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1.
Introduction

The magnetic field investigation contributes to the goal of determining whether on not Pluto has a magnetic field and determining the rate of loss of Pluto’s atmosphere. Producing a sufficiently magnetically clean spacecraft is an important requirement for the overall success of the mission. The approach adopted for Dawn relies on a high level of cooperation among all concerned parties. The goal of this program is to enable the magnetometer to measure an ambient field change at Pluto of 0.1nT using a gradiometer sensor 2m from the spacecraft. In order to attain this level of stray fields must be less than 10nT at the outboard sensor (2m) with a goal of 1.0 nT.  The permanent field must be < 100 nT at the outboard sensor with a goal of 10nT.

The objective of this plan is to explain how to achieve acceptable magnetic cleanliness levels and describe the means to validate the achieved levels. It considers the effects of hard and soft magnetic parts and materials, and those of stray fields, resulting from currents in the spacecraft and payload electrical systems. Permanent fields can be controlled to some extent by careful positioning of magnetic components. (Relays, latch valves and TWT’s, for instance, can be positioned to minimize the resultant field through self‑compensation.) However, it is not always possible to position optimally some of the major contributing sources, which have known, or predictable magnetic characteristics. Therefore, parts and materials to be used in the spacecraft must be selected so as to minimize their contribution to the background magnetic field.

In considering perm fields it is important to recognize the difference between hard and soft magnetic materials. Whereas the contribution of hard magnetic perm fields can be expected to be quite stable, the magnetic field of soft materials may vary appreciably, particularly during launch and in response to varying electrical activity in the spacecraft, i.e., in response to stray fields. The hard perm field background due to permanent magnets for instance, if not large, can be determined by a combination of ground testing, modeling and in‑flight determination, and is therefore often of lesser concern. The strongly varying contribution of soft magnetic materials, on the other hand, must be kept low by strictly limiting their use on the spacecraft.

Control of stray fields must also be considered during the design phase to minimize their effects on the magnetometer and spacecraft resources. As with the permanent fields, positioning is important and must be considered, along with harness layout, shielding, etc. In addition, full consideration must be given to acceptable EMC/EMI design practices, which will satisfy the DAWN EMC specifications.

Previous spacecraft projects like Helios‑l and ‑2, GEOS, ISEE‑1 and ‑2, Giotto and Ulysses have conducted extensive and successful magnetic cleanliness programs to ensure the success of the mission. The material presented here is based on previous experience. This document contains material first prepared for the Giotto and Cluster missions. We thank these magnetometer teams for their permission to do so. This document provides guidelines for the magnetic cleanliness design of the DAWN spacecraft and subsystems, and presents information on various aspects of the parts, materials and equipment to be used. One of its objectives, in particular, is to assist experimenters with the design of magnetically cleaner instruments to minimize residual fields and thus to help achieve the mission objectives.

2.
Design Approach

2.1 General

To meet the mission requirements, considerations of magnetic cleanliness must have a high priority during the design phase, when the design, selection and positioning of flight components and hardware needs to be carefully evaluated for possible magnetic contamination. The selected design of hardware in the integrated spacecraft shall of course not conflict with other performance criteria defined in the applicable specifications. This may relate to allocated weight, power, other EMC design considerations and environmental considerations (radiation, thermal, vibration and shock). Also, reliability, feasibility, available experience, available materials, as well as cost and schedules remain important considerations.

2.2 Approach to Minimizing Perm Fields

For the reduction and control of perm field contamination levels, the major areas of consideration are as follows:

a)
Component and piece‑part evaluation; selection of optimum items.

b)
Optimum parts layout for circuit boards.

c)
Optimum component or assembly orientation for mutual compensation.

d)
Provisions for the safe performance of components during deperming operations.

2.3 Approach to Minimizing Stray Fields

To comply with the requirements of the experimenters for minimizing stray fields, the following areas shall be considered (noting that all stray fields above are considered in the realm of EMI/EMC):

a)
Design of the spacecraft wiring and power distribution system, with special attention to bonding, shielding and grounding.

b) The use of paired, twisted leads wherever possible. All power leads and their returns should be twisted together.

c)
Equipment location within the spacecraft.

d)
Elimination of current loops throughout the spacecraft by the use of single point grounding trees.

2.4 Shielding Problems

For the spacecraft carrying magnetometers there are strong objections to the use of shielding materials for DC  magnetic fields. The reason for this is that for perm fields produced by permanent magnets, the residual field is fairly stable and can be calibrated or, in some, but not all cases, compensated using highly stable permanent magnets, whereas the soft magnetic shielding material itself can easily be magnetized during handling, vibration, launch, etc. This will produce an unknown variable field, which cannot be calibrated or subtracted during flight. Therefore we would prefer to accept a known (but still small) perm field background, which is stable instead of having a lower, but variable field produced by soft magnetic shielding material. Use of soft magnetic material for shielding should be cleared with the magnetometer team. Limited amounts of magnetic shielding can be used for devices such as motors and actuators.

3.
Achieving Magnetic Cleanliness

As stated earlier, there are two sources of magnetic fields; materials which can be, or have been magnetized (permanent fields), and currents in the spacecraft electrical subsystems which produce magnetic fields (stray fields).

Materials are defined as all structural, mechanical and electrical material and hardware, excluding electronic parts.

3.1 Permanent Fields

3.1.1 Materials

a) General



Aluminum, fiberglass, magnesium and titanium are all non‑magnetic. These are among the most desirable materials for use in structures. Steel or other magnetic materials should not be used in the structure or mechanical hardware.

All materials considered for use in the spacecraft, if not known to be satisfactory, must be carefully tested prior to their use. A list of acceptable materials will be included in later issues of this document.

b) Welding Wire

Ordinary nickel welding wire used for inter‑connections between components in welded modules is highly magnetic. As such, it should not be used on the project. A nickel‑copper alloy should be considered for welding. This alloy is composed of 78% copper and 22% nickel. Although a significant fraction of the alloy is nickel, the alloy remains non‑magnetic through welding, heat treatment, vibration and all environmental testing. This alloy is easily welded and considered as reliable as nickel.

c) Plastics and Epoxies

Plastics and epoxies are not magnetic in themselves, but some fillers used are magnetic. Care should be exercised in the use of red and black fillers especially, since these may contain iron in various oxide or metallic forms as coloring agents. Problems are not expected when other fillers are used, such as white or green. In all cases, samples of the epoxy or plastic used should be tested to verify its magnetic acceptability.

3.1.2 Electronic Parts

a) Resistors

Non‑magnetic metal film and carbon composition resistors can easily be obtained if non‑magnetic lead materials are specified. Care should be taken in the choice of metal film resistors to avoid the use of those having a spiral or helical pattern in which passing currents will produce large stray magnetic fields.

b) Capacitors

Tantalum Capacitors:

Non‑magnetic tantalum capacitors are difficult to find (the use of MINITAN* caps is recommended). The source of magnetic field is in the glass to metal seal and the magnetic lead material commonly employed. However, non‑magnetic sintered tantalum, electrolytic slug capacitors and electrolytic tantalum foil capacitors are available with non‑magnetic lead material.

The magnetic fields of other types of tantalum capacitors can be reduced somewhat by using the non‑magnetic nickel‑copper alloy leads in place of the highly magnetic kovar leads with the glass‑to‑metal seal.

Other Capacitors:

The following types of capacitors are available in non‑magnetic forms.

‑ Fixed Silver Mica Dielectric Dipped Coating

‑ Fixed Ceramic, Dielectric, Filter, Feedthrough

‑ Fixed, Glass Dielectric

‑ Fixed, Ceramic, Dielectric (general purpose)

‑ Fixed, Mica Dielectric

‑ Variable, Piston

‑ Variable

c) Crystals

*MINITAN capacitors are made by AVX. The standard capacitors in this catalogue have solid Nickel leads which are highly magnetic. These parts should be purchased to the GSFC specification S‑311‑P‑17(01)A which specifies non‑magnetic lead material.


Packaging of crystals in titanium or plated brass cans is desirable since this type of packaging is non‑magnetic.

d) Relays

Since the more reliable relay mechanisms depend on magnetic actuation for switching and permanent magnets for latching, the use of relays should be limited to only the most critical functions, which cannot be handled by solid state switching.

The magnetic field of the permanent magnet in a latching relay can be minimized through the choice of the smallest, least magnetic relay adequate for the task. Further reduction can be accomplished by the addition of a small permanent compensating magnet, sized and positioned on the relay case so that its magnetic field partially cancels the magnetic field of the magnet internal to the relay.

In the case of banks of (at least two) relays, these should be arranged to achieve maximum mutual compensation.

e) Wire and Cable

The following precautions are necessary to ensure that non‑magnetic wire and coaxial cable are used:

1) No wire with plated steel conductors should be used.

2) No shielded wire with braided steel mesh shielding should be used.

f) Connectors

It is necessary to specify non‑magnetic connectors like Cannon‑NMB and AMP Series 109. Care must be taken when ordering connectors containing springs and bayonet type locking mechanisms. A number of R/F connectors contain kovar glass​to‑metal seals. Tests should always be made on samples of any connectors before placing the final order. Connector crimp pins may be magnetically clean but exhibit field after crimping. While this field may be low, i. e., several nT at a cm, it can cause problems if the connector is in close proximity to the magnetometer sensor.

g) Transistors

When using single transistors, non‑magnetic packages should be given preference. Lead wires made of Kovar should be trimmed as short as possible.

h) Diodes

Although the majority of diodes are commonly available in glass packaging employing large, highly magnetic glass‑to‑metal seals and lead materials, several types of acceptable packages are available. Among them are the "DO‑7" package and the "Adam" package. At times it may be necessary to use diodes which are available only with the highly magnetic lead materials. Kovar lead wires should be trimmed as short as possible.

i) Integrated Circuits

By minimizing the lead length to the smallest practical value, the magnetic field of integrated circuits can be reduced. Careful layout, avoiding the addition of small magnetic contributions, should be used. Back-to-back mounting of electronic boards can also minimize the resultant field of assemblies.

j) Ferrite Cores and Pulse Transformers

Generally, ferrite cores exhibit less magnetic field after magnetizing than powered iron cores of similar size. The size appears to be the only factor in determining the magnetic moment retained by the core. Since the powered iron cores retain higher magnetic moments after exposure to a magnetic field, the use of powdered iron cores should be avoided wherever possible.

Many small pulse transformers are acceptable for use. The size of the core or bobbin determines the magnetic field retained after exposure to a magnetizing field. Small cores or bobbins wound with non‑magnetic copper wire are preferred.

k) Power Transformers, Chokes and Inductors

All magnetic components must be carefully wound on torroid cores with non​magnetic copper wire (using bifilar winding techniques when possible and appropriate). In this manner, the permanent and stray fields of the magnetic components are minimized.

3.2 Stray Fields

3.2.1 Guidelines


Stray fields are caused by current loops as indicated below.
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Many techniques have been identified for minimizing the stray fields produced by currents within the spacecraft, among which the following are of particular importance:

1) Leads carrying appreciable current (greater than 1 mA) must be twisted with the return lead, such that the net current in the twisted wires is as near zero as possible. Even if it is not possible to achieve a null net current, partial cancellation is still desirable.

2) In wiring through connectors all leads should be kept as close as possible to their return to obtain the best possible self‑cancellation through the connector.

3) All connectors should be place in one particular area of the assembly, this area being as small as possible.

4) All power wiring throughout the spacecraft requires twisted cabling.

5) Extreme caution must be exercised to avoid circulating ground loops through the structure.

6) Heater foils and elements must be of non‑inductive design.

Precautions 1, 2 and 3 aim at reducing the possible area of the current loops in the assemblies and spacecraft harness. A large magnetic moment can be built up by summing many relatively small moments. Thus, the basic approach is to minimize even the smallest loops within the assemblies and harness.

Precautions 1 and 2 are especially necessary when dealing with assemblies in Power Supplies. The current carrying leads internal to the converter assemblies must be carefully routed and twisted wherever possible to provide cancellation of stray fields.

All wiring in the spacecraft harness carrying more than 1 mA should be twisted with the return, with the number of twists per unit length determined by the gauge of the wire used. The twisting must be tight enough to prevent "birdcaging" of the wires but not so tight that the wires will be twisted into solenoids. Typically, the number of twists ranges from 1 to 0.3 turns per cm. Precaution 4 is a restatement of 1, specifically dealing with the power distribution leads.

Precaution 5 suggests a single‑point power grounding system to avoid uncontrolled, circulating ground loops in the equipment platform. The prime danger is that the ground loops cannot be accurately calculated in that they may not be completely controlled. In addition, they are very hard to determine experimentally prior to the magnetic testing of the completed, integrated spacecraft.

3.2.2 Stray Fields of Parts with Magnetic Cores

In general, the construction of magnetically acceptable power transformers, chokes and inductors is a problem. As previously discussed, these parts can be constructed with very low permanent fields. However, the stray fields associated with them can be quite large and care must be taken to reduce them to an acceptable level. Although most currents in the transformers and inductors are high frequency, DC offsets are usually present in at least one set of windings and large DC currents are always present in the chokes. Studies have been made to determine the factors, which significantly affect the stray magnetic fields of the parts when direct current is applied. The results of these studies may be summarized as follows:

1) Only ring cores with torroid windings should be used for transformers and inductors.

2) The windings, whether they be few or many, must be uniformly spaced around the torroid.

3) The windings must be wound very tightly to the core to reduce air gaps. The use of multifilar magnet wire is recommended. Also, it was found experimentally that the stray field is reduced if the core is rolled on a hard surface after winding, thus improving the fit of the windings to the core.

As an added precaution, even after taking these precautions, extra parts can be ordered and only the best ones (after tests) should be selected for use.

Two sets of magnetic screenings can be made to find the best parts: one after winding but before potting (and the subsequent reliability testing), and one at incoming inspection of the finished part. A pre‑potting test will predict the rejection of those obviously unacceptable, and will determine which are the best of the lot and which are marginally acceptable.

3.2.3 Special Problem Assemblies

Several assemblies can be classified as "special problem areas". Systems requirements dictate the need for these units; therefore none can be deleted or replaced. A few notes are included here for guidance.

-
Moving mechanical assemblies, stepper motors, etc., can cause special problems, and therefore require special attention for a magnetically clean design. In particular, any use of motors should be cleared with the EMC Board. If identified early, proper shielding can be designed into the device to reduce the stray AC fields.

-
Batteries can be a major source of background field. However, careful design and compensation techniques have been developed to cancel the external field, for instance on the Ulysses and Giotto missions.

-
Antenna/RF components use magnetically hard material (springs, magnets, gyrators, circulators). These have to be inspected and sniffed very carefully, and degaussed piece by piece.

-
Travelling Wave Tubes are a known source of background field. Their contribution must be minimized by positioning for self‑compensation, and/or by using compensating magnets.

4.   Magnetic Testing of Flight Hardware

4.1 Testing at assembly and unit level

Complete assemblies and units for which a magnetic specification and allocated magnetic moment are issued will be tested as units to demonstrate that the specification and allocation are met. Furthermore, units will also be mapped for determining the input to the spacecraft magnetic model.

4.2 Use of magnetometers for component and subassembly level testing

It is recommended that every supplier of hardware should have a simple way of checking flight hardware components for magnetism in their laboratory, thus allowing easy identification of magnetic parts at a very early stage of instrument design and construction. This will enable designers to select non​magnetic alternatives where possible, and to keep track of the magnetic budget of their instrument and hold it within their allocation.

If the experiment group does not have magnetic testing equipment and expertise, the magnetometer experimenter or CSFC can perform the tests. The most important factor is to identify magnetic problems early while they can still be corrected.

5. Test Schedule / Site Visit

5.1 Orbital Site Visit – Date TBD
The purpose of this test is to determine if the spacecraft and its subsystems have any significant stray fields or permanent fields. It is performed with gradiometer magnetometers in full Earth field and with flux cans for small systems and parts.

5.2 Instrument Provider Site Visits – Dates TBD
The purpose of this test is to determine if instruments have significant stray or permanent fields and suggest any needed modifications. These tests are performed with gradiometer magnetometers in full Earth field and with flux cans for small systems and parts.

5.3 Post Assembly Quiet Time Test – Date TBD
The purpose of this test is to determine the stray field contribution of the spacecraft when subsystems and experiments are activated. It is performed in the high bay area at a time of low activity with gradiometer magnetometers in full Earth’s field. 
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