (kW/kg), the jet power, Pjet = F 2 2 !m, and specific 
impulse, Isp = F !mg0,  where F is the thrust, m  is the propellant mass flow rate, and g0 is the accel-
eration of gravity at sea level. 

 Because calculations of the actual performance were concurrently being developed during 
the Phase I activity, the system was initially modeled parametrically with values based on the PUFF 
fusion system,37 specifically using Pjet = 1 GW, α = 16 kW/kg, and varying Isp from 10,000 to 50,000  s. 
Using the equivalent length method described above, a calculation of initial mass and trip time 
could be performed for varying payloads, initial masses, and Isp. In this way, the regimes in which the 
engine has the greatest impact can be identified and used to focus design efforts.
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 The results of these estimates are shown in figure 34 (Mars) and figure 35 (Saturn). Three- 
dimensional contours of delivered payload mass are shown for 20, 50, 100, 150, and 200 mt of pay-
load, as functions of Isp, initial mass (M0), and trip time. The overall capability and limits of the 
system for both missions is evident from the limits of the contours. For Mars, the initial mass is fairly 
insensitive to trip time of Isp for trip times longer than 100 days, and approximately linear with pay-
load mass. For shorter trip times, a minimum trip time of 40 days is possible for rapidly increasing 
propellant mass. Fast trips can be accomplished for initial masses of 200–500 mt, and at values of 
Isp below 20,000 s.
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      Figure 34.  Mission performance contours              Figure 35.  Mission performance contours 
 for one-way trip to Mars.  for one-way trip to Saturn.

 The Saturn mission is more constrained, as would be expected for the greater distance. The 
minimum trip time is on the order of 200 days one way—a relatively short time compared to current 
propulsion options, but still representing significant exposure to space. A minimum Isp of 20,000 s is 
required to reach Saturn; at the lower payload mases, there is a lower sensitivity to higher Isp, as seen 
in the Mars case.

 Summarizing the general benefits of the system, the preceding mission analysis indicates that 
the projected system performance can achieve impressively short trip times for both Mars and Saturn:

• Mars:  100–150 mt payload from low Earth orbit (LEO) using two Space Launch System (SLS) 
block 2 launches (260 mt),38 <60–90  days one-way-trip time.

• Saturn:  50–100 mt payload from LEO using two SLS block 2 launches, 200 days one-way-trip time.
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6.1  Detailed Mission Examples

 To provide more detailed performance estimates, the ‘optimized’ performance values devel-
oped with the simplified semi-analytic model (secs. 3 and 4) were used. As noted in table 5, these cor-
respond to the two thrust and Isp levels for the Be and Li liners but assumes comparable power levels. 
It is also assumed that the engine operates at a 10-Hz repetition rate, consistent with the assumptions 
in section 4, to provide the average thrust values used in the table. These options were examined para-
metrically for a Mars outbound case over a range of trip times to give an estimate of their capability 
both for fast delivery for crewed missions and for high payload delivery. A crewed mission is assigned 
to primarily carry crew as the payload, with an estimated payload mass of 50 mt. The high payload 
mission assumes significant infrastructure will be delivered to the Martian surface. 

Table 5.  Calculated performance space for gradient field fusion system.

Li Liner Be Liner
Specific impulse (s) 32,200 17,145
Impulse (N-s) 780 1,445
Thrust (N) 7,800 14,450
Yield (J) 1.65 × 108 1.53 × 108

Gain (100% efficiency) 982 323

 To address this range of missions, payloads of 50, 100, and 200 mt to Mars were considered, 
and propellant mass and total initial mass were calculated for the mission. These results are shown 
in figures 36 and 37. The fastest trip times are constrained by the all-propulsive limit, in which the 
vehicle is constantly accelerating for the entire trip. Note that the overall propellant mass rapidly 
diminishes with trip time, to the point that vehicle mass becomes essentially linear with payload mass 
as the propellant mass asymptotically decreases to values less than either the payload or propulsion 
system. The Be liner case, with lower Isp, is capable of somewhat shorter trip times, although not 
dramatically shorter, at the cost of essentially twice the propellant mass.
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Figure 36.  Mars (a) propellant mass and (b) total initial mass scaling for the Li liner 
 gradient field fusion case.
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Figure 37.  Mars (a) propellant mass and (b) total initial mass scaling for the Be liner gradient 
 field fusion case.

 Because of the high performance of the Gradient Fusion system and its relative insensitivity to 
Mars mission times, a Saturn mission was also considered for the same system design parameters, as 
shown in figures 38 and 39. For one-way-trip times under a year, there is a greater sensitivity of pro-
pellant mass due to the higher energy requirements. There is also a significant benefit in using the Li 
liner system with its higher Isp. Propellant masses are substantially reduced, while accessible trip times 
are essentially the same. For a long-term exploration program of the solar system, the Li liner system 
appears to offer the widest benefits, due to the high Isp and high power density of the fusion system.
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Figure 38.  Saturn (a) propellant mass and (b) total initial mass scaling for the Li liner 
 gradient field fusion case.
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Figure 39.  Saturn (a) propellant mass and (b) total initial mass scaling for the Be liner 
 gradient field fusion case.

 The calculations to date have been for one-way trips; however, especially in the case of the 
Mars mission, propellant mass plays a relatively small role in the overall system mass over a range 
of trip times, from 20 mt (Li liner) to 50 mt (Be liner). A symmetric Mars round trip for a 50-mt 
crew mission payload could be considered as an outbound payload of 100 mt, with 50 mt used for 
the return trip. For an assumed vehicle mass of 320 mt, a 100 mt payload using 50 mt of propellant 
would require 45 days with the Li-lined target system, and on the order of 75 days with the Be-
lined target system. For a lower vehicle mass of 270 mt, a 50 mt payload can be delivered in 40 days 
(one way) with 50 mt of propellant. Additional analysis with more detailed trajectory codes can be 
used to more accurately calculate potential round-trip times, but assuming the validity of the semi- 
analytic model performance predictions, the engine appears capable of providing rapid transit for 
both crew and cargo to solar system destinations of current interest for human exploration.
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7.  VEHICLE DESIGN

 A preliminary vehicle design was evaluated as part of the Phase I activity. As with most nuclear 
systems, the vehicle design is dominated by the need to radiate waste heat, here mainly impinging 
on the struts and supports of the magnetic nozzle and main vehicle supports. Figure 40 provides an 
overview of the initial vehicle concept. The numbers shown in the figure reflect a fast trip to Mars car-
rying an Orion module and deep space habitat. The vehicle design leverages the prior analytical work 
found in references 39 and 40. Based on the mission analysis provided in section 6, the vehicle assumes 
a payload mass of 50 mt and a (one-way) propellant mass of 50 mt. Table 6 in the following section 
provides the mass breakdown by subsystem, sized using the performance values from the previously 
mentioned references. Future work will include more detailed analysis of each individual subsystem.

Ignited Plasma

Fuel Tanks

High-Temperature Radiators

Mass Breakout
Dry Mass 
(35%) MGL 
Fuel 
IMLEO 

173 mt
61 mt
50 mt

272 mt

Magnetic 
Nozzle

Expanding 
Plasma

F40_1805

Figure 40.  Illustrative vehicle concept.
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Table 6.  Preliminary vehicle design parameters.

System Mass (mt)
Prop tanks
Thermal
Propulsion
Structural
Avionics
Mass growth allowance
Inert mass

5
13.6
75.4
17.3

3.5
58.4

173.2
Payload
Dry mass

50
223.2

Ullage
Inert mass

1.5
224.7

Propellant
IMLEO

48.5
271.6

7.1  Vehicle Assumptions

 The propellant tanks are sized assuming a 10% mass relative to the amount of propellant 
stored. This is a fair approximation given the size of the tanks and the bulkiness of hydrogen. A refer-
ence point is the Shuttle external tanks, where the dry mass of the tanks is 7% of the fully-loaded mass.

 Thermal subsystems can be complex to design because the size of the radiators are a strong 
function of the system efficiency. A rejection temperature of 1,250 K is assumed in this analysis. The 
following steps are used to estimate the thermal load to be rejected. The jet power may be calculated as: 

 Pjet =
1
2
!mve

2 ,  (99)

where !m  is the mass flow rate of propellant and ve is the exhaust velocity. The thrust, F, is given by:

 F = !mve +Ae pe − pa( ) , (100)

where the second term is the exit area times the difference in exit pressure and atmospheric pressure. 
This term approaches zero for a well-designed nozzle. Substituting equation (100) into equation (99), 
and noting that the Isp may be written as Isp = F !mg0,  yields the following expression for jet power:

 Pjet =
1
2
Fg0 Isp .  (101)

 For the parameters identified in section 6 (assuming 100% efficiency), the jet power is calcu-
lated to be approximately 1.2 GW. Thermal loads are primarily due to radiative heating of the super-
conducting magnet coils during target compression and fusion initiation, and radiation from the 
hot expanding plasma impinging on the struts that comprise the magnetic nozzle. The thermal load 
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on the coils is expected to be relatively low, due to the short timeframe of the pulsed fusion event, 
the rapid movement of the target through the coils into the nozzle, and the initial neutron reflector/
moderator properties of the target liner. The plasma expanding into the magnetic nozzle region has 
a longer duration in which to impart thermal loads to the struts, hence the nozzle must be designed 
with as much open surface area as possible to allow the majority of photons and neutrons to escape, 
while still directing the charged plasma particles for thrust.

 To calculate the thermal load, it is assumed that some fraction (ϕtherm) of the generated 
fusion power (Pgen) goes immediately into thermal losses to the coils and structure. Of the remaining 
power, some fraction (ϕ loss) is assumed to escape to space. The total power left in the directed plasma 
jet is then:

 Pjet = Pgen −Pgenϕtherm −Pgen 1−ϕtherm( )ϕloss .  (102)

 For the initial calculations, a 10% thermal loss is assumed (ϕtherm = 0.1), with an additional 
10% of the remaining energy lost to space (ϕ loss = 0.1). Equation (102) then predicts Pjet = 0.81 ⋅ Pgen, 
or a loss of approximately 19%. Assuming an initial power generation of 1.2 GW, the power loss is 
approximately 0.2 GW. These estimates are not unreasonable, given the open structure of the mag-
netic nozzle which provides a significant viewing area to the expanding plasma.

 Using the standard equation for radiative heat transfer:

 q = εσAT 4 , (103)

where ε  is the infrared emissivity (optimistically set to unity), σ is the Stefan-Boltzman constant, and 
T is the rejection temperature (1,250 K) yields a required viewing area, A, of approximately 1,360 m2. 
The radiator mass can then be estimated assuming a double-sided radiator with an areal density of 
5 kg/m2, as designed in reference 39, and a ratio of radiator mass to pump/cryo mass of unity, also 
from reference 39, to provide an estimated thermal mass of around 13.6 mt.

 The propulsion system is sized using an alpha of 17.6 kW/kg, which is the specific power used 
in the magnetized target fusion (MTF) concept in reference 38. This value is somewhat pessimistic, 
as the current system will be significantly less complex and presumably less massive than the refer-
enced MTF system.

 The structural mass fraction is assumed to be 10%, calculated as a fraction of the total inert 
mass, which is a commonly used standard for in-space, medium thrust vehicles. Similarly, the avion-
ics mass is assumed to be 2%.

 Mass growth allowance is strongly debated in any new concept. Here, a mass growth allowance 
of 50% is assumed as an initial value, given the early stage of the propulsion and vehicle concept.
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8.  OPTIONS FOR A GROUND-BASED, PROOF-OF-CONCEPT DEMONSTRATION

 Toward the end of the Phase I activity, consideration was given toward a future ground-based 
experimental program to anchor the analytic and computational models for magnetic flux and target 
compression. Although the specific accelerator and superconducting magnet systems outlined in this 
Phase I TP are likely beyond the scope of NIAC funding, suitable low-cost hardware can be used 
to perform proof-of-concept tests to demonstrate the dynamics of radial compression arising from 
high-velocity target injection into a suitably strong magnetic field. In place of the repetitively pulsed 
high-power laser proposed for target ablation and acceleration, a ground-based light gas gun (LGG)
can be used to generate high initial axial target velocities. Pulsed or steady state water-cooled  
coils can be used to generate a range of axial magnetic field strengths and gradients. Replacing the  
Li- or Be-lined D-T fusion target with more mundane but readily manufactured hollow or filled 
spheres and cylinders can provide data for comparison with target compression simulations. Bring-
ing these available systems together into a ground-based test facility for parametric testing and model 
validation would fall within the scope and budgetary resources of a future NIAC Phase II project, 
and if  successful, could lead to a more detailed experimental program. The following sections provide 
initial thoughts on a potential approach toward a ground-based, proof-of-concept demonstration.

8.1  Two-Stage Light Gas Gun

 A two-stage LGG is a method of compressing and heating a working fluid (He or hydrogen 
gas) to very high temperatures and pressures for the purpose of accelerating a projectile to very 
high velocities, greater than 7 km/s. The general concept is to replace the combustible byproducts of 
a  single-stage propellant gun with a lower molecular weight gas, such as He or hydrogen, resulting 
in a higher sound speed and ultimately higher velocity potential than the heavier gases from tradi-
tional systems. This is achieved by separating the gun system in to two major components, the pump 
tube section and the launch tube, where in effect, the pump tube assembly is replacing a traditional 
propellant chamber (fig. 41). Because an energy source is still required to function as a gun system, 
the first step is to burn a  propellant in a pressure chamber (fig. 42, step 1). The products from this 
combustion drive a heavy piston down a pump tube to compress the driver gas to high pressures 
and temperatures. A high-pressure section transitions the pump tube to the launch tube, and in this 
section, a projectile is located and separated initially from the driver gas using a burst diaphragm 
(fig.  42, step 2). Once a sufficiently high pressure is reached, the diaphragm ruptures and the com-
pressed and heated driver gas accelerates the projectile down the launch tube. The piston comes to 
a  stop in a tapered transition section (fig. 42, step 3).
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Figure 41.  Major components of a two-stage LGG.
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Figure 42.  Steps in LGG firing sequence.

8.2  Test Facility Description

 UAH operates the Aerophysics Research Center (ARC) located on the Redstone Arsenal in 
Huntsville, AL. The ARC houses three separate two-stage LGG systems with associated test cham-
bers and instrumentation that are used to conduct experiments in the sub, super, and hypersonic 
velocity regimes both for high-speed flight and impact testing. The ARC also maintains several cus-
tom single-stage launcher systems that can be utilized or modified to meet specific user requirements. 
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Key parameters of the two-stage LGGs available for this research are defined in table  7. A  paramet-
ric map of projectile velocity versus projectile mass is shown in figure 43.

Table 7.  UAH ARC two-stage LGG parameters with single-stage example.

UAH ARC 
Launcher 
Systems

Pump 
Tube 

Length 
(m)

Pump Tube 
Inside 

Diameter 
(mm)

Launch 
Tube 

Length 
(m)

Available Launch 
Tube Inside 
Diameters 

(mm)

Primary Impact 
Chamber

Diameter x Length 
(m)

Projectile 
Launch Mass 

Range 
(gm)

Projectile 
Velocity 
Range 
(km/s)

Large 38.13 254 22.88 56, 57, 68, 70, 75, 
78, 86, 100, 152

3 × 12.5 150 to 12,000 1 to 7.5

Intermediate 18.3 133 15.25 18, 29, 35 2.4 × 6.7 40 to 250 1 to 7.5
Small 13.42 108 7.47 19, 29 1.8 × 4.3 10 to 130 1 to 7.5
Single Stage NA NA 9.9 32 2.4 × 6.7 5 to 100 0.1 to 1.1
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Figure 43.  General facility launch mass/velocity capability.
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 The intermediate two-stage LGG with approximately 30 m (100 ft) of flight range chambers 
and optional camera/data ports appears suitable for a ground-based, proof-of-concept demonstra-
tion. Additional photographs of the intermediate LGG facility are provided in figures 44 and 45.
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Figure 44.  Intermediate-sized, two-stage LGG range.
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Figure 45.  Multiple data acquisition and image access ports for flexible test setup.
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8.3  Target Projectiles

 Figures 46 and 47 illustrate previously tested projectiles on the intermediate LGG with flight 
velocities on the order of 5 km/s. For the purposes of studying flux compression, the projectiles could 
be spherical, cylindrical, or conical, and either solid, filled, or hollow in construction. Various liner 
materials and shell thicknesses can be used to provide a parametric comparison against numerical 
simulation compression results. Note that all figures are open source.
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Figure 46.  Hollow steel sphere with filler material.
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Figure 47.  Hollow steel sphere and sabot used for support during launch.
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8.4  Potential Test Setup

 An illustration of a potential test setup for measuring magnetic flux compression of a hyper-
velocity projectile is shown in figure 48. In this example, a 2-ft- (0.6-m-) diameter test chamber is fit-
ted with single or multiple water-cooled hollow copper coils to generate a static magnetic field using 
a high DC source; alternatively, a pulsed current coil with a capacitive power bank could be used 
and timed to provide a maximum quasi-steady (millisecond time scale) magnetic field just prior to 
and during the rapid traverse of the injected target. An instrument feedthrough is provided for the 
installation of B-dot probes to measure the dynamic change in the magnetic flux from the projectile. 
Additional instrumentation could include high-speed cameras suitable for time-of-flight tracking 
and centerline radial compression videography, wireless pressure sensors to provide compression 
measurements within the target, external measurement options such as flash x-ray imaging during 
compression, and multiple data acquisition and control systems that can be readily modified for 
use. Although just a cursory look at instrumentation options was performed toward the close of the 
Phase I activity, it appears that several readily available sensors are available and could be included 
as part of a future experimental proof-of-concept effort.

Magnetic Field Probe

Power and Cooling 
Water Feeds for Coil

2-ft-Diameter 
Test Chamber

Magnetic Coil

Projectile
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Figure 48.  Magnetic flux and target compression test setup.

 The ability to perform target compression tests with available ground facilities and equip-
ment provides a relatively low-cost approach for proof-of-concept testing of the target field interac-
tion, underpinning the proposed concept. Using an LGG to inject a high-speed target into a strong 
magnetic field produced by water-cooled coils can economically map multiple parametric conditions 
against which the numerical models can be validated, with the results extrapolated to more accu-
rately model this promising in-space propulsion system. Although not as well developed, a simul-
taneous program to evaluate pulsed material ablation from a target surface could also be carried 
out with commercially available kilowatt-class lasers and available highly accurate impulse thrust 
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stands to evaluate the momentum imparted to a known target mass as a function of laser intensity 
and ablative material. The combination of ablative acceleration experiments and target compression 
experiments, performed in available facilities with available or commercial off-the-shelf-purchased 
equipment, would demonstrate the initial feasibility of the concept. As the terrestrial fusion com-
munity continues the development of MIF targets and the compression conditions required for gain-
ful energy production, their results can be readily incorporated into the proposed system to refine 
target designs, magnetic field strengths and geometries, and acceleration requirements for a realistic, 
fusion-based propulsion system.
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9.  CONCLUDING REMARKS

 Human exploration of the solar system beyond our immediate neighborhood requires signifi-
cantly faster transit times than offered by current or near-term, in-space propulsion systems. Crewed 
missions to Mars, Saturn, or other deep space destinations must balance the benefits of exploration 
against concerns for crew health and survivability. At present, there are no implementable coun-
termeasures against the high-energy radiation associated with solar flares and cosmic radiation, or 
the deleterious effects of long-duration weightlessness on the human body. Reducing astronaut trip 
times will help mitigate these survivability issues, while simultaneously reducing crew logistics mass 
and overall mission cost. Deep space robotic missions such as the notional Thousand Astronomical 
Unit mission will also benefit from more rapid trip times by delivering instruments and providing 
data within the career lifetimes of the scientists at home.

 This Phase I project has evaluated the dynamics associated with a novel magnetized target 
fusion system proposed for rapid solar system exploration. Replacing the standard θ-pinch geometry 
of a static target within a rapidly rising axial magnetic field to generate radial compressive forces, 
the concept under investigation injects a target at high axial velocity into a static axial magnetic 
field, creating similar radial compression forces in a geometry more suitable for in-space propulsion. 
During the Phase I effort, a semi-analytic model was developed to simulate the key physics of tar-
get injection, radial liner compression, and conditions for gainful fusion energy release. A number 
of simulations were performed to define optimum target and field conditions, which were used to 
inform mission analysis and vehicle design studies. Concurrently, substantial progress was made in 
the development of a significantly more accurate 3D physics-based simulation, which will be used 
to further refine the target and field conditions required for sensible fusion gain. Preliminary results 
of the advanced simulation have demonstrated that liner currents are indeed induced due to rapid 
target injection into a strong magnetic field, underpinning the fundamental physics of the concept. 
Using the results of the analytic model, mission analysis has been performed for both Mars and 
Saturn missions, showing significantly reduced trip times for crewed missions and the capability for 
substantial cargo delivery supporting sustained exploration. Preliminary vehicle designs have been 
developed based on estimated parameters for the proposed system, forming a baseline against which 
more detailed designs will be developed as the modeling results are further refined.

 The rapid human exploration of destinations within our solar system requires significantly 
more energetic propulsion systems than current chemical engines or nuclear thermal propulsion can 
provide. The pulsed fusion propulsion system described in this Phase I TP may offer a practical, 
viable method to achieve the accelerations required for fast interplanetary transits. If  successful, the 
concept will enable a new class of crewed exploration missions less constrained by the frailties of the 
human physique, opening the solar system to our ever-expanding need for human exploration.
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APPENDIX A—ANALYTIC MODEL BLOCK DIAGRAM

 Shown is the block diagram of the semi-analytic model used in the Phase I activity. The  
equations corresponding to the major blocks are discussed in detail in section 3.

Initial Values

Vacuum B-Field

Internal B-Field

Fuel Density, Temperature

Liner Radial Acceleration

Pressure Terms Acting 
on Target

Ion, Electron Number, 
Number Densities

Liner and Fuel Radius

Fuel Volume

Heating and Cooling Terms

Change in Fuel Temp

Fusion Reaction Rate

Fusion Yield, Power

Write Values

End

t=tend

t< tend

Isp, Impulse, Avg. Thrust
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