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[Abstract] In 2002 and 2003 Sandia National Laboratories and Andrews Space and Technology participated in a Phase I and Phase II SBIR program to investigate pulse fission propulsion in a new and innovative approach. The objective of the proposed effort was to eliminate the pusher plate from the original Orion concept and replace it with a very large superconducting coil perhaps a kilometer away from the blast center.  The superconducting coil was to be more than a kilometer in diameter in order to capture as much of the fission fragments as could be captured by the superconducting magnetic field.  More detailed plasma field analyses early in the Phase I convinced us that there would be substantial charge recombination within the first 100m of the blast center.  Placing the blast center closer to the magnetic field would exceed the containment strength of the field, hence most of the fission fragments would be lost, consequently, a different approach had to be found.  This led us to an approach whereby a staged, pulsed magnetic field would compress a small amount of an exotic fissionable that would then be contained in a leaky magnetic bottle, with the bulk of the fission fragments exhausting the aft of the bottle, providing thrust.  In order to not overburden the field, we initially started with a 40 gram fissionable package that was theoretically compressed to a density of 10 times normal. Initially, we used aluminum in the Z-machine at Sandia National Laboratories to ascertain how compression at high densities would perform.
This program led to considerable analytical and experimental effort that provided tantalizing, but inconclusive compression results.  This paper discusses our proposed follow-on effort.  This follow-on effort would provide more analytical detail while exploring the benefit of a smaller fission package and higher yield fraction.  The yield fraction (estimated at 10% of the fissionable material from MCNP results) could be increased with a deuterium-tritium fusion boost.  We propose to investigate how this approach would improve the system by increasing yield with a smaller package and allow for a greater amount of thrust for a given quantity of fissionable material.  We will investigate how the magnetic bottle will change under these conditions as well.  Finally, we will discuss how this may affect the Z-drive mechanism.
Nomenclature

AR
= 
Aspect Ratio
AS&T
=
Andrews Space & Technology
GJ
=
GigaJoules
Hz
=
Hertz
LMTL
=
Low Mass Transmission Lines
MA
=
MegaAmps
MHD
=
MagnetoHydrodynamics
MMO
=
Mini-Mag Orion

dt
=
time step
SNL
=
Sandia National Laboratories

UW
=
University of Washington

Z
=
Atomic Weight

I. Historical Background
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Human exploration and exploitation of the solar system requires spacecraft with "breakthrough" propulsion systems capable of generating tens of kilometers per second of delta velocity while carrying large (> 100 metric ton) payloads. This requires very high energy densities and very high exhaust velocities. The original Project Orion was an effort to develop a rocket propulsion system using successive explosions of small nuclear bombs. Project engineers hoped this nuclear pulse concept could provide extremely fast and powerful propulsion for human exploration of the planets. The project was initiated by the Advanced Research Projects Agency in 1958 and cancelled in 1965. 
Figure 1: Artist drawings of the Project Orion spacecraft concept.

I. Mini-MagOrion Concept Overview

The Mini-MagOrion design adds two important aspects to the family of Orion concepts: first, the use of magnetic compression of the fissile targets enables the utilization of much smaller explosions (50 GJ yield vs. 20,000 GJ), which are triggered by an external device, and thus cannot be projected as a potential weapon. This addresses the political concerns with the original Orion family of designs, and also dramatically reduces the requirements on the damping mechanism needed to convert the energy generated by the explosion into forward momentum of the spacecraft. 

Secondly, utilizing smaller yield explosions allowed for the replacement of the large superconducting ring with a more sophisticated assembly of several coils, arranged into a nozzle like configuration. This modification addresses the technical difficulty of in-space assembly of the spacecraft’s propulsion system, and allows for much improved control over the hardening of the coil assembly against both the space environment and the debris produced by the explosions. Improved integration of the momentum exchange and energy generation components of the propulsion system can also be realized. The major components in the MMO system are shown in figure 2, and discussed in the following sections.
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Figure 2: Major components of the MMO concept / program effort.

Z-Pinch Implosions: Magnetic Compression Physics 
At the heart of the MMO concept is the idea of compressing initially subcritical fission 

assemblies by use of an imploding Z-pinch. This enables the lower yield values, external 

triggering of the fission reaction, and reduces the severity of the environment in which 

the engine has to operate. The program included the analysis of solid, high Z material 

compression, paired with the experimental verification / calibration of the analysis.2 A 

series of experiments compressing hollow, solid-density cylinders of Aluminum and 

Gold was conducted in late September 2002. 

Neutron Transport Analysis: Exotic Fission Materials 
The specific composition of the fissile material in the compression target has a large 

impact on the requirement for maximum compression needed to achieve criticality. The 

MMO program has investigated a variety of fissile materials regarding the applicability to 

the MMO concept, and performed neutron transport analyses to determine total yield, 

burnup fractions, and required amounts of neutron reflectors and initiation neutron 

sources.3 The design settled on a baseline calling for the use of a hollow sphere of 245Cm 

with an additional layer of Beryllium as a neutron reflector. An external neutron source is 

required and a variety of options (including D/T fusion ignition diodes) were evaluated. 

Pulse Units: Low Mass Transmission Lines (LMTL) 
The ratio of the energetic yield released by the fission reaction, and amount of material 

vaporized and expelled in each pulse is of critical importance when trying to achieve the 

very high exhaust velocities (10-30 km/sec) needed for efficient interplanetary travel. The 

MMO program has investigated the possibility of Low Mass Transmission Lines (LMTL) 

fabricated from Mylar. Experiments were performed on the Sandia National Laboratory 

Saturn machine. Results indicate that transmission lines weighing as little as 2 kg may be 

sufficient to deliver the required currents into the Z-pinch used to drive the MMO 

compression. 

Magnetic Nozzle Design 
The efficient conversion of the energy transferred into the plasma by the fission reaction 

into forward momentum of the spacecraft is another critical aspect of the MMO system. 

The MMO program has developed tools to analyze multi-coil magnetic nozzle 

configurations, and assessed a variety of designs for propulsive efficiency at minimum 

mass and power requirements. Both particle trajectory based models and MHD based 

fluid models were utilized in the investigation of the magnetic nozzle. 

Power System: Pulsed / Continuous Power Generation 
Driving the magnetic compression implosion at high repetition rates (1 Hz) and the level 

of reliability needed for a crewed system requires the use of large, redundant pulsed 

power supplies. During nominal operation a small fraction of the energy (< 1%) produced 

by the fission reaction is recycled to recharge the pulse power banks. In addition, a steady 

state power supply is also needed to initially charge the system, or restart the engine in 

the case of a misfire. The MMO program has investigated a number of power storage 

technologies and determined a baseline design for both pulsed and continues power 

systems. 

Engine Design: Feed System & Nozzle / Engine Dynamics 
The mechanical design of an engine capable of repetitively discharging the pulse units at 

rates of up to 1 Hz is also a formidable engineering task. The MMO program has 

investigated several options and developed a baseline engine design that combines 

operational simplicity, a minimum of moving components, and built-in redundancy to enable system fail-operational capabilities. 

Thermal Management: Waste Heat Disposal 
Any electrical space system operating on mega-watt power levels faces significant 

challenges in the removal of waste heat from the spacecraft. The Thermal Management 

System (TMS) of a high specific impulse spacecraft can account for a large fraction (up 

to 30%) of the vehicle’s dry-mass. As a part of the MMO program, an analysis of the 

waste heat removal requirements of the MMO concept was conducted. 

Mission Performance Analysis: System (Vehicle) Sizing 
The initial motivation for the MMO concept was the desire to enable short travel-time 

crewed exploration missions in our solar system. As the physics and baseline technology 

designs of the MMO concept were developed, the program included a process of system 

performance assessment to ensure that mission performance goals could be met. 

Mini-MagOrion Physics 
The critical mass of fissile materials can be reduced substantially by compression. The 

MMO program investigates the compression of material using the large magnetic 

pressure that can be generated using pulsed power technology. 

Compression Modeling 
Pulsed power technology is capable of delivering very high currents. The present Sandia 

National Laboratory Z accelerator has a peak current of approximately 20 MA, which is 

delivered in 100 ns. This current can be used to generate very high pressures; as an 

example, 20 MA with a pinch radius of 3 mm results in a magnetic pressure of 

approximately 7 Mbar. The maximum compression can be obtained in spherical geometry. A z-pinch can pro-vide an almost spherical implosion
 (“quasi-spherical”) using the geometry shown in Figure .[image: image2.png]current
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Figure 3: Geometry for a quasi-spherical z-pinch implosion.

Here the blue region is the fissile material, which is to be compressed and the black conical region provides a slide surface. In a real implosion the conical electrode will be deformed somewhat, but for the following calculations we shall ignore such deformation. The thickness of the shell of fissile material must be shaped to compensate for the variation in the magnetic pressure along the surface of the shell. 

Analysis Results

A number of simulations were performed to determine the peak current needed to drive an implosion to a final r  50 g/cm2, which should be sufficient to insure prompt criticality of materials such as curium. It was found that the peak current was minimal for a length/diameter (AR ~ 5. A summary of the results for AR =5 is given in Table 1.

Table 1: Compression parameters for various target options.

	Mass g
	Router cm
	Ix MA
	Trise s
	Vimp cm/s
	Ekinetic MJ
	CR

	5
	0.64
	81
	0.36
	2.7
	1.8
	13.7

	10
	0.8
	81
	0.44
	2.0
	2.0
	9.3

	20
	1.0
	78
	0.59
	1.4
	2.0
	6.2

	40
	1.27
	70
	1.15
	1.0
	2.0
	4.5

	80
	1.6
	63
	2.7
	0.6
	1.5
	4.1


The yield of these shells will be given approximately by the expression Y  84Mfission GJ, where M is the mass of the shell in grams and fission is the fraction of the material that undergoes fission. Assuming a reasonable burn fraction (~ 10%) we expect yields of at least 50 GJ. Although this is considerably larger than expected for inertial fusion, it is still much smaller than was envisioned for the Orion vehicle
 which was designed for yields of approximately 5 kilotons (20000 GJ).

There are several idealizations to these simulations tending to make them optimistic. Z pinches are known to be Rayleigh-Taylor unstable. The small aspect ratio and the material strength of these shells should make then fairly insensitive to this instability. 2-D numerical simulations of z pinches have been performed but ab initio pinch calculations that accurately predict the effect of the RT instability are not yet possible. Therefore we have designed experiments that can be performed on the existing Z accelerator to determine how closely 1-D simulations predict actual pinch performance.

Model Calibration / Verification

In order to verify the predictions of the compression model, a magnetic compression experiment will be conducted on the SNL Z-machine. To keep the initial experiments as simple as possible, we chose simple cylindrical liners. We also wish to choose materials that are easy to machine and do not pose health risks. The implosion depends on the material conductivity and equation of state (EOS). We plan to use aluminum for the first experiments because it is a good conductor with the best data on the conductivity and EOS. We found that the implosion time matched the current profile of the Z accelerator for an aluminum shell with an outer radius of 2.5 mm and an initial aspect ratio of 8. We also want to study the implosion of a high Z material, which is more representative of a fissile material. Tungsten and gold are two reasonable choices. We found that a tungsten cylinder with an initial radius of 2 mm and an aspect ratio of 10 has an implosion time that matches the Z current pulse fairly well. A better match could be made by decreasing the radius of the shell or increasing the aspect ratio, but this would increase the susceptibility of the shell to the RT instability.

There are presently two diagnostics that could determine the average density of the shell during the implosion. Lasers shadowgraphy can be used to estimate the outer boundary of the liner during the implosion. This technique will be sensitive to the relatively low-density material that will be ablated from the liner by the current heating. Consequently, these measurements will tend to underestimate the actual average density. As a second choice, the laser back-lighter available at the SNL Z-machine has generated 6.7 keV photons, which will penetrate the low density blow off and give a better measure of the actual average density. We have post processed the numerical simulations to determine the radius that would be inferred by this diagnostic. The inferred outer radius is shown in Figure  for simulations of both an aluminum and a tungsten liner. As can be seen the outer radius decreases to a value of about 200-300 mm. The present back lighter has a resolution of about 100 mm, but the resolution is expected to be improved for the compression experiment to about 30 mm, through the use of new laser optics.
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Figure 4: Outer radius vs. time assuming a back lighter of 6.7 keV.

Figure 4 shows the outer radius vs. time as determined by post processing the numerical simulations, assuming a back lighter of 6.7 keV photon energy. The average density can be determined from the outer radius and the initial mass. This density normalized to the initial solid density is plotted in Figure 5.
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Figure 5: Normalized average density plotted as a function of time.

The simulations predict that the aluminum liner will be compressed to more than 30 times solid density, while the tungsten liner will be compressed to about 14 times solid density. This is because the tungsten starts off with a higher electron density and the implosion is stopped by the Fermi pressure, which is a function of the electron density. Still, a compression of 14 would be quite impressive and is larger than the compression needed to reach critical mass for the simulations presented in the preceding discussion. Of course the R is too small for criticality, but the Equation of State need for calibration of the modeling efforts will have been explored in the appropriate parameter space.

Baseline Driver Requirements

Based on the foregoing compression analysis, a baseline current waveform requirement is determined. Figure 6 shows the anticipated current history over time.
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Figure 6: Baseline current waveform requirement.

The power supply system will need to provide a peak compression current of 70 MA, on a microsecond time scale.

Compression Experiment

The possibility of generating very small critical systems (< 10 grams) using magnetic compression has been presented in the preceding discussion. Simulations indicate that large currents (~80 MA) will be required. These implosions will be subject to the Rayleigh-Taylor instability, which is difficult to model numerically. Therefore we designed and conducted implosion experiments that can be performed on the Z accelerator to verify and calibrate the numerical modeling efforts. The numerical simulations indicate that these implosions should achieve the compression needed for the larger critical systems. We planned to carry out these implosion experiments using a laser back lighter as the primary diagnostic.

Fission Materials & Neutron Transport

Micro-fission concepts have been historically studied by Winterberg
 and Cole and Renken
. The micro-fission concept presumes that the R of a fissile material remains constant for a specified keff. Thus, during compression the fissile material mass will decrease (reduced R) as the density  increases.  Most prior micro-fission work was performed in the early 1970s for purposes other than space propulsion. To our knowledge, micro-fission concepts have never been applied to in-space propulsion applications. The employment of micro-fission approaches to in-space propulsion is particularly important for in-space rocket propulsion applications due to the potential for very high power densities coupled with high specific impulse levels. 

Fission Material Requirements

In order to make the micro-fission concept viable for space propulsion, several imperatives must be accomplished, including:

· Selection of a fissile material with a low R (enabling low yield criticality at minimum compression ratios).

· Selection of a fissile material with a low spontaneous fission fraction (storability of the propellant for long duration space flights).

· A mechanism to compress the material to ~10-15 times normal density or more.

· A peak compression interval sufficient to generate 60+ generations of neutrons, for a minimum burn-up fraction of ~10% of the available material.

· A short generation time ~ 10-9 seconds or less, reducing the compression interval requirement.
Fission Material Analysis

The information at Table 2 shows some historic assessments of various fissionable materials. In these analyses, reflecting assemblies were not considered. This assumption was made because it was assumed that neutron lifetimes would scale basically as 1/, and since only prompt neutrons contribute to the reaction, their inherently short neutron lifetimes precluded reflecting devices, hence critical assembly lifetimes would be correspondingly short. 

Table 2: Comparison of nuclear properties for several nuclides
.
	Parameter/Material
	233U
	235U
	239Pu
	244Cm
	249Cf

	
	2.7
	2.65
	3.0
	3.46
	4.2

	
	0.1
	0.15
	0.1
	0.07
	0.1

	f
	2.0
	1.3
	1.9
	1.43
	1.6

	p
	3.20
	1.95
	3.61
	3.41
	4.96

	(R)c [g/cm2]
	109
	170
	102
	111
	80

	(R)c [g/cm2] (alternative data source)
	111
	160
	98
	100
	---

	(R)Y [g/cm2]
	183
	281
	171
	188
	144

	Relative Work
	1.23
	4.44
	1.00
	1.33
	0.60


As can be seen above, the R for most common fissionable materials is quite large. While only limited data on 245Cm was has been obtained at this point, efforts are ongoing to obtain additional information for an accurate comparison. Some detailed analyses were performed by Wright
 for 233U and some other substances. For purposes of illustration, we will use the curves for 233U and place strategic points for 245Cm to compare solutions. 

Figure 7 indicates the energy required to compress a critical assembly for various materials. The curve is intriguing, because it demonstrates that there exists a maximum energy relationship involving increased compression level for various fissionable materials. The peak work performed is always at about a density,  of ~100 gm/cc for a keff of 1.19.  A high keff is necessary to enable a sufficiently large number of generations during the fission process to obtain high fission yields. The target fission fraction for the MMO project is >10% of the available fission mass. This requirement places important restrictions on compression profiles, ignition timing and ultimate compression levels.
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Figure 7: Compression work for 233U and 239Pu vs. fissile assembly density.

Since compression levels for a Z-pinch machine scale as with the current squared, it is important to optimize the mass/density relationship. As should be noted, 245Cm (non-reflected) has a critical R greater than 233UH3, which is an improbable micro-fission device due to neutron thermalization times, but less than 239Pu. A reflected assembly of 245Cm has a substantially reduced R and mass than 239Pu. Reduced mass requires less compression work, however compression work is difficult to perform, in fact compression to density factors greater than ~4 are effectively impossible to generate in a single event, as shown in Error: Reference source not found. In this figure it should be noted that a single compression beyond ~4 results in infinite energy being required with no increase in density. In order to compress the assembly to levels >4, a series of nearly isentropic compressions is required.
The initial portion of this effort sought fissionable materials that might reduce the required compression level. After some investigation, 245Cm was selected. 245Cm has a very good , 3.83 for thermal neutrons, and a  similar to 239Pu of about 2 for fission spectrum neutrons. Since the  for 245Cm is greater than 239Pu, the critical mass of a bare reflected sphere should be less. In fact, this was determined to be true as noted by the R tables shown. 245Cm has a further interesting property, in that its normal density is 13.51, approximately 30% less that 235U or 239Pu. Thus, a similarly greater factor of compression increase can be gained, hence greater keff for an assembly at the same level of absolute density achieved by compression. 245Cm also maintains another important property: the spontaneous fission fraction is very low. This means that the potential for pre-ignition is minimized, however, it also means that a neutron source is required to initiate the fission process. 
MMO Vehicle Performance
Based on the foregoing discussion of the MMO vehicle-scaling model, and the defined requirements for the mission scenarios (payload mass & power needs), it is possible to scale the entire system based on the selection of the desired specific impulse. The yield per pulse is adjusted to achieve the selected specific impulse value, while all other systems are scaled to accommodate the resulting energy yield based requirements. A number of key scaling parameters were also defined and kept constant, based on existing systems as a point of reference, or on the data obtained in the MMO theoretical and experimental investigation. A complete derivation of the scaling model and list of all utilized parameters can be found in the detailed final report for the program. 
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Figure 8. Alternate MMO Engine designs
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Figure 9. Vehicle Scaling / Fission Material Choice

[image: image8.wmf]Material

245Cm

239Pu (HC)

239Pu (NC)

Units

Mission delta-v

100.00

100.00

100.00

km/sec

Specific Impulse

10,000

12,000

13,700

sec

Payload Mass

100,000

100,000

100,000

kg

Ignition Mass

712,000

1,012,000

1,310,000

kg

rho-R

65

110

110

g/cm2

Compression (Density) Ratio

30

42

30

n/d

Yield

280

690

1360

GJ

Peak Compression Current

80

146

135

MA

Thrust

1,100

2,262

3,908

kN

Thrust

247,000

508,000

879,000

lbf

Power

54,000

133,000

263,000

MW

Gain

560,000

385,000

361,000

ratio

Alpha (Specific Power)

380,000

427,000

529,000

W/kg

Maximum Acceleration

0.44

0.53

0.64

g's

Minimum Acceleration

0.16

0.23

0.30

g's


Figure 10. Baseline Mission Vehicle specifications
Conclusions 
The Mini-MagOrion program has made significant progress towards establishing the 

Mini-MagOrion concept as a credible alternative to chemical and steady state nuclear thermal/electric systems for interplanetary exploration. The main concept risk factors have been identified, and appropriate experimental and analytical tasks have been performed throughout the program to study these issues, to the degree possible under the program scope and funding. 

The physics of imploding high-z solids was investigated, indicating that it is possible to achieve criticality in initially sub-critical assemblies of fissile materials. A 1-D compression model has been developed which was utilized in system scaling. The first experiment investigating Low Mass Transmission Lines (LMTL) on the SNL Saturn machine has been successfully concluded with data favorable to the Mini-MagOrion concept. The second experiment investigated the area of high-z solid material compression by the use of imploding z-pinches, and was conducted on the SNL z-machine in late September 2002. While only two of three planned implosions could be performed in the allotted time-slot, the two shots both resulted in useful data on the behavior of solids when compressed in a magnetic field. The MMO team successfully fielded a previously untested diagnostic using bent-crystals and a terawatt scale x-ray source as a backlighter, which allowed for the capture of imagery close to the occurrence of peak compression during the implosion. Shock breakout data was also utilized to capture pressure evolution during the implosion. While the experiment was not successful in capturing sufficient data on each individual shot to determine a final density achieved in the compression, the experiment successfully demonstrated the experimental technique developed by the team; laying the foundation for further experimentation. 

A trade study of various fission material targets was conducted and 245Cm selected as the baseline compression target. A neutronics analysis indicates that a 10% burn up fraction can be expected, with 60+ generations of neutrons(sufficient for prompt criticality) produced if the target is compressed to a critical .R of 65 g/cm2. 

The Mini-MagOrion team has developed tools for the investigation of a multi coil 

magnetic nozzle to be used with the pulsed nuclear engine core. An initial design for both the engine core and pulse unit feed system, as well as the magnetic nozzle is presented in this report. The magnetic nozzle was investigated using both particle trajectory and MHD analysis tools, and a baseline nozzle of 48% efficiency was developed via multi-parameter optimization. 

A baseline design for the pulsed and steady state power systems required to operate the Mini-MagOrion engine has been developed, with initial results indicative of near-term or present power technology being capable to provide the necessary functions, at masses conceivable for a space based application. 

The integrated MMO system was studied for overall mission performance, and was found highly competitive in the areas of crewed and robotic interplanetary exploration missions. 

A MMO vehicle with an ignition mass of roughly 750 metric tons will be capable of performing rapid Mars missions (90 days one way), as well as long-term (6-12 months one way) exploration to the outer planets (Jupiter / Saturn) for a reasonably sized crew. 

A comparably sized robotic vehicle would be capable of returning a sample from as far as Pluto in a 15-year total mission timeframe. 

Continuing Program Work 
When placed in the historic progression of the original “Project Orion” idea and its progression over time, the current program is anticipated to make valuable contributions towards the realization of a pulsed nuclear fission based spacecraft. However, the true benefits of the work accomplished in this area to date (by AS&T as well as the many other contributors) can only be realized if the work is continued until it does result in a practical vehicle, capable of enabling the rapid solar system exploration missions it was envisioned for. 

The MMO Program needed to answer a series of fundamental questions in order to 
establish the proposed concept as a credible alternative to other high performance space propulsion concepts. While the present program has answered some of the very fundamental questions, and investigated the performance that can be anticipated from a MMO driven spacecraft, further work will be needed to put these results on a solid scientific footing.
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