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1.0 Introduction

This document establishes the specifications for performance, design, development, fabrication, testing, and delivery of eight (8) identical Component SubAssemblies (CSA) and spares for the Magnetospheric MultiScale (MMS) mission on-board propulsion system.

1.1 Subsystem Definition

The MMS Propulsion subsystem consists of the integrated components required to contain, control, monitor, and utilize hydrazine propellant to produce the required forces on the MMS spacecraft body.  The propulsion subsystem includes propellant tanks, fill and drain valves, thruster assemblies, and CSAs. The propulsion subsystem also includes the required thermal control heaters (such as catalyst bed heaters), survival heaters, electrical harnessing and connectors, and component mounting brackets.
Each MMS spacecraft has two (2) CSAs. The CSA consists of panels, latching isolation valves, liquid filters, surge suppression devices, pressure transducers, and a connector. 
1.2 References

Table 1 lists the references for this document. 
Table 1 Reference Documents

	AFSPCMAN 91-710
	Air Force Range Safety User Requirements

	AIAA-SP-084-1999e
	Fire, Explosion, Compatibility, and Safety Hazards of Hypergols - Hydrazine

	AMS 5897B
	Steel, Corrosion and Heat-Resistant, Seamless or Welded Hydraulic Tubing, 18.5Cr - 11Ni - 0.80Cb (Nb) (SAE 30347), Solution Heat Treated and Cold Drawn, 1/8 Hard Temper

	EEE-INST-002
	Instructions for EEE Parts Selection, Screening, Qualification, and Derating

	GSFC S-311-P-4/09
	GSFC D-Subminiature Connector Specification 

(See http://nepp.nasa.gov/npsl/)

	JSC-SPEC-C-20
	Deionized water

	KSC-KTI-5211
	NASA/KSC Material Selection List for Reactive Fluid Service

	MIL-PRF-26536E (1)
	Propellant, Hydrazine – High Purity Grade

	MIL-PRF-27401F
	Gaseous Nitrogen, Type 1, Grade A

	MIL-PRF-27407C
	Gaseous Helium, Type 1,  Grade A

	MIL-PRF-27415B
	Argon, Type 1, Grade A

	MIL-DTL-5541F
	Chemical Conversion Coatings on Aluminum and Aluminum Alloys

	MIL-STD-889B (3)
	Dissimilar Metals

	MSFC-HDBK-527F
	Material Selection for Space Hardware

	NASA-STD-8739.3
	Soldered Electrical Connections (See http://standards.nasa.gov/default.taf)

	NASA-STD-8739.4
	Crimping, Interconnecting Cables, Harnesses, and Wiring (See http://standards.nasa.gov/default.taf)

	http://outgassing.nasa.gov/
	Outgassing Data for Selecting Spacecraft Materials Online

	SAE-AIR-5378
	Aircraft Tube Bending Methods, Techniques and Tooling

	SAE-AS-33611
	Tube Bend Radii

	TT-I-735A
	Isopropyl Alcohol


2.0 Perfrmance and Functional Requirements
2.1 General Requirements
2.1.1 System Architecture

Each MMS spacecraft has two CSAs.  Figure 1 shows the propulsion subsystem schematic.
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Figure 1 MMS Propulsion Subsystem Schematic
2.1.2 Lifetime

2.1.2.1 Mission Life

The CSAs shall be designed for a 29 month mission. 
2.1.2.2 Storage

The CSAs shall meet all of their performance requirements after 2 years of unfueled storage and 6 months of fueled storage on the ground after completion of the propulsion system. 
2.1.3 Propellant Specification

The propulsion system shall be designed to use high purity hydrazine per MIL-PRF-26536E (1).
2.2 Performance Requirments
2.2.1 Design Pressure

2.2.1.1 Operating Pressure
All components shall have a maximum expected operating pressure (MEOP) of 325 psia at 40 C. 

2.2.1.2 Proof Pressure

The components shall be capable of withstanding proof pressures of no less than 715 psia without any permanent physical deformation, yielding, or cracking, and without loss of performance as specified herein. 
2.2.1.3 Burst Pressure

The components shall have previously demonstrated, through a qualification program, burst pressures of no less than 1000 psia. 
2.2.2 Leakage

2.2.2.1 CSA Leakage

Each CSA shall have a total external leak rate of less than or equal to 1x 10-6 scc/sec He at MEOP.

2.3 CSA Design Requirements
The functions of the CSA include the following:
· Manage the propellant from the propellant tank to several thrusters.

· Collect any contamination coming from the propellant tank. 

· Suppress the waterhammer pressure with the venturi.

· Monitor the pressure in the propulsion system. 

2.3.1 Isolation Valves
2.3.1.1 Quantity
Each CSA shall have two isolation valves.  

2.3.1.2 Mass

Each isolation valve’s mass including harness shall be less than or equal to 1.0 kg. 
2.3.1.3 Redundant Coils
The latch valves shall include primary and redundant coils for opening and closing.  Each coil (primary open, primary close, redundant open, and redundant close) shall include independent power lines.
2.3.1.4 Response Time

The opening and closing response time for each latch valve shall be less than 120 ms at the MEOP given in Section 2.2.1.
2.3.1.5 Cycles
The isolation valves shall be qualified for at least 2000 cycles. 
2.3.1.6 Position Indication

Latching Isolation valves shall include dual three pole micro switches to give positive indication of whether the valve is in the open or closed position.  

Latching isolation valves that require no power to maintain either the open or closed position shall be used to provide the required propellant isolation.

2.3.1.7 Back Relief Capability

Latching isolation valves used for liquid propellant isolation shall have the capability of back relieving the downstream pressure to prevent manifold pressure from exceeding MEOP. The back relief pressure shall be less than 150 psig.
2.3.2 Pressure Transducers 

2.3.2.1 Quantity
Each CSA shall have two pressure transducers. 
2.3.2.2 Mass

Each pressure transducer‘s mass including harness shall be less than or equal to 1.0 kg. 

2.3.2.3 Operation

Pressure transducers shall be capable of being powered and read using Ground Support Equipment and spacecraft interfaces.  Pressure transducers shall be capable of continuous operation over the mission lifetime.

2.3.2.4 Pressure Range

Pressure transducers shall be calibrated to read pressures ranging from 0 to the proof pressure as specified in Section 2.2.1.2.  Pressure transducers shall be capable of surviving exposure to proof pressures while still maintaining their specified calibration accuracies.

2.3.2.5 Cycle

The pressure transducers shall maintain the operational requirements defined herein after no less than 10,000 pressure cycles, where one cycle consists of the sensed pressure changing from atmospheric pressure to MEOP and then returning to atmospheric pressure.

2.3.2.6 Accuracy

Static Error Band accuracy shall be 0.25% or smaller at a minimum using Best Fit Straight Line – Root Sum of Squares Method (BFSL-RSS). The Static Error Band equation is defined below.  The value stated above is the percentage of full scale, with each pressure transducer’s “full scale” defined as the transducer’s MEOP.  The transducers shall maintain these accuracy requirements throughout the temperature range and input voltage range specified herein.

Static Error Band = SQRT (Linearity 2 + Hysteresis 2 + Repeatability 2 )
2.3.3 System Filters
2.3.3.1 Quantity

Each CSA shall include two system filters.
2.3.3.2 Mass

Each system filter’s mass including harness shall be less than or equal to 1.0 kg. 
2.3.3.3 Filter Type
The system filter shall be an etched-disk filter.
2.3.3.4 Capacity

The system filter shall have a contamination capacity between 500 mg to 1000 mg.
2.3.3.5 Filter size

The system filter size shall have an absolute filter rating between 5 microns to 10 microns. 
2.3.4 Connector

2.3.4.1 Quantity

Each CSA shall include one connector. Each connector shall have a backshell. 

2.3.4.2 Mass

Each connector’s mass including harness shall be less than or equal to 0.3 kg. 

2.3.4.3 Connector Type

The connector shall be flight qualified subminiature D, standard density per GSFC 3311-409B.
2.3.4.4 Contacts

Gold plated non-magnetic contacts shall be used for the subminiature-D and circular connectors.

2.3.4.5 Contact Derating

Contact derating criteria shall be as follows:

1. The current carrying capacity of the contacts shall be derated for continuous operation at the required current levels in a vacuum, as defined in EEE-INST-002.

2. When redundant contacts are used for a single power source, each contact shall meet the required derating criteria. 
2.3.5 CSA Plate

2.3.5.1 Mass

The total CSA mass shall be no more than 1.3 kg.
2.3.5.2 Material

The CSA material shall be made of iridited Aluminum 6061-T651 per MIL-DTL-5541F. 
2.3.6 Reliability

The CSAs shall be designed to utilize component level redundancy to the maximum extent possible consistent with the subsystem and mission lifetime requirements.
2.3.7 Safety

The CSAs shall be designed in compliance with AFSPCMAN 91-710 Range Safety User Requirements.

2.4 Interface
2.4.1 Component Locations, Envelopes, and Center of Mass

All component locations, envelopes, and centers of mass shall be specified in Figure 2. 
The location of the components on one half of the CSA shall be the same as on the other half of the CSA.  The dimensions in Figure 2 are in inches.
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Figure 2 CSA Envelope
2.5 Electrical Characteristics
The electrical interface configuration shall meet the overall requirements of this specification.

2.5.1 Input Voltage Level

Each latch valve and pressure transducer shall operate with a nominal voltage range of 23V – 34 VDC.  Voltage applied to the coils within an isolation valve shall be a square pulse with a nominal pulse width of 200 (20 ms.

2.5.2 Survival Voltage

The propulsion components shall survive voltage transients (of durations equal or less than 10 ms, measured at mid points) of +/- 3 V. The components shall survive constant voltages up to 35 V. 

2.5.3 Power Input Configuration
Power to each latch valve and pressure transducer will be remotely switched using properly derated lines.  The DC power and return will be routed to each latch valve and pressure transducer as twisted pairs and will be shielded as required.
2.5.4 Isolation Valve Coil Resistance
The electrical resistance of the valve opening and closing measured across the leads shall be no less than 30 ohms at ambient temperature. 

2.5.5 Pressure Transducer Power Consumption

The maximum power per pressure transducer at 31 VDC shall be less than 0.8 W. 

2.5.6 Output

2.5.6.1 Isolation Valve
Each latch valve shall contain one position indication circuit (micro-switch).  The circuit shall consist of closed, open, and common leads. When open and when closed, the latch valve shall only require power for the position indication micro-switch.
2.5.6.2 Pressure Transducer

The output voltage of the transducer shall be a 0 VDC to 5 VDC nominal voltage directly proportional to the input pressure, with a range from 0 psia (0 MPa) to the proof pressure as specified in Section 2.2.1.2.

2.5.7 Interface
2.5.7.1 Isolation Valve

The wires shall be wired to the connector specified in Section 2.3.4. The wire leads shall include the following:
· Primary open coil (+)

· Primary open coil (–)

· Redundant open coil (+)

· Redundant open coil (–)

· Primary close coil (+)

· Primary close coil (–)

· Redundant close coil (+)

· Redundant close coil (–)

· Primary Position-indicating micro-switch – common

· Primary Position-indicating micro-switch – closed

· Primary Position-indicating micro-switch – open

· Redundant Position-indicating micro-switch – common

· Redundant Position-indicating micro-switch – closed

· Redundant Position-indicating micro-switch – open

2.5.7.2 Pressure Transducer
The wires shall be wired to the connector specified in Section 2.3.4. The wire leads shall include the following:
· Power

· Return

· Signal/+

· Signal/–

2.5.8 Wire
Conventional wire used in the spacecraft harness or any of the subsystem harnesses shall conform to the following requirements:

a.
Minimum allowable wire size for power is 22 AWG for isolation valves and 24 AWG for pressure transducers.  Minimum wire size for signals is 24 AWG for isolation valves and pressure transducers.

b.
All harnessing shall be fabricated from low outgassing material that is non-flammable and self-extinguishing per EEE-INST-002.

c.
All current carrying power wires in vacuum must be derated in accordance with EEE-INST-002.

2.5.9 Harness
2.5.9.1 Fabrication

Harness assemblies shall be fabricated per the requirements of NASA-STD-8739.3 (Soldered Electrical Connections) and NASA-STD-8739.4 (Crimping, Interconnecting Cables, Harnesses, and Wiring).

2.5.9.2 Workmanship

a. The harness and other elements of the electrical system shall be constructed in a manner consistent with NASA standard for quality and reliability.

b. The workmanship standards and processes outlined in the Spacecraft MAR shall be used. 

2.5.9.3 Interchangeability

Harness subassemblies and related components shall be directly interchangeable in form, fit, and function with other items of the same part number.

2.5.9.4 Wiring Design

The wire with 28 VDC Power shall be twisted pair with over bundle shield/wrap with 360 degrees of shield termination at backshell. 
2.5.9.5 Signal Segregation

Wherever possible, different classes of signals (power, digital, analog, etc.) should be separated by using separate connectors and separate harness bundles.  If separate connectors are not feasible, classes of signals within a common connector should be isolated from one another.  Connector pin assignments should be such that sensitive circuits are separated from potential interference sources.

2.5.9.6 Wire Twisting

1) Any wire that carries current greater than 1 mA shall have an associated return wire.

2) The plus wire shall be twisted with the return wire.

3) The following twisting guidelines shall be followed:

a. Table 2
b. Twisting should be as symmetrical as possible.

Table 2 Minimum Number of Wire Twists

	Wire Size
	Twists Per Foot

	
	Two Conductor
	Three Conductor
	Four Conductor

	#16
	10
	7
	5

	#18
	12
	8
	6

	#20
	16
	12
	8

	#22 and smaller
	18
	16
	10


2.5.9.7 Grouping of Twisted Wires

When multiple twisted wires are grouped into harness cable assemblies, the following guidelines should be followed:

1) The twisting should begin as close to the termination as practical without causing undue stress on the connector.

2) Winding should be such as to prevent the introduction of residual twist into individual conductors at the connector pin.

2.5.9.8 Wire Shielding

2.5.9.8.1 Shield Termination

All shielded wires shall be terminated to chassis ground. The method of termination will depend on the type of signal in question. General guidelines are as follows:

1) Shielded wires (single-ended or differential) that carry digital signals should be terminated to chassis ground at both ends. 

2) Shielded wires that carry low-level analog signals should be terminated to chassis ground on one end only. In the case of an analog circuit interfacing to a floating sensor, the shield should be grounded at the circuit end; if the sensor is already referenced to chassis ground, the shield should be grounded at the sensor end.

2.5.9.8.2 Shield Termination at Connectors

For shielded wires that require termination to chassis ground at a multi-pin connector, the recommended methods of termination, in order of preference, are: (a) direct connection to the metallic connector shell; (b) connection to grounding studs adjacent to the connectors with short jumpers (< 10 cm).  Use of connector pins to carry the shield through the connector to chassis ground at the rear of the receptacle should be avoided wherever practical.

If the twisted shielded pair passes through an intermediate connector, the shield braid on both sides of the connector should be connected to the connector back shells assuming they are metal and are connected to chassis ground. If the connector back shells are not metal or are not at chassis ground, the braid should be connected to the nearest chassis ground via short wires.

Wherever possible, each shielded wire should be terminated to chassis ground using a dedicated jumper of less than 5 cm. If this not practical, up to three shield braids may be “daisy-chained” and a common jumper used to terminate them as long as the jumper is kept very short.

Shielded wires, by necessity, will be unshielded near the immediate vicinity of their connection to the connector pins. This exposed length should be less than 2 cm in order not to compromise shielding integrity of the signal.

2.5.9.8.3 Bundle Shielding

For fixed cable harness runs with or without branches that require bundle shielding, the shielding method should be either: (a) a double layer of self-adhesive copper or aluminum tape with the two layers being wound in opposite directions with a 50% minimum overlap; or (b) wire mesh tape applied in a spiral wrap with a 50% minimum overlap.

The bundle shield should be terminated to chassis via the connector back shell. Recommended methods of termination, in order of preference are: (a) using back shells specifically designed for terminating bundle shields (such as those made by Glenair, Inc.); (b) using a copper mesh and wire between the layers of aluminum or copper tape and connecting the wire to the strain relief screw of the back shell; (c) wrapping the end of the bundle shield with several turns of aluminum or copper foil and clamping this in the clamp of the back shell; (d) silver-epoxying the bundle shield to the back shell; and (e) use of heat shrinkable plastics with conductive inner surface over the connector and the bundle shield. Regardless of the termination method used, the DC resistance from the bundle shield to the connector back shell shall not exceed 2.5 milliohms.

2.5.9.9 Harness Support

All harnesses should be adequately supported at terminations (preferably within six inches of connectors) and at intermediate points (preferably with a spacing of 12 inches or less) to prevent damage due to handling during integration and test or due to the launch environments. Harness terminations at connectors should be supported with backshell clamps (preferred) or with backshell potting. Cable support at intermediate points should be via cable clamps that are attached to structural frames or other suitable support structures. Additional insulation in the form of harness troughs, overall jackets, rubbing strips, or grommets should be provided to prevent chafing on rivets, screws, panel edges, etc.

2.5.9.10 Connector Identification

Each harness connector shall be identified to facilitate mating by the use of a non-metallic band affixed to the cable which bears the reference designation of both the plug and the mating receptacle.
2.5.10 Grounding

2.5.10.1 Isolation valve
Unregulated 28V lines shall be isolated from signal and chassis ground by greater than 1 MΩ.
2.5.10.2 Pressure Transducer

Internal to each pressure transducer, signal and chassis ground will be directly connected to each other.  

Unregulated 28V power and return shall be isolated from signal and chassis ground by greater than 1 MΩ.  Chassis ground contacts shall take the shortest possible route to chassis.  

The DC electrical resistance across the pressure transducer to mounting interfaces shall not exceed 2.5 m Ω (assume bolted to aluminum interface with no interface material).  Mating surfaces shall be free from nonconductive finishes and shall maximize contact surface area. Each pressure transducer’s ground connection shall be made through its mounting interface.
2.5.11 Surface/Dielectric Charging Protection
The components shall meet the following requirements in order to survive the GTO/GEO charging environment.

2.5.11.1 Internal Charging

The isolation valve design and pressure transducer design shall prevent internal charging/discharging effects that can damage the internal components or disrupt operations.  Internal charging effects shall be controlled by shielding all electronics elements with a shielding depth of at least 2 mm of aluminum equivalent shielding. 
Internal dielectric materials with bulk resistivity of >1012 Ω-cm (such as the connectors, thermal isolators, thermistor mounting, and other materials such as Kapton and Teflon insulators) that do not meet the shielding requirement shall be controlled via one of the methods described below.

There are a number of mitigation strategies possible.  The vendor shall choose one or more of the following strategies:

1. Provide an equivalent shielding of 2mm of Aluminum.  For harnesses that are inside the body of the spacecraft this level of shielding may be demonstrated using the 3-D ray traces procedure.  For harness external to the spacecraft body, this level of shielding may be provided by wrapping the harness in a high Z material (e.g. Lead) or with a number of layers of copper tape. 

2. Use low pass filters at either end of the cable that absorb the energy from the discharge without creating dangerous voltages. 

3. Provide circuits at either end that have sufficiently low impedance that they are not harmed by the discharges 

4. Provide circuits at either end that suppress transients.
Ungrounded (floating) conductors shall not be allowed in the latch valves.

2.5.12 Isolation Valve Dielectric Strength

Dielectric material between mutually isolated electrical circuits shall withstand a test voltage of at least 200 VAC for 60 seconds without exceeding a current of 1.0 mA.

2.5.13 Insulation Resistance

2.5.13.1 Isolation Valve

Insulation resistance between mutually isolated electrical circuits shall be at least 100 MΩ at a test voltage of at least 500 VDC for 60 seconds minimum.
2.5.13.2 Pressure Transducer

Insulation resistance between mutually isolated electrical circuits, and isolated electrical circuits (power and thermal sensors circuits) and case ground shall be at least 100 MΩ at a test voltage of at least 50 VDC for 60 seconds minimum.
2.5.14 EMI/EMC

The vendor shall show that the pressure transducer designs are qualified to the EMI/EMC levels described in the following section.  Acceptable levels of emissions and susceptibility may differ and will be shown in the applicable figures.

2.5.14.1 Conducted Susceptibility (CS)

Conducted susceptibility requirements are designed to ensure that any component connected to the spacecraft power bus is not unduly susceptible to noise expected to be present on the power bus.

2.5.14.1.1 Applicability

The conducted susceptibility requirements are applicable for the primary power wires that supply power to a component.  Conducted susceptibility requirements do not apply to the power return wires, secondary power wires or signal wires.

2.5.14.1.2 CS01 – Low Frequency Ripple

All components shall meet performance requirements in the presence of a ripple voltage of 2.5V peak-to-peak (p-p) from 30 Hz to 50 kHz on the power bus.

2.5.14.1.3 CS02 – Radio Frequency Ripple

All components shall meet performance requirements in the presence of a ripple voltage of 1.5V peak-to-peak from 50 kHz to 400 MHz on the power bus.

2.5.14.1.4 CS06 – Transients

All components shall meet performance requirements when subjected to positive and negative voltage spikes injected on the positive power lead with the wave shape shown in Figure 3.
Figure 3 CS06 Perform Transient
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2.5.14.2 Conducted Emissions (CE)

Conducted emission requirements are designed to prevent excessive noise from being induced on the spacecraft power bus by components that are connected to the bus.

2.5.14.2.1 Applicability

The conducted emissions requirements are applicable for the primary power (+28V bus) and return leads that supply power to a component.  The requirements do not apply to secondary power wires or signal wires.

2.5.14.2.2 CE01/CE03 – Differential Mode Emissions 
Differential mode conducted emissions, on the power and return leads separately, shall not exceed the limits of Figure 4.   Measurement bandwidths shall be 5 Hz for frequencies between 30 Hz to 20 kHz, 500 Hz between 20 kHz and 2 MHz, 5 kHz between 2 MHz and 30 MHz, and 50 kHz between 30 MHz and 50 MHz.

2.5.14.2.3 CE01/CE03 – Common Mode Emissions
Common mode noise, on the power and return leads together, shall not exceed the limits of Figure 5.  Measurement bandwidths shall be 5 Hz for frequencies between 30 Hz to 20 kHz, 500 Hz between 20 kHz and 2 MHz, 5 kHz between 2 MHz and 30 MHz, and 50 kHz between 30 MHz and 50 MHz.

Figure 4 CE01/CE03 Differential Mode Conducted Emission Limits
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Figure 5 CE01/CE03 Common Mode Conducted Emission Limits
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2.5.15 Magnetic Cleanliness
To avoid corrupting the magnetic measurements that are a prime objective of the mission, the observatory and its subsystems are required to be “magnetically clean.”  The following paragraphs provide requirements and guidelines for minimizing the magnetic field generated by the observatory.

2.5.15.1 Minimizing Permanent Fields

Permanent fields arise from permanent magnets or magnetically soft materials that are magnetized in response to varying electrical or magnetic fields in ambient environment.  Permanent fields should be minimized by: (a) strictly controlling the use of magnetic materials and (b) compensating the permanent fields. The following sections provide details on these methods.

2.5.15.1.1 Compensating Permanent Fields
It is not always practical to completely avoid the use of components that generate hard permanent fields. But since these fields, often generated by permanent magnets, are quite stable, they can sometimes be compensated by careful positioning or by the addition of permanent magnets. For example, latching relays are inherently magnetic, but they can be arranged in opposing pairs to cancel out their magnetic moments. If this is not practical, a small permanent compensating magnet properly sized and oriented on the relay, shall be used to cancel out the field of the relay’s internal magnet.

2.5.15.2 Minimizing Stray Fields

Stray fields are due to uncompensated current loops or stray currents that result in permanent or variable magnetic moments. As with the permanent fields, positioning is important and must be considered, along with harness layout, twisting of power and returns, shielding, grounding, etc. The following sections provide guidelines on reducing stray fields.

2.5.15.2.1 Minimizing Current Loops
Magnetic dipole moments are associated with the current loops and, if uncompensated, these can add up to large fields. The following guidelines may be used to minimize current loops:

[1] Each positive wire that carries appreciable current (> 1 mA) should be twisted with its return.

[2] Where twisting is not possible (at connector pins, for example), positive and negative power lines should be routed to minimize the enclosed area.

[3] On printed circuit boards, positive and negative power traces should be routed to minimize the enclosed area.

2.5.15.2.2 Compensating Current Loops
It is not possible to completely eliminate current loops, and there are instances where the loop area cannot be minimized beyond a certain point by twisting, such as when there are in-line components (resistors, fuses, thermostats, etc.).   In these cases, the total field may be minimized by locating and orienting these loops in such a way as to generate opposing dipole moments that cancel each other.

2.5.15.2.3 Minimizing Stray Currents
Stray fields can result from uncompensated conductors or currents flowing via “sneak paths” in the structure. The following techniques may be used to minimize stray currents:

[1] Every wire carrying appreciable current (> 1 mA) should have a return associated with it.

[2] Stray currents associated with primary power can be eliminated by: (a) strict adherence to the single point grounding scheme for primary power, and (b) by isolating primary power from local signal and chassis grounds within components.

Interconnections between components should be carefully analyzed to determine all current paths.

2.6 Environmental Requirements

Prior to the CSA assembly and after each CSA is complete, each component and each CSA shall be designed to withstand (without degradation of specified performance) the operational and non-operational environments specified in the following section.
2.6.1 Static Loads

All components shall be designed to withstand interface limit loads of 40.0 g’s.  Loads are considered to act in any direction, individually.  Structural analyses shall be performed to show positive margins of safety using a factor of 1.25X with regard to yield and 1.4X with regard to ultimate material strength.

2.6.2 Fundamental Frequencies

In order to avoid launch vehicle induced excitation frequencies, the fundamental frequencies of the spacecraft components shall meet the values in Table 3. Frequencies will be verified by sine sweep testing.  Any component which fails to meet the specified fundamental frequency must supply a finite element model, correlated to modal survey test results up to 75 Hz, to be used in coupled loads analyses.

Table 3 MMS Component Fundamental Frequencies
	Element
	Frequency

	Deck Mounted Components
	> 75 Hz


2.6.3 Vibration Loads

2.6.3.1 Sine Vibration

The spacecraft components shall be designed and tested to meet to the sine vibration levels of Table 4 on all three axes.
Table 4 Sinusoidal Vibration Levels for MMS Components
	Test
	Axis
	Frequency (Hz)
	Level (peak)
	Sweep Rate (octaves/min)

	Acceptance
	Thrust
	5 – 20

20 – 50
	0.5 inches D.A.

10.0 g
	4

	
	Lateral
	5 – 20

20 – 50
	0.5 inches D.A.

10.0 g
	4

	Proto-flight
	Thrust
	5 – 20

20 – 50
	0.63 inches D.A.

12.5 g
	4

	
	Lateral
	5 – 20

20 – 50
	0.63 inches D.A.

12.5 g
	4

	Qualification
	Thrust
	5 – 20

20 – 50
	0.63 inches D.A
12.5 g
	2

	
	Lateral
	5 – 20

20 – 50
	0.63 inches D.A.

12.5 g
	2


2.6.3.2 Random Vibration
The random vibration environment for the components results from the coupling of structure-borne random vibration with the acoustic noise inside the payload fairing.  The random vibration environment for a given component is a function of its location on the spacecraft.   Table 5 provides required vibration test levels. These levels may be updated based on test data or statistical energy analysis (SEA).

Table 5 Random Vibration Levels for Deck Mounted Components

	Frequency (Hz)
	Acceptance ASD (G2/Hz)
	Proto-flight ASD (G2/Hz)
	Qualification ASD (G2/Hz)

	20
	0.013 
	0.026 
	0.026 

	20-50
	+6 dB/Octave
	+6 dB/Octave
	+6 dB/Octave

	50-800
	0.08
	0.16
	0.16

	800-2000
	-6 dB/Octave
	-6 dB/Octave
	-6 dB/Octave

	2000
	0.013
	0.026
	0.026

	Overall (Grms)
	10.0
	14.1
	14.1

	Duration (minutes)
	1
	1
	2


2.6.4 Shock

Components shall be designed and tested to withstand the shock spectrum environment shown in Table 6 without any damage or degradation of performance.  These shock levels assume that a component is located within 60 cm (2 ft) from a shock source.  The levels given below will be updated once all shock sources have been defined.

Table 6 Shock Response Spectrum (Q = 10)

	Frequency (Hz)
	Acceptance Level (g)
	Protoflight/Qualification (g)

	100
	50
	70

	1000
	1700
	2400

	10000
	1700
	2400


1)  Shock testing performed by firing the actual device shall consist of 2 actuations for protoflight/qualification testing and 1 actuation for acceptance testing.

2)  Simulated shock testing shall be performed to the levels specified in Table 6 with 2 tests per axis for qualification testing and 1 test per axis for acceptance/protoflight testing.

2.6.5 Acoustic

The highest acoustic noise occurs at lift-off and in the transonic region.   The MMS observatories shall meet all their performance requirements after being exposed to the acoustic loads given in Table 7.
Table 7 Observatory Acoustic Levels

	1/3 Octave Band Center Frequency

(Hz)
	Max. Predicted Environment

(dB)
	Proto-flight Test Level

(dB)
	Qualification Test Level

(dB)

	32
	119.5
	122.5
	122.5

	40
	125.0
	128.0
	128.0

	50
	124.5
	127.5
	127.5

	63
	126.0
	129.0
	129.0

	80
	127.5
	130.5
	130.5

	100
	129.0
	132.0
	132.0

	125
	130.5
	133.5
	133.5

	160
	131.0
	134.0
	134.0

	200
	132.0
	135.0
	135.0

	250
	131.5
	134.5
	134.5

	315
	131.0
	134.0
	134.0

	400
	130.5
	133.5
	133.5

	500
	130.0
	133.0
	133.0

	630
	128.5
	131.5
	131.5

	800
	127.0
	130.0
	130.0

	1000
	124.0
	127.0
	127.0

	1250
	122.0
	125.0
	125.0

	1600
	120.5
	123.5
	123.5

	2000
	121.0
	124.0
	124.0

	2500
	118.0
	121.0
	121.0

	3150
	117.5
	120.5
	120.5

	4000
	115.5
	118.5
	118.5

	5000
	114.5
	117.5
	117.5

	6300
	113.5
	116.5
	116.5

	8000
	114.0
	117.0
	117.0

	10000
	114.5
	117.5
	117.5

	OASPL
	141.2
	144.2
	144.2

	Duration
	60 sec
	60 sec
	120 sec


2.6.6 Thermal

All components shall be capable of operation in a vacuum with temperatures defined in Table 8.  The thermal design shall dissipate heat conductively through the mounting interface, which should be assumed to be at the qualification temperatures.

Table 8 Temperature Limits at Mounting Interface
	Operational
Temperature
Range1
	Acceptance
Temperature
Range2
	Qualification
Temperature
Range3
	Survival Temperature Range4

	0ºC – +40ºC
	-5ºC – +45ºC
	-10ºC – +50ºC
	-20ºC – +50ºC


1
Nominal expected orbital range

2
Test temperatures for follow-on and flight spare hardware; conducted on flight hardware for which the design has already undergone a qualification program

3
Maximum performance limits; test temperatures for protoflight hardware if design is not previously qualified

4
Components must withstand these temperatures without sustaining permanent damage; transducers must turn on at these extremes but do not need to meet performance requirements
2.6.7 Vacuum Environment

The components shall be capable of meeting all performance requirements herein with external pressures of 0 psig and below, including an external vacuum environment of

2 x 10-7 psia (1.3 x 10-3 Pa), or less.

2.6.8 Charge Particle Radiation

The natural space radiation environment for the MMS mission consists of: (1) trapped particles which include electrons, protons, and heavier ions; (2) particles from solar events (coronal mass ejections and flares); and (2) galactic cosmic ray particles.  All components shall be designed to comply with the following requirements:

2.6.8.1 Total Dose

Total ionizing dose absorbed by components within the observatory is determined by the amount of shielding provided by the observatory structure and the component chassis.  Figure 6 shows expected total dose as a function of shielding (equivalent aluminum thickness) for the MMS orbits.  The component designers shall apply a Radiation Design Margin (RDM) of 2 to the total dose given by this curve in the selection of parts and in determining the equivalent aluminum thickness needed to be provided by the observatory structure and component chassis.

Figure 6 Total Dose for MMS Orbits
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2.6.8.2 Single Event Effects

Single event effects such as upsets, latch-ups or burnouts are generally caused by heavy ions (cosmic rays).  Figure 7 shows cosmic ray Linear Energy Transfer (LET) spectra (which is the energy lost by the ion per unit length in the material of interest) for 2.54 mm aluminum shielding.

2.6.8.3 Latchup Protection

Instrument component designs shall ensure that destructive latch-ups are autonomously detected and corrected without catastrophic failure.

2.6.8.4 SEU Tolerance

All instrument components shall be designed to avoid or tolerate errors due to SEUs (Single Event Upset).  No catastrophic failure shall result due to an SEU.

2.6.8.5 Parts Selection

All devices used by the instrument components shall have LET thresholds greater than 12 MeV-cm2/mg.

2.6.8.6 SEE Analyses

Components that use devices with thresholds of 12 to 37 MeV-cm2/mg shall be analyzed for destructive and non-destructive events and rates.  Components with device thresholds of 37 to 75 MeV-cm2/mg shall be analyzed for destructive events and rates.  No analysis is required for components with device thresholds greater than 75 MeV-cm2/mg.  Figure 7 shows the linear energy transfer spectra.  
Figure 7 Linear Energy Transfer Spectra for MMS Orbits
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2.6.9 Magnetic Dipole

Each CSA is required to be magnetic dipole tested. Any part exceeding 3 A-m2 dipole moment shall be identified and approved for use by the GSFC.  If a magnetics test is performed, the test shall occur after vibration testing, since magnetic fields induced by the vibration lab may reside in the component following the vibration test sequence.
2.6.10 Humidity

The CSAs shall be designed to operate in a ground environment from 35 – 70% relative humidity.

2.7 Test and Verification  
2.7.1 Acceptance Tests 

2.7.1.1 Component Level Testing

All components and assemblies shall be tested for acceptance in accordance with Table 9.  For all components not directly tested by the contractor, documentation shall be supplied to GFSC that shows that these components meet or exceed MMS requirements.
Table 9  Component Level Test Acceptance Matrix

	
	Filters
	Latch Valves
	Pressure Transducers
	Plate
	Connector
	CSA 

	Physical Examination 
	X
	X
	X
	X
	X
	X

	Mass
	X
	X
	X
	X
	X
	X

	Proof Pressure
	X
	X
	X
	X
	
	X

	Pressure Drop
	X
	X
	X
	
	
	X

	Voltage Range
	
	X
	X
	
	
	

	Power Consumption
	
	X
	X
	
	
	X

	Insulation Resistance
	
	X
	X
	
	X
	

	EMI/EMC
	
	X
	X
	
	X
	X

	Response Time
	
	X
	
	
	
	

	External Leakage
	X
	X
	X
	
	
	X

	Internal Leakage
	X
	X
	X
	
	
	X

	Cleanliness
	X
	X
	X
	X
	X
	

	NDE (welding, etc.)
	X
	X
	X
	
	
	X

	Shock Test
	X
	X
	X
	
	
	X

	Static Load Test
	X
	X
	X
	
	
	X

	Random Vibration
	X
	X
	X
	
	
	X

	Magnetic Test
	
	
	
	
	
	X

	Thermal Cycling
	
	X
	X
	
	
	X

	Performance Tests
	X
	X
	X
	
	
	X

	Special Testing
	
	Pull in Voltage;

Back Relief
	
	
	
	


2.7.2 Thermal Vacuum Test
2.7.2.1 Isolation Valve

Each isolation valve shall be cycled for acceptance a total of eight (8) times from room temperature to the hot limit test temperature to the cold limit test temperature (see Figure 8).  During each cycle, the valve shall be held at each extreme for 4 hours, during which the latch valve will be actuated to test functionality.  The valve shall be in flight configuration and pressurized to MEOP with a test fluid.

Figure 8 Thermal Vacuum Profile
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1) A Comprehensive Performance Test (CPT) shall be performed prior to the start of chamber evacuation.

2) The component shall be powered and critical parameters monitored using the AFT (Abbreviated Functional Test) during chamber evacuation.

3) Cold-start and hot-start capability shall be demonstrated by performing CPTs at first cold and hot plateaus.

4) During the transition between temperature extremes, the component shall remain powered and its performance shall be monitored and recorded using the AFT.

5) Limited Performance Test (LPTs) shall be performed after a soak period at the high/low temperature plateaus during Cycles 2-7.

6) Cold-start and hot-start capability shall be demonstrated again at the eighth cold and hot plateaus.

2.7.2.2 Pressure Transducer
The pressure transducer shall be cycled a total of eight (8) times from room temperature to the hot limit test temperature to the cold limit test temperature (see Figure 8).  During each cycle, the transducer shall be held at each extreme for 4 hours. The transducer shall be in flight configuration and pressurized to MEOP with a pressurant test gas, and the output of the transducer shall be recorded throughout the thermal testing.
2.7.2.3 Proof Pressure Testing

Each CSA shall be proof tested after final assembly. The proof pressure is specified in Section 2.2.1.2. 

2.7.2.4 Electrical Functional

All electrical circuits, including survival heater circuits, valve actuation circuits, pressure transducer power and telemetry, and valve position indication circuits shall be functionally tested after thermal and mechanical subsystem acceptance testing.  Valve current and voltage signatures and resistances, heater circuit and thermal components resistances, and pressure transducer calibrations shall be recorded during these functional tests.

2.7.2.5 Flow Balance Test

Each CSA shall undergo a flow balance test to verify the pressure drop data. 
2.7.2.6 Leakage Tests

2.7.2.6.1   Valve seat
All internal valve seats shall be independently tested for leakage at system MEOP to verify the requirements of Section 2.2.2.1.
2.7.2.6.2   CSA Level System
Each CSA external leak test at MEOP shall be performed after integration to verify the requirements of Section 2.2.2.1.
2.8 Design and Construction
2.8.1 Materials Selection

The CSA components shall function within specification after exposure to propellant for a 3 year duration;  materials compatibility compliance per KSC-KTI-5211, MSFC-HDBK-527F, or AIAA-SP-084-1999e shall be submitted for all components as required for all piece parts, seals, lubricants, soft goods, fasteners, etc. that may come into contact with the propellant.

2.8.2 Compatibility with Fluids

Potentially wetted materials, parts, seals, lubricants, etc. shall be compatible with prolonged exposure to the following test fluids:

Deionized water per JSC-SPEC-C-20
Grade A, Gaseous Nitrogen @ per MIL-PRF-27401F
IPA per FED-STD TT-I-735A
Gaseous Helium per MIL-PRF-27407C
Grade A, Gaseous Argon per MIL-PRF-27415B
Research grade Xenon gas

Hydrazine per MIL-PRF-26536E (1)
2.8.3 Fluid Cleanliness

All fluids and gases shall be filtered through a 0.5 micron filter or smaller prior to being introduced into each CSA.  Propellants shall be loaded through 5 micron filters or smaller.

2.8.4 Metal Parts

The CSAs shall not use metals that are susceptible to corrosion in ground & flight environments per MSFC-HDBK-527F and MIL-STD-889B (3).
2.8.5 Outgassing

Each CSA shall use only materials that have less than 1% TVM and less than 0.1% CVCM outgassing as listed in Section C in http://outgassing.nasa.gov/. 
2.8.6 Lubricants

Lubricants shall not be required or used. 
2.8.7 Tubing

2.8.7.1 Material

The tube material at the interfaces specified in Figure 2 shall be stainless steel 304 L.  The tube material shall meet the specifications of AMS 5897B.  
2.8.7.2 Tube Pressure

All tubes including component interface tubes shall be capable of withstanding the proof pressure of 1500 psia. The vendor shall demonstrate through a qualification program 
that all tubes have a burst pressure 4000 psia at a minimum.

2.8.7.3 Bending

Tubing for the CSA shall be bent per SAE-AIR-5378 and SAE-AS-33611. 
2.8.8 Welding

Each CSA shall be an all welded subsystem. All weld procedures shall be approved by NASA/GSFC. Test records such as dye penetrant, x-rays, etc. shall be available for review by NASA/GSFC.

2.8.9 Bi-Metallic Joints

NASA/GSFC QA shall approve all procedures and inspection processes for bimetallic joints.

Appendix A.  Abbreviations and Acronyms

	Abbreviation/ Acronym
	DEFINITION

	CSA
	Component SubAssembly 

	EEE
	Electrical, Electronic, and Electromechanical

	EMC
	Electromagnetic Compatibility

	EMI
	Electromagnetic Interference

	He
	Helium Gas

	GSFC
	Goddard Space Flight Center

	MMS
	Magnetospheric MultiScale

	MEOP
	Maximum Expected Operating Pressure

	NASA
	National Aeronautics and Space Administration

	QA
	Quality Assurance

	SCC
	Stress Corrosion Cracking

	scc
	Standard cubic centimeter

	SEE
	Single-Event Effects

	SEU
	Single Event Upset
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Trapped Protons

												Mission: MMS phase 1												Mission: MMS phase 2

												Apogee: 1274 km												Apogee: 70080 km

												Perigee: 70080 km												Perigee: 152900 km

												Inclination: 28.5 degrees												Inclination: 28.5 degrees

												Launch Date: Sept. 1,  2014												Start Date: Sept. 1,  2016

												# years solar minimum: 2.0												# years solar minimum: 0.5

												# years solar maximum: 0												# years solar maximum: 0

				Integral Proton Spectrum - Phase 1												Integral Proton Spectrum - Phase 2												Integral Proton Spectrum - Total Mission

				Energy		Avg Flux		Fluence								Energy		Avg Flux		Fluence								Energy		Fluence

				(>MeV):		(p/cm2/s):		(p/cm2):								(>MeV):		(p/cm2/s):		(p/cm2):								(>MeV):		(p/cm2):

				0.1		1.29E+07		8.13E+14								0.1		4.76E+06		7.51E+13								1.00E-01		8.88E+14

				0.15		9.87E+06		6.23E+14								0.15		3.62E+06		5.71E+13								1.50E-01		6.80E+14

				0.2		7.68E+06		4.84E+14								0.2		2.80E+06		4.41E+13								2.00E-01		5.28E+14

				0.3		5.08E+06		3.20E+14								0.3		1.84E+06		2.90E+13								3.00E-01		3.49E+14

				0.4		3.45E+06		2.18E+14								0.4		1.24E+06		1.95E+13								4.00E-01		2.37E+14

				0.5		2.44E+06		1.54E+14								0.5		8.71E+05		1.37E+13								5.00E-01		1.67E+14

				0.6		1.75E+06		1.11E+14								0.6		6.24E+05		9.84E+12								6.00E-01		1.21E+14

				0.7		1.31E+06		8.25E+13								0.7		4.64E+05		7.32E+12								7.00E-01		8.98E+13

				1		5.88E+05		3.71E+13								1		2.10E+05		3.30E+12								1.00E+00		4.04E+13

				1.5		2.01E+05		1.27E+13								1.5		7.36E+04		1.16E+12								1.50E+00		1.38E+13

				2		8.23E+04		5.19E+12								2		3.12E+04		4.92E+11								2.00E+00		5.68E+12

				3		3.17E+04		2.00E+12								3		1.27E+04		2.00E+11								3.00E+00		2.20E+12

				4		1.53E+04		9.62E+11								4		6.42E+03		1.01E+11								4.00E+00		1.06E+12

				5		9.47E+03		5.97E+11								5		4.10E+03		6.46E+10								5.00E+00		6.62E+11

				6		6.19E+03		3.90E+11								6		2.74E+03		4.32E+10								6.00E+00		4.34E+11

				7		4.46E+03		2.81E+11								7		1.99E+03		3.14E+10								7.00E+00		3.12E+11

				10		1.99E+03		1.26E+11								10		8.92E+02		1.41E+10								1.00E+01		1.40E+11

				15		8.51E+02		5.37E+10								15		3.69E+02		5.82E+09								1.50E+01		5.95E+10

				20		5.41E+02		3.41E+10								20		2.30E+02		3.62E+09								2.00E+01		3.77E+10

				30		3.57E+02		2.25E+10								30		1.48E+02		2.33E+09								3.00E+01		2.49E+10

				40		2.94E+02		1.85E+10								40		1.21E+02		1.91E+09								4.00E+01		2.05E+10

				50		2.47E+02		1.56E+10								50		1.01E+02		1.59E+09								5.00E+01		1.71E+10

				60		2.16E+02		1.36E+10								60		8.83E+01		1.39E+09								6.00E+01		1.50E+10

				70		1.91E+02		1.20E+10								70		7.79E+01		1.23E+09								7.00E+01		1.33E+10

				100		1.33E+02		8.39E+09								100		5.44E+01		8.58E+08								1.00E+02		9.25E+09

				150		7.53E+01		4.75E+09								150		3.10E+01		4.88E+08								1.50E+02		5.24E+09

				200		4.32E+01		2.72E+09								200		1.79E+01		2.81E+08								2.00E+02		3.01E+09

				300		1.58E+01		9.96E+08								300		6.60E+00		1.04E+08								3.00E+02		1.10E+09

				400		5.85E+00		3.69E+08								400		2.47E+00		3.90E+07								4.00E+02		4.08E+08

				Integral Peak Proton Flux - Phase 1												Integral Peak Proton Flux - Phase 2

				Energy		Pk Flux										Energy		Pk Flux

				(>MeV):		(p/cm2/s):										(>MeV):		(p/cm2/s):

				0.1		2.32E+08										0.1		1.80E+08

				0.15		1.87E+08										0.15		1.45E+08

				0.2		1.55E+08										0.2		1.18E+08

				0.3		1.10E+08										0.3		8.11E+07

				0.4		7.83E+07										0.4		5.64E+07

				0.5		5.76E+07										0.5		4.04E+07

				0.6		4.29E+07										0.6		2.94E+07

				0.7		3.29E+07										0.7		2.25E+07

				1		1.57E+07										1		1.09E+07

				1.5		5.41E+06										1.5		3.97E+06

				2		2.18E+06										2		1.71E+06

				3		9.50E+05										3		8.54E+05

				4		5.18E+05										4		5.35E+05

				5		3.45E+05										5		3.59E+05

				6		2.40E+05										6		2.54E+05

				7		1.76E+05										7		1.85E+05

				10		7.72E+04										10		8.14E+04

				15		3.54E+04										15		3.65E+04

				20		2.41E+04										20		2.48E+04

				30		1.85E+04										30		1.90E+04

				40		1.60E+04										40		1.65E+04

				50		1.39E+04										50		1.43E+04

				60		1.26E+04										60		1.29E+04

				70		1.12E+04										70		1.15E+04

				100		8.01E+03										100		8.22E+03

				150		4.62E+03										150		4.74E+03

				200		2.67E+03										200		2.73E+03

				300		9.88E+02										300		9.95E+02

				400		3.66E+02										400		3.71E+02
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Trapped Proton
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Trapped Electrons

												Mission: MMS phase 1												Mission: MMS phase 2

												Apogee: 1274 km												Apogee: 70080 km

												Perigee: 70080 km												Perigee: 152900 km

												Inclination: 28.5 degrees												Inclination: 28.5 degrees

												Launch Date: Sept. 1,  2014												Start Date: Sept. 1,  2016

												# years solar minimum: 2.0												# years solar minimum: 0.5

												# years solar maximum: 0												# years solar maximum: 0

				Integral Electron Spectrum - Phase 1												Integral Electron Spectrum - Phase 2												Integral Electron Spectrum - Total Mission

				Energy		Avg Flux		Fluence								Energy		Avg Flux		Fluence								Energy		Fluence

				(>MeV):		(e/cm2/s):		(e/cm2):								(>MeV):		(e/cm2/s):		(e/cm2):								(>MeV):		(e/cm2):

				0.04		1.56E+07		9.86E+14								0.04		5.95E+06		9.38E+13								0.04		1.08E+15

				0.1		8.62E+06		5.43E+14								0.1		3.40E+06		5.36E+13								0.1		5.97E+14

				0.2		4.35E+06		2.74E+14								0.2		1.72E+06		2.71E+13								0.2		3.01E+14

				0.3		2.52E+06		1.59E+14								0.3		1.00E+06		1.58E+13								0.3		1.75E+14

				0.4		1.60E+06		1.01E+14								0.4		6.39E+05		1.01E+13								0.4		1.11E+14

				0.5		1.04E+06		6.56E+13								0.5		4.15E+05		6.55E+12								0.5		7.22E+13

				0.6		7.57E+05		4.78E+13								0.6		3.03E+05		4.78E+12								0.6		5.25E+13

				0.7		5.56E+05		3.51E+13								0.7		2.23E+05		3.52E+12								0.7		3.86E+13

				0.8		4.26E+05		2.69E+13								0.8		1.71E+05		2.70E+12								0.8		2.96E+13

				1		2.70E+05		1.70E+13								1		1.09E+05		1.72E+12								1		1.87E+13

				1.25		1.59E+05		1.00E+13								1.25		6.41E+04		1.01E+12								1.25		1.10E+13

				1.5		9.43E+04		5.95E+12								1.5		3.82E+04		6.03E+11								1.5		6.55E+12

				1.75		5.93E+04		3.74E+12								1.75		2.41E+04		3.80E+11								1.75		4.12E+12

				2		3.74E+04		2.36E+12								2		1.52E+04		2.40E+11								2		2.60E+12

				2.25		2.36E+04		1.49E+12								2.25		9.63E+03		1.52E+11								2.25		1.64E+12

				2.5		1.50E+04		9.48E+11								2.5		6.14E+03		9.69E+10								2.5		1.05E+12

				2.75		9.47E+03		5.97E+11								2.75		3.87E+03		6.11E+10								2.75		6.58E+11

				3		6.02E+03		3.80E+11								3		2.47E+03		3.89E+10								3		4.19E+11

				3.25		3.78E+03		2.38E+11								3.25		1.55E+03		2.45E+10								3.25		2.63E+11

				3.5		2.40E+03		1.51E+11								3.5		9.86E+02		1.55E+10								3.5		1.67E+11

				3.75		1.42E+03		8.93E+10								3.75		5.83E+02		9.19E+09								3.75		9.85E+10

				4		8.48E+02		5.35E+10								4		3.50E+02		5.51E+09								4		5.90E+10

				4.25		4.62E+02		2.92E+10								4.25		1.91E+02		3.01E+09								4.25		3.22E+10

				4.5		2.57E+02		1.62E+10								4.5		1.06E+02		1.68E+09								4.5		1.79E+10

				4.75		1.24E+02		7.81E+09								4.75		5.16E+01		8.14E+08								4.75		8.63E+09

				5		6.43E+01		4.06E+09								5		2.69E+01		4.24E+08								5		4.48E+09

				5.5		1.45E+01		9.14E+08								5.5		6.07E+00		9.57E+07								5.5		1.01E+09

				6		2.99E+00		1.89E+08								6		1.25E+00		1.97E+07								6		2.08E+08

				6.5		5.42E-01		3.42E+07								6.5		2.26E-01		3.56E+06								6.5		3.77E+07

				7		5.98E-02		3.77E+06								7		2.48E-02		3.92E+05								7		4.16E+06

				Integral Peak Electron Flux - Phase 1												Integral Peak Electron Flux - Phase 2

				Energy		Pk Flux										Energy		Pk Flux

				(>MeV):		(e/cm2/s):										(>MeV):		(e/cm2/s):

				0.04		6.85E+07										0.04		7.03E+07

				0.1		4.58E+07										0.1		4.71E+07

				0.2		2.63E+07										0.2		2.52E+07

				0.3		1.82E+07										0.3		1.75E+07

				0.4		1.28E+07										0.4		1.23E+07

				0.5		9.04E+06										0.5		8.73E+06

				0.6		6.94E+06										0.6		6.69E+06

				0.7		5.33E+06										0.7		5.13E+06

				0.8		4.19E+06										0.8		4.03E+06

				1		2.84E+06										1		2.72E+06

				1.25		1.74E+06										1.25		1.65E+06

				1.5		1.08E+06										1.5		1.01E+06

				1.75		6.65E+05										1.75		6.34E+05

				2		4.16E+05										2		3.96E+05

				2.25		2.72E+05										2.25		2.61E+05

				2.5		1.81E+05										2.5		1.74E+05

				2.75		1.13E+05										2.75		1.08E+05

				3		7.17E+04										3		6.87E+04

				3.25		4.48E+04										3.25		4.29E+04

				3.5		2.95E+04										3.5		2.82E+04

				3.75		1.79E+04										3.75		1.71E+04

				4		1.15E+04										4		1.09E+04

				4.25		7.05E+03										4.25		6.70E+03

				4.5		4.52E+03										4.5		4.25E+03

				4.75		2.81E+03										4.75		2.68E+03

				5		1.96E+03										5		1.88E+03

				5.5		5.76E+02										5.5		5.48E+02

				6		1.71E+02										6		1.60E+02

				6.5		3.41E+01										6.5		3.18E+01

				7		4.47E+00										7		4.34E+00
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Solar Protons

																		Mission: MMS

																		Apogee: 1274 km

																		Perigee: 70000 km

																		Inclination: 28.5 degrees

																		Launch Date: Sept. 1,  2014

																		# years solar minimum: 1.37 (during phase 1)

																		# years solar maximum: 1.13

																		Confidence Level: 90%

																		Geomagnetic Conditions: Stormy

				Integral Proton Spectrum - Phase 1												Integral Proton Spectrum - Phase 2												Integral Proton Spectrum - Total Mission

				Energy		Fluence										Energy		Fluence										Energy		Fluence

				(>MeV):		(p/cm2):										(>MeV):		(p/cm2):										(>MeV):		(p/cm2):

				0.1		2.60E+11										0.1		0.00E+00										0.1		2.60E+11

				0.5		2.20E+11										0.5		0.00E+00										0.5		2.20E+11

				1		1.80E+11										1		0.00E+00										1		1.80E+11

				2		1.20E+11										2		0.00E+00										2		1.20E+11

				3		7.80E+10										3		0.00E+00										3		7.80E+10

				4		5.70E+10										4		0.00E+00										4		5.70E+10

				5		4.50E+10										5		0.00E+00										5		4.50E+10

				6		3.70E+10										6		0.00E+00										6		3.70E+10

				8		2.70E+10										8		0.00E+00										8		2.70E+10

				10		2.00E+10										10		0.00E+00										10		2.00E+10

				12		1.60E+10										12		0.00E+00										12		1.60E+10

				15		1.20E+10										15		0.00E+00										15		1.20E+10

				17		9.80E+09										17		0.00E+00										17		9.80E+09

				20		7.70E+09										20		0.00E+00										20		7.70E+09

				25		5.30E+09										25		0.00E+00										25		5.30E+09

				30		3.90E+09										30		0.00E+00										30		3.90E+09

				35		3.00E+09										35		0.00E+00										35		3.00E+09

				40		2.30E+09										40		0.00E+00										40		2.30E+09

				45		1.90E+09										45		0.00E+00										45		1.90E+09

				50		1.50E+09										50		0.00E+00										50		1.50E+09

				60		1.10E+09										60		0.00E+00										60		1.10E+09

				70		7.70E+08										70		0.00E+00										70		7.70E+08

				80		5.80E+08										80		0.00E+00										80		5.80E+08

				90		4.40E+08										90		0.00E+00										90		4.40E+08

				100		3.50E+08										100		0.00E+00										100		3.50E+08

				120		2.30E+08										120		0.00E+00										120		2.30E+08

				140		1.60E+08										140		0.00E+00										140		1.60E+08

				160		1.10E+08										160		0.00E+00										160		1.10E+08

				180		8.20E+07										180		0.00E+00										180		8.20E+07

				200		6.30E+07										200		0.00E+00										200		6.30E+07
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Dose-Depth

												Mission: MMS phase 1												Mission: MMS phase 2

												Apogee: 1274 km												Apogee: 70080 km

												Perigee: 70080 km												Perigee: 152900 km

												Inclination: 28.5 degrees												Inclination: 28.5 degrees

												Launch Date: Sept. 1,  2014												Start Date: Sept. 1,  2016

												# years solar minimum: 2.0												# years solar minimum: 0.5

												# years solar maximum: 0												# years solar maximum: 0

																		Geometry: Solid Sphere

																		Shield Material: aluminum

																		Target Material: silicon

				Aluminum Shield Thickness								Dose (rad-Si) - Phase 1														Aluminum Shield Thickness								Dose (rad-Si) - Phase 2														Aluminum Shield Thickness								Dose (rad-Si) - Total Mission														Aluminum Shield Thickness								Dose (krad-Si) - Total Mission

				(mm):		(mils):		(g/cm2):		Total:		Trap e:		Brem:		Trap p:		Solar p:								(mm):		(mils):		(g/cm2):		Total:		Trap e:		Brem:		Trap p:		Solar p:								(mm):		(mils):		(g/cm2):		Total:		Trap e:		Brem:		Trap p:		Solar p:								(mm):		(mils):		(g/cm2):		Total:		Trap e:		Brem:		Trap p:		Solar p:

				0.05		1.968		0.014		5.61E+07		4.12E+07		7.92E+04		1.47E+07		1.72E+05								5.00E-02		1.968		0.014		5.32E+06		3.97E+06		7.64E+03		1.34E+06		0.00E+00								5.00E-02		1.97E+00		1.40E-02		6.14E+07		4.52E+07		8.69E+04		1.60E+07		1.72E+05								5.00E-02		1.97E+00		1.40E-02		6.14E+04		4.52E+04		8.69E+01		1.60E+04		1.72E+02

				0.1		3.937		0.027		2.56E+07		2.21E+07		4.85E+04		3.35E+06		8.38E+04								1.00E-01		3.937		0.027		2.51E+06		2.17E+06		4.73E+03		3.28E+05		0.00E+00								1.00E-01		3.94E+00		2.70E-02		2.81E+07		2.43E+07		5.32E+04		3.68E+06		8.38E+04								1.00E-01		3.94E+00		2.70E-02		2.81E+04		2.43E+04		5.32E+01		3.68E+03		8.38E+01

				0.2		7.874		0.054		1.20E+07		1.10E+07		2.78E+04		8.71E+05		4.18E+04								2.00E-01		7.874		0.054		1.19E+06		1.09E+06		2.74E+03		9.21E+04		0.00E+00								2.00E-01		7.87E+00		5.40E-02		1.32E+07		1.21E+07		3.05E+04		9.63E+05		4.18E+04								2.00E-01		7.87E+00		5.40E-02		1.32E+04		1.21E+04		3.05E+01		9.63E+02		4.18E+01

				0.3		11.811		0.081		7.38E+06		6.89E+06		1.91E+04		4.44E+05		2.85E+04								3.00E-01		11.811		0.081		7.34E+05		6.83E+05		1.88E+03		4.88E+04		0.00E+00								3.00E-01		1.18E+01		8.10E-02		8.12E+06		7.58E+06		2.09E+04		4.93E+05		2.85E+04								3.00E-01		1.18E+01		8.10E-02		8.12E+03		7.58E+03		2.09E+01		4.93E+02		2.85E+01

				0.4		15.748		0.108		5.08E+06		4.75E+06		1.42E+04		2.86E+05		2.13E+04								4.00E-01		15.748		0.108		5.05E+05		4.72E+05		1.40E+03		3.19E+04		0.00E+00								4.00E-01		1.57E+01		1.08E-01		5.58E+06		5.23E+06		1.56E+04		3.18E+05		2.13E+04								4.00E-01		1.57E+01		1.08E-01		5.58E+03		5.23E+03		1.56E+01		3.18E+02		2.13E+01

				0.5		19.685		0.135		3.70E+06		3.47E+06		1.12E+04		2.06E+05		1.68E+04								5.00E-01		19.685		0.135		3.69E+05		3.45E+05		1.11E+03		2.31E+04		0.00E+00								5.00E-01		1.97E+01		1.35E-01		4.07E+06		3.81E+06		1.23E+04		2.29E+05		1.68E+04								5.00E-01		1.97E+01		1.35E-01		4.07E+03		3.81E+03		1.23E+01		2.29E+02		1.68E+01

				0.6		23.622		0.162		2.82E+06		2.64E+06		9.21E+03		1.55E+05		1.36E+04								6.00E-01		23.622		0.162		2.81E+05		2.63E+05		9.13E+02		1.74E+04		0.00E+00								6.00E-01		2.36E+01		1.62E-01		3.10E+06		2.90E+06		1.01E+04		1.72E+05		1.36E+04								6.00E-01		2.36E+01		1.62E-01		3.10E+03		2.90E+03		1.01E+01		1.72E+02		1.36E+01

				0.8		31.496		0.216		1.81E+06		1.70E+06		6.74E+03		9.20E+04		9.88E+03								8.00E-01		31.496		0.216		1.81E+05		1.70E+05		6.69E+02		1.04E+04		0.00E+00								8.00E-01		3.15E+01		2.16E-01		1.99E+06		1.87E+06		7.41E+03		1.02E+05		9.88E+03								8.00E-01		3.15E+01		2.16E-01		1.99E+03		1.87E+03		7.41E+00		1.02E+02		9.88E+00

				1		39.37		0.27		1.27E+06		1.20E+06		5.29E+03		5.98E+04		7.73E+03								1.00E+00		39.37		0.27		1.27E+05		1.20E+05		5.26E+02		6.76E+03		0.00E+00								1.00E+00		3.94E+01		2.70E-01		1.40E+06		1.32E+06		5.82E+03		6.65E+04		7.73E+03								1.00E+00		3.94E+01		2.70E-01		1.40E+03		1.32E+03		5.82E+00		6.65E+01		7.73E+00

				1.5		59.055		0.405		6.31E+05		5.96E+05		3.36E+03		2.74E+04		4.89E+03								1.50E+00		59.055		0.405		6.33E+04		5.99E+04		3.35E+02		3.06E+03		0.00E+00								1.50E+00		5.91E+01		4.05E-01		6.94E+05		6.55E+05		3.70E+03		3.04E+04		4.89E+03								1.50E+00		5.91E+01		4.05E-01		6.94E+02		6.55E+02		3.70E+00		3.04E+01		4.89E+00

				2		78.74		0.54		3.51E+05		3.29E+05		2.41E+03		1.62E+04		3.49E+03								2.00E+00		78.74		0.54		3.52E+04		3.32E+04		2.40E+02		1.79E+03		0.00E+00								2.00E+00		7.87E+01		5.40E-01		3.86E+05		3.62E+05		2.65E+03		1.80E+04		3.49E+03								2.00E+00		7.87E+01		5.40E-01		3.86E+02		3.62E+02		2.65E+00		1.80E+01		3.49E+00

				2.5		98.425		0.675		2.06E+05		1.90E+05		1.85E+03		1.13E+04		2.64E+03								2.50E+00		98.425		0.675		2.07E+04		1.93E+04		1.84E+02		1.24E+03		0.00E+00								2.50E+00		9.84E+01		6.75E-01		2.27E+05		2.10E+05		2.03E+03		1.26E+04		2.64E+03								2.50E+00		9.84E+01		6.75E-01		2.27E+02		2.10E+02		2.03E+00		1.26E+01		2.64E+00

				3		118.11		0.81		1.27E+05		1.15E+05		1.50E+03		8.68E+03		2.07E+03								3.00E+00		118.11		0.81		1.27E+04		1.16E+04		1.50E+02		9.43E+02		0.00E+00								3.00E+00		1.18E+02		8.10E-01		1.40E+05		1.26E+05		1.65E+03		9.62E+03		2.07E+03								3.00E+00		1.18E+02		8.10E-01		1.40E+02		1.26E+02		1.65E+00		9.62E+00		2.07E+00

				4		157.48		1.08		5.26E+04		4.42E+04		1.10E+03		5.89E+03		1.42E+03								4.00E+00		157.48		1.08		5.24E+03		4.50E+03		1.10E+02		6.31E+02		0.00E+00								4.00E+00		1.57E+02		1.08E+00		5.78E+04		4.87E+04		1.21E+03		6.52E+03		1.42E+03								4.00E+00		1.57E+02		1.08E+00		5.78E+01		4.87E+01		1.21E+00		6.52E+00		1.42E+00

				5		196.85		1.35		2.40E+04		1.75E+04		8.77E+02		4.52E+03		1.04E+03								5.00E+00		196.85		1.35		2.36E+03		1.79E+03		8.73E+01		4.78E+02		0.00E+00								5.00E+00		1.97E+02		1.35E+00		2.63E+04		1.93E+04		9.64E+02		4.99E+03		1.04E+03								5.00E+00		1.97E+02		1.35E+00		2.63E+01		1.93E+01		9.64E-01		4.99E+00		1.04E+00

				6		236.22		1.62		1.23E+04		6.96E+03		7.38E+02		3.79E+03		8.21E+02								6.00E+00		236.22		1.62		1.19E+03		7.14E+02		7.35E+01		3.98E+02		0.00E+00								6.00E+00		2.36E+02		1.62E+00		1.35E+04		7.67E+03		8.12E+02		4.19E+03		8.21E+02								6.00E+00		2.36E+02		1.62E+00		1.35E+01		7.67E+00		8.12E-01		4.19E+00		8.21E-01

				7		275.59		1.89		7.32E+03		2.69E+03		6.44E+02		3.33E+03		6.61E+02								7.00E+00		275.59		1.89		6.88E+02		2.77E+02		6.40E+01		3.47E+02		0.00E+00								7.00E+00		2.76E+02		1.89E+00		8.01E+03		2.97E+03		7.08E+02		3.67E+03		6.61E+02								7.00E+00		2.76E+02		1.89E+00		8.01E+00		2.97E+00		7.08E-01		3.67E+00		6.61E-01

				8		314.96		2.16		5.11E+03		9.82E+02		5.74E+02		3.00E+03		5.48E+02								8.00E+00		314.96		2.16		4.70E+02		1.01E+02		5.71E+01		3.12E+02		0.00E+00								8.00E+00		3.15E+02		2.16E+00		5.58E+03		1.08E+03		6.31E+02		3.32E+03		5.48E+02								8.00E+00		3.15E+02		2.16E+00		5.58E+00		1.08E+00		6.31E-01		3.32E+00		5.48E-01

				9		354.33		2.43		4.10E+03		3.32E+02		5.23E+02		2.78E+03		4.68E+02								9.00E+00		354.33		2.43		3.74E+02		3.44E+01		5.20E+01		2.87E+02		0.00E+00								9.00E+00		3.54E+02		2.43E+00		4.47E+03		3.67E+02		5.75E+02		3.06E+03		4.68E+02								9.00E+00		3.54E+02		2.43E+00		4.47E+00		3.67E-01		5.75E-01		3.06E+00		4.68E-01

				10		393.7		2.7		3.55E+03		1.04E+02		4.83E+02		2.56E+03		4.00E+02								1.00E+01		393.7		2.7		3.23E+02		1.08E+01		4.81E+01		2.64E+02		0.00E+00								1.00E+01		3.94E+02		2.70E+00		3.87E+03		1.15E+02		5.31E+02		2.82E+03		4.00E+02								1.00E+01		3.94E+02		2.70E+00		3.87E+00		1.15E-01		5.31E-01		2.82E+00		4.00E-01

				12		472.44		3.24		2.99E+03		8.00E+00		4.24E+02		2.24E+03		3.10E+02								1.20E+01		472.44		3.24		2.73E+02		8.37E-01		4.22E+01		2.30E+02		0.00E+00								1.20E+01		4.72E+02		3.24E+00		3.26E+03		8.84E+00		4.66E+02		2.47E+03		3.10E+02								1.20E+01		4.72E+02		3.24E+00		3.26E+00		8.84E-03		4.66E-01		2.47E+00		3.10E-01

				14		551.18		3.78		2.63E+03		2.52E-01		3.82E+02		2.01E+03		2.44E+02								1.40E+01		551.18		3.78		2.43E+02		2.63E-02		3.80E+01		2.05E+02		0.00E+00								1.40E+01		5.51E+02		3.78E+00		2.88E+03		2.78E-01		4.20E+02		2.21E+03		2.44E+02								1.40E+01		5.51E+02		3.78E+00		2.88E+00		2.78E-04		4.20E-01		2.21E+00		2.44E-01

				16		629.92		4.32		2.40E+03		1.93E-03		3.49E+02		1.85E+03		1.98E+02								1.60E+01		629.92		4.32		2.23E+02		2.02E-04		3.48E+01		1.88E+02		0.00E+00								1.60E+01		6.30E+02		4.32E+00		2.62E+03		2.13E-03		3.84E+02		2.03E+03		1.98E+02								1.60E+01		6.30E+02		4.32E+00		2.62E+00		2.13E-06		3.84E-01		2.03E+00		1.98E-01

				18		708.66		4.86		2.22E+03		2.29E-05		3.23E+02		1.73E+03		1.66E+02								1.80E+01		708.66		4.86		2.08E+02		2.40E-06		3.22E+01		1.76E+02		0.00E+00								1.80E+01		7.09E+02		4.86E+00		2.43E+03		2.53E-05		3.55E+02		1.91E+03		1.66E+02								1.80E+01		7.09E+02		4.86E+00		2.43E+00		2.53E-08		3.55E-01		1.91E+00		1.66E-01

				20		787.4		5.4		2.05E+03		0.00E+00		2.97E+02		1.61E+03		1.39E+02								2.00E+01		787.4		5.4		1.93E+02		0.00E+00		2.97E+01		1.64E+02		0.00E+00								2.00E+01		7.87E+02		5.40E+00		2.24E+03		0.00E+00		3.27E+02		1.77E+03		1.39E+02								2.00E+01		7.87E+02		5.40E+00		2.24E+00		0.00E+00		3.27E-01		1.77E+00		1.39E-01
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Trapped Electrons

Bremsstrahlung

Trapped Protons

Solar Protons

Aluminum Shield Thickness (mm)

Total Mission Dose (krad-Si)

MMS Mission: Dose-depth Curve at the Center of Aluminum Spheres
Values Do Not Include Design Margins
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