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A technology for the study of magnetic fields in deep space and for possible control of space engineering platforms is proposed, based upon based on the interaction between the field and domain structure (DS) in special Bi-substituted iron-garnet films (MODE sensors) that have been successfully used in local area magnetic studies.  The MODE sensor is based upon the magneto-optic Faraday effect and is proposed for use in wide-area (> 1000 km^2) electro-optic arrays that may be deployed by a space platform while in flight.  Such operation could be conducted as a long-term process during a 100 A.U. to 1000 A.U. space mission covering significant and disparate regions of the solar system and beyond.

Each element in the array could also incorporate magnetostrictive devices, providing a dual scale for measurements of changes in magnetic activity in the region of operation.  Deployment would be effective by programmed release of sensor units from the main spacecraft and self-propulsion according to pre-programmed coordinates relative to the main craft.  Communications from the array elements, thus forming the equivalent of a deep-space towed-array sensing system, would be managed through optical or radio signal transmission and employing a relay communication mechanism, thereby reducing the need for significant power by individual array elements.  In-flight redeployment of the entire array into an alternative geometrical configuration would also be a possibility enabled by the communication logic.

The design and construction of these arrays could also be employed in control and communications within a large-volume space propulsion system such as several that have been proposed for long-range missions, using principles derived from MIMD parallel computing and the spatial light modulation and switching capabilities of the magneto-optic devices.

1 INTRODUCTION

Exploration of magnetic fields and in particular a wide-area magnetic topography in regions of deep space may have several interesting consequences and may shed important light on the nature and fabric of regions of space heretofore not possible to examine from terrestial or near-orbit sources.  There may also be consequences of merit and importance for the study of hypothetical vacuum current or energetic anomaly phenomena that may exist in regions relatively far removed from stars and planetary bodies.  However, one of the obvious barriers to such a study lies in the problem of how to efficiently and effectively measure magnetic regions that may lie beyond the practical reach of contemplated spacecraft, even such as could be engineered for deep space missions.  An alternative approach may exist through the application of methodologies similar to those employed in such diverse signal processing applications as towed-array sonar, EEG, and magneto-encephelography (MEG), namely the use of a wide array of point-sensitive sensors the data of which can be interpolated to produce useful information on the nature of field behavior across a surface that is otherwise not easily measurable.  The approach suggested herein is to devise such an array that can be deployed across very large regions of space during the mission of a deep space vehicle and to employ a technology that has proven successful in the close-range measurement of magnetic fields and the detection as well of significant disturbances in magnetic fields in terrestial environments.  The mechanism for distribution, transport, relocation, and communication among these sensor units is a separate topic partially presented in this discussion, the emphasis here being upon the sensing and detecting technology as well as the processing of the information collected by such a large-area mobile array of sensor modules.  

There is an obvious first critical element in any architecture that could be designed for this type of open-ended measurement, a process where quite contrary to most space-borne experiments, there is at the outset uncertainty about how and in what geometry the sensor elements should be deployed or even what patterns of information may be gathered once the mission is underway.  This first critical element is that there may be something worth recording and examining.  One must take this as a hypothesis with enough weight so as to justify the experiment; the question then arises as to how much the hypothesis and speculation can justify the expense of the experiment.  If the apparatus and architecture is cost-effective and can demonstrate the probability of success in the field, then there may be a cost justification for incorporating such an experiment into a deep space mission.

The second and subsequent critical elements of this proposed architecture are related to these mission engineering and economical issues but they are fundamentally a question of physics.  It is essential to have the ability to accurately measure low-strength magnetic fields in a manner than will allow the distribution of such sensed information to be used in an interpolation process that can give useful information about larger regions of space beyond the scope of the actual measuring instrument.  The device must have sufficient means for assimilating, storing, and communicating this information to some type of central (or distributed) computing apparatus which in turn can communicate the final data sets of interest to an earth-based telemetry center.  Furthermore, there is the issue of power and drive for the sensor devices that would compose such an array of instruments.  To the extent that they are to be widely distributed across some region of space and probably untethered, there is a requirement for power and control for the maneuvering of the devices into their respective positions.  If there is to be some redistribution or reconfiguration of the array during the mission flight, then there is an additional requirement for power and means of locomotion.

2 MAGNETO-OPTIC DETECTION AND

   ENCODING (MODE)

The heart of the matter is in being able to sense very weak magnetic fields and to register disturbances and variances that may exist in the fields as the sensor is moved through some region of space.  It is argued that a new formulation of magneto-optic thin films, an improvement upon well-known Fe-Ga substrate types, offers such a solution.  

The MODE field visualizing film (FVF) is a transparent ferromagnetic layer of Bi-substituted iron-garnet grown by LPE technique on a non-magnetic substrate. The composition of the FVF is characterized by the formula (R Bi)3 (M Fe)5012, where R is a rare-earth ion (Y, Lu, Tm, Gd, Ho, Dy, Tb, Eu for example) and M is generally Ga or Al. Magnetic and magneto-optic properties of the FVF are controlled by composition, growth conditions and post-epitaxial treatment. The specific Faraday rotation of 10^4 deg/sm and absorption coefficient less then 10^3 cm-1 are available in a generic composition (Tm Bi)3 (Fe Ga)5012. High contrast domain structures can be easily observed using a polarizing microscope.

The magneto-optic layer or FVF is created by growing the epitaxial layer on the garnet substrate, deposited in a supercooled flux, containing a solvent of composition Bi203-PbO-B203 as well as garnet-formed oxides at a temperature range of 940K to 1108K.

By introducing a high level of Bi3+ ion substitution into the FVF a high MO figure of merit can be achieved, s.t. (= 2(F / ( > 10 grad/dB.  An important feature of the FVF of value for possible deep space magnetic anomaly and variation studies is the high domain wall velocity (> 1000m/s) obtained in four types of films: (i) high-anisotropic-oriented films with Y and Lu composition, in the presence only of in-plane magnetic fields, (ii) films with Gd and Tm, with angular momentum compensation (AMC), (i) films with Y, Lu, and Pr (orthohomlical magnetic anisotropy (ORMA), and films with Gd and Eu (both AMC and ORMA).

These magneto-optic thin films have been successfully used in a number of applications including but not limited to the following:

· Banknote and cheque anti-counterfeiting

· Magnetic barcode authentication

· Non-destructive testing of metallic structures

· Geomagnetic anomaly detection

· Fiber-optic based magnetized

          chemotherapeutic agent concentration [8]

· Product security labeling

· Powerline voltage irregularity measurement

Two simple examples of images produced by a prototype measurement device, the MagVision Scanner, is shown in Figure 1 and Figure 2 below:
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Figure 1 – Secure Paper with Magnetic Ink
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Figure 2 – Secure Signature with Magnetic Ink

In this case the magnified images are taken from a region approx. 5mm by 5mm on a paper substrate encoded with both magnetic and non-magnetic ink.  While these are significantly different in every respect including the sensing apparatus design (cf. Figure 3 below) from what is proposed for the space-borne platform, the principle is illustrative of the end result in terms of a data image that can be renedered and processed to discriminate magnetic regions in the sensor field.

Typically, as shown in Figure 3, the sensor apparatus consists of a thin-film crystal element into which a beam of polarized light is introduced, with the Faraday effect rendered to the beam as it passes through the plane of the thin-film.  This beam, in the sensors employed for surface and structural sensing and for security applications, is then output to a CCD camera for translation into a video (or still frame) signal transmitted to a computer.









Figure 3 – Basic MagVision Scanner Design

3 MEASUREMENT OF EMF IN DEEP SPACE 

   USING NOVEL SENSOR AND 

   RECOGNITION TECHNIQUES

In a related paper also being presented at this conference and included in these proceedings [5], the theoretical basis for possible generation of coherent states of “vapour phase” photons by lightlike vacuum currents in regions of empty space is presented.  This model allows for the possibility that over a large volume this “topological condensation” process, based upon a fundamental model known as topological geometrodynamics (TGD) [6], could result in useful energy to maintain or sustain low-power long-range activities in a space mission.  

It is proposed that in a fashion analogous to the purely classical environments of sailing or windsurfing there are some mechanisms that might aid in the detection of regions of space where such vacuum current activity and coherence might be stronger than in others.  In sailing one must seek out better wind and draft as well as currents by some combination of sensing techniques, one of which is to observe the effects of the wind upon the distant surface of the water and to observe the resulting optical effects.  From such observation one can, with some level of expertise, develop a system for seeking out and also predictively changing course in order to obtain maximum wind and to optimally take advantage of currents and other navigational aids, as well as to avoid regions of doldrum or excessive storm conditions.  In sailing, moreover, the navigator uses as large a data space as possible, and the best set of tools are those that would conceivably allow one to examine wind and draft conditions across the largest possible area.

Uniformity across all of empty space may not be at all the case and one would do well to not adhere to the assumption that what is measured within the vicinity of large masses such as stars and planets is indicative of deep space.  How deep space regions may vary and fluctuate in terms of hypothetical vacuum currents is precisely one object for possible study using a massive-area deployed system such as is contemplated herein.

We envision a craft, or more precisely a set of units, with the capability of some such variation in course, allowing a matter of a few degrees’ change in course over a period of hours, days, weeks, or even longer.  This craft may also consist of a  spatially distributed system navigating through space as a network of communicating components, heterogenous in function and autonomous in terms of local navigation.  One could imagine the self-organized and cybernetically capable equivalent of an asteroid cloud, moving in a given direction but capable of reconfiguration or redirection.

These units could communicate via RF or MW frequencies or using an optically-based method.  Some or all of these physically dispersed units may be capable of capturing the current flow described theoretically in [5] and these units may also have the capability of adjusting position in order to modify and attenuate their collectors toward or into regions of space that would be stronger sources of the condensate photon currents than some other regions.

Given, it is conjectural at this point that such variations in the vacuum current do exist and within any “controllable” region of space such as could be managed by the rearrangement of some type of collector units in a geometric configuration that has proximity to the main body of an interstellar spaceship, for instance.  However, there seems to be one reasonable method and set of tools for exploring this speculation, and that is through measurement of variations in the magnetic field as some prototype spaceship is navigating through comparable regions of space.

We propose that there is justification to attempt such an experiment and that the mechanism to conduct it is not as complicated as may at first seem to be required. One possible means for detecting some anomalies in space that could be indicative of variations in vacuum current would be through the measurement of magnetic fields.  MODE sensors equipped with transmitters and distributed across a region that could span several tens of kilometers in the xy plane and which could be expanded into a third dimension without any significant impact on the sensing and communication capabilities – such devices would likely be able to provide a mapping of magnetic regions that has never been contemplated before.

Naturally the fields as well as the variation factor may be extremely low in strength, of the order of 10-10 T or less.  A shift in field strength may be useful as a tool in determining where a region of interest (from the perspective of vacuum current activity) may exist.

In order to complement the sensitivity of magneto-optic Faraday effect devices a sensing unit may include magnetostrictive measurement technology as well.  The Faraday device can attain sensitivities in the nT/Hz range, and but possibly lower to the pT/Hz range due to increase of the uniaxial anisotropic field Hk=2Ku/Ms, where Ku = uniaxial anisotropy constant and Ms = saturation magnetization.  The increase of Hk > 103 kA/m can be attained through the increase of Bi content in the epitaxial growth process.  However the limits of spatial resolution are of the order of cubic millimeters and there may be difficulty in assimilating sufficient field data for any useful interpolation process.  For this reason it is proposed to also include some variant of a magnetostrictive device.  A magnetostrictive substance changes its physical dimensions when exposed to a magnetic field.  An instrument based upon a Mach-Zehndr or Fabry-Perot interferometer, with sensitivity also in the pT/Hz range but extending to cubic centimeters, could be incorporated into this sensor module.  Together the two types of device may be able to produce readings that in tandem will be useable for projecting the strengths of fields in the general vicinity.

Why should both effects be employed rather than one?  The thought here is that while the sensitivity of both may be high, the accuracy of readings may be difficult to attain due to a number of unforeseeable events particularly in the stability of the apparatus after long periods of operation and exposure during the mission.  Redundancy and parallelism are the guiding principals, and it is thought that by choosing two complementary techniques rather than two of the same model one can attain more accurate readings overall.

4 SENSOR MODULE ARCHITECTURE

Each sensor module must be capable of operating the sensor units but also processing the data collected.  This must also be transmitted to some receiver unit and ultimately to a computer for processing and transmission of results.  The module has the requirement of being mobile and therefore must have some form of onboard propulsion system.  Although there is speculation about the possibilities of identifying vacuum current regions from whence useful energy could be extracted through a process based upon a topological dynamical model of photon “condensation” and “vapourization” [5,6,7] it is not intended at this time at least to consider how such a power source could be tapped and used for sensor module propulsion and power systems.  A more centralized ion drive type of engine might be designed to take advantage of cauum current energy sources in the larger vicinity of the space vehicle but such an apparatus, similar to space sails and ion drives as a whole is likely to be enormous in size relative to the sensor modules.

Figure 4 illustrates the possible design of such a module – it will have sensors, power, navigation, and communication all compactly packaged much like some of the “insect” robots conceived for lunar or planetary exploration.


Figure 4 – Basic Sensor Module Architecture

There are many obvious “packaging” issues that arise immediately on hand as possible problems.  The entire thrusting system, however, is required only to the extent that the initial geometry of the sensor array must be established upon deployment and then periodically rearranged according to the experiment or the requirements to hold one particular position.  Fuel consumption and therefore storage requirements may be minimized.

The role of the microprocessor system and memory is to receive image data and obtain some classification or categorization of the magnetic state as measured into a schema that can be compactly transmitted and used onboard the main space vehicle or subsequently transmitted to a “mothership” (which may be an Earth Station).  An embedded low-power 32-bit microprocessor with a small configuration (e.g., 1 MB or less) of RAM could be sufficient, and a FLASH array could suffice for local data storage.

The communication system may inded be the largest and most power-hungry component.  However the range for transmission is only as distant as the maximum distance from a module to its nearest neighbor module, as discussed in the next section.  All communications can be handled through a network relay system very similar to that employed in the early but very effective MIMD parallel systems such as the transputer.

The power supply clearly will have demands upon it, as the likelihood of obtaining any useful power from the environment (e.g., through solar panels) would be minimal and the cost factor would outweigh their use.  Therefore, power minimization control within all of the digital and also analog logic will be of the utmost importance.

Naturally there must be considered the post-measurement problem of communicating all required information from the sensor platform to the main part of the ship.  In order to do this effectively, with some fault-tolerance in the overall network, and power-wise efficiently, an older and proven architecture will be employed.

5 A MASSIVELY DISTRIBUTING 

   COMPUTING PLATFORM IN SPACE

The Communicating Sequential Process (CSP) architecture was first devised by C. A. R. Hoare and the Oxford Computing Group in the early 1980’s [9] as a model for concurrent or parallel computing.  It employed the MIMD model – multiple instruction, multiple data – enhanced with a process algebra that was fundamentally characterized by asynchronous and autonomous hierarchical processes communicating discrete data sets via fixed channels connecting processors.  Figure 5 illustrates the basic characteristics of the CSP paradigm, allowing for hierarchies of parallel processes embedded within processes and all communications handled among adjacent processes over formal channels with defined data types.

While the first microprocessor that truly incorporated a system-on-a-chip (SOC) architecture, the INMOS transputer, was readily supplanted in the early 1990’s by the rise of the Pentium, Sparc, MIPS, and Alpha RISC technologies, the concept of the embedded and reconfigurable array of parallel processors became well established and has paved the way for such modern innovations as thin-client and thin-server networks for manufacturing, transport, and home usage.  One of the features introduced into the computing world by this processor family was the distribution of data through network worm programs, similar to those employed today in most distributed networks and within web search engines.  With a root program resident on all processors, itself the outcome of a successful worm program navigation through the net, other programs and data can be loaded and unloaded anywhere in the net, and processors can do double-duty for handling their own processing assignments as well as shunting data passed through for other destinations.


Figure 5   Abstract CSP Model

[((n) is a process and ((q) are 

processes within ((n)]

Following this scheme, the magnetic field sensor module encapsulates a data set consisting of 1 – n bytes that has been produced from processing the output of the paired magneto-optic and magnetostrictive sensors.  This data is transmitted by the module and received by one or more nearest neighbors.  With a time stamp and other codes, the data is further transmitted and thereby relayed through the network of modules, with check mechanisms to restrict duplicate and unnecessary transmissions.  Ultimately the data is collected in a repository that is onboard the main spacecraft or “mothership,” the master vehicle of the mission and the original delivery ship on which the modules were stored prior to their release.  

With the modules deployed, the main ship can continue to monitor the EMF state of its small universe around it and issue module reconfiguration instructions through a similar network broadcast protocol, thereby propagating some change in the geometry of the sensor network, but without dependence upon having transmitter and receiver systems capable of reaching the farthest and most remote sensor modules, since again only nearest-neighbor “hearing distance” is essential.

6 CONCLUSIONS

The entire concept of large-scale reconfigurable EMF measurement and the utility of such information is admittedly speculative.  There are serious challenges to the system architecture that would be required to enable such a network of sensors to produce reliable information given that the processing of the network data also requires doing extensive interpolation, and a certain amount of extended extrapolation!  This implies that position data of the sensor modules will be accurate within some measure relative to the overall scale of the deployed network.

Nonetheless, the engineering of the sensor modules is within near-term feasibility given current SOC technology, low-power digital technology, and ultra-scalar advances in microprocessors and memory devices.  The sensitivity of the magneto-optic and magnetostrictive devices is experimentally demonstrated and can be refined.  The pattern recognition and field expansion algorithms that are needed to make the collected data useful to any degree have been well demonstrated in other but similar fields and applications and there is no particular reason to believe the computational processing would not suffice for this data, provided that the collected data is accurate enough and that the sampling size, granularity, and frequency is sufficient.  

Besides the motivation for basic “classical” investigations into EMF activities and anomalies, there are other attractors for this proposed system.  The potential for opening up novelty and discovery pertaining to vacuum currents, black holes, dark matter, unique useable energy sources, and other possibilities is a significant and tantalizing motivation to explore further this technological design, perhaps the most unusual but probably not the last that has been suggested for magneto-optic sensors.
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