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PREFACE

The Aerospace Mechanisms Symposium (AMS) provides a unique forum for those active
in the design, production and use of aerospace mechanisms. A major focus is the
reporting of problems and solutions associated with the development and flight certification
of new mechanisms. The National Aeronautics and Space Administration and Lockheed
Martin Space Systems Company (LMSSC) share the responsibility for organizing the
AMS. Now in its 34th year, the AMS continues to be well attended, attracting participants
from both the U.S. and abroad.

The 34th AMS, hosted by the Goddard Space Flight Center (GSFC) in Greenbelt,
Maryland, was held May 10, 11 and 12, 2000. During these three days, 34 papers were
presented. Topics included deployment mechanisms, bearings, actuators, pointing and
optical mechanisms, Space Station mechanisms, release mechanisms, and test
equipment. Hardware displays during the vendor fair gave attendees an opportunity to
meet with developers of current and future mechanism components.

The high quality of this symposium is a result of the work of many people, and their efforts
are gratefully acknowledged. This extends to the voluntary members of the symposium
organizing committee representing the eight NASA field centers, LMSSC, and the
European Space Agency. Appreciation is also extended to the session chairs, the authors,
and particularly the personnel at GSFC responsible for the symposium arrangements and
the publication of these proceedings. A sincere thank you also goes to the symposium
executive committee at LMSSC who is responsible for the year-to-year management of the
AMS, including paper processing and preparation of the program.

The use of trade names of manufacturers in this publication does not constitute an official
endorsement of such products or manufacturers, either expressed or implied, by the
National Aeronautics and Space Administration.
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A Low Power Cryogenic Shutter Mechanism for Use in Infrared Imagers
D. Scott Schwinger® and Claef F. Hakun®
Abstract

This paper discusses the requirements, design, operation, and testing of the shutter mechanism for the
Infrared Array Camera (IRAC). The shutter moves a mirror panel into or out of the incoming light path
transitioning IRAC between data acquisition and calibration modes. The mechanism features a torsion
flexure suspension system, two low-power rotary actuators, a balanced shaft, and a variable reluctance
position sensor. Each of these items is discussed along with problems encountered during development
and the implemented solutions.

Introduction

IRAC, developed by Goddard Space Flight Center, under agreements with The Smithsonian Astronomical
Observatory and the Jet Propulsion Laboratory, is 1 of 3 scientific instruments on board the Space
Infrared Telescope Facility (SIRTF) to be launched in December of 2001. SIRTF is the fourth “large
observatory” performing imagery, photometry, and spectroscopy of astronomical bodies over the spectral
range of 3.6 to 160 um. The IRAC instrument takes images in 4 bands centered on the following
wavelengths: 3.6, 4.5, 5.8, and 8.0 um. The major objectives of IRAC are to produce the following
science data sets:'

» Deep confusion-limited broadband (25%) surveys for high-redshift normal galaxies
Large area shallow surveys for brown dwarfs
Imaging surveys of star clusters to search for brown dwarfs
Surveys of nearby stars for brown dwarfs and superplanets
Photometric observations of selected ultraluminous galaxies and active galactic nuclei
Imaging surveys to identify protoplanetary disks and young stellar objects
Due to its use of state-of-the-art large format infrared detectors, IRAC will be more sensitive and produce
more compelling, higher resolution images than previously possible with cryogenic imagers.

A top view of the IRAC instrument is shown in Figure 1. A pickoff mirror reflects light from the focal plane
of the spacecraft telescope off of two mirrored surfaces at slightly different angles. The resuit is a
transmission of two separate light paths into the top and bottom compartments of the IRAC structure.
Each compartment has a full set of refractive optics and two near infrared detectors positioned almost
symmetrically about the mid-plane of the structure.

Following the light from the pickoff mirror and into the instrument, it first travels through the aperture of the
shutter. The shutter is the focus of this paper and will be addressed extensively later. After the shutter,
the light travels through a doublet lens to a beam splitter. Here the beam is split into two separate
wavelengths. The longer wavelengths are transmitted and the shorter wavelengths reflected. After the
beam is split, each subsequent beam passes through a filter and a lyot stop and onto a detector array.
There are 4 of these arrays, one for each of the stated wavelengths, each 256 x 256 pixels and covering
a 5.12 x 5.12 arcmin field of view. Two detectors are Arsenic-doped Silicon (Si:As) IBC arrays and the
other two are Indium Antimonide (InSb) arrays.

Along with the optics and the detectors, there are two on board calibration systems: a transmission
calibrator and four flood calibrators. Each of the four flood calibrators is attached to a detector mount and
project light directly onto the arrays. The intent is to flood the array with a known infrared source and
confirm an expected level of response across the entire array. The transmission calibrator is designed to

* NASA Goddard Space Flight Center, Greenbelt, MD
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send a known source through all of the optics and onto the detector arrays. The transmission system
consists of a calibration sphere that produces a uniform source of known intensity. When the shutter is in
the closed position, the light from the transmission calibrator is relayed through the optical train to the
detector arrays. With the calibrator system off and the shutter closed, a dark level calibration of the

detectors can be obtained.

IRAC, along with the other instruments aboard SIRTF, is a cryogenic instrument thermally coupled to a
superfluid Helium dewar. Therefore, the base temperature of the instrument is expected to be 1.4 Kelvin.
The mission lifetime requirement is set at 2.5 years with a goal of 5. At that time, the cryogen will be
expended and the instrument chamber is expected to rise to 30 Kelvin. Two of the detectors, the InSb
arrays, are still expected to work in the post-cryogen state further extending the useful life of the
instrument. The shutter mechanism is expected to continue to work, as well.

The Shutter Mechanism

The requirements, design, operation, and testing of the IRAC shutter mechanism are described. The
shutter has been developed over a three-year period. During that time, two ETUs were built and tested.
One of these units remains in the IRAC Instrument Demonstration Module (IDM) which was built for
engineering testing and proof of concept. In addition, three flight units have been designed and built and
are currently in various stages of test. Two of the assembled flight units have been tested and
characterized at liquid helium temperatures and one of these units has been delivered to the IRAC flight
cold assembly. The test data taken includes actuator characterization, position sensor characterization,
repeatability of mirror position, optical metrology, and excess actuator torque.

Functional Description

The IRAC shutter (Figure 2), approximately 0.15 m (5.9 in) in length, is designed to move a 79.8 mm by
37.1 mm (3.14 in x 1.46 in) mirror to two positions identified as open and closed. The motion is rotational
and sweeps a total arc of 38 degrees (Figure 3). When the shutter is opened, the mirror is stowed out of
the incoming light path. Therefore, the instrument is able to receive light from the focal plane of the
spacecraft telescope and take images of the outside sky. When the shutter is closed, the outside light is
to be attenuated by 1.0E06 providing a dark environment in the instrument for infrared detector
calibration. To achieve this, the mirror is translated directly into the light path completely filling the
aperture and interfacing with a baffle in the IRAC housing. The result is the light path being completely
blocked with very little leakage around the mirror. The inside portion of the mirror itself provides a
reflective surface off of which the transmission calibration source is reflected. The source then passes
directly through the optical path of the instrument and onto the infrared detectors.

Rgguiremgnt§3' 4
Spacecraft: s Stiffness must assure fundamental frequency > 50 Hz

Must survive launch loads generated by a Delta 1l H launch vebhicle
Uncompensated momentum shall not exceed 200E-06 N-m-s
e Shall operate at 1.4 Kelvin for mission lifetime and 28 Kelvin for extended mission

Mass not to exceed 1.6 kg

Shall translate mirror to two positions: Open and Closed, with 0.5 deg repeatability
Time to close shall not exceed 10 seconds

Shall be failsafe open

Lifetime operations shall be 20,000 cycles

No microphonic transmission beyond 0.5 second transient

Maximum power dissipation shall not exceed 0.5 J/100 s (6 mW average)
Attenuate incoming photon radiation by > 1E06

Redundancy:

- There shall be no electrical single point failures

- Minimize mechanical single point failures

Mechanism:



Electromechanical design and operation

A cross-section of the IRAC shutter is shown in Figure 4 and an exploded view is included as Figure 5.

To facilitate the description of the component parts of the shutter mechanism, they will not necessarily be
discussed in order of their assembly with the unit. The description will start with the suspension system of
the mechanism, move to the actuation system, continue on to the structure and stress limiting
components, and conclude with the sensory components.

Suspension System
The shaft assembly (Figure 6) provides the suspension system for the mirror panel. The shaft, itself, is

fabricated of Aluminum 6061-T651. The central hub, the most robust portion of the shaft, is designed to
hold the mirror and counterweight. The mirror panel is aluminum and has two diamond-turned surfaces
coated with gold. An arm extends from this panel and mates to a flat surface machined into the shaft's
hub. Opposite the mirror, a 0.1058-kg tantalum counterweight is attached to the shaft. This
counterweight minimizes the CG offset of the shaft, which minimizes moments under 1G and vibration.

The shaft also supports the two rotors of the actuators and two A286 steel bushings. A square hole in the
center of each rotor slides axially over the shaft and mates with a matching square profile. As a result,
each rotor is fixed in rotation such that relative motion between the parts is not possible. The rotors are
fixed axially by a nut on a threaded portion of the shaft at either end. This threaded portion also supports
steel bushings that provide bearing surfaces for rotation and act as the radial centering device for the
shaft. The bushings fit into holes in the end caps of the mechanism such that there is only 38.1 um
(0.0015 in) clearance radially. The mating surfaces in the end caps are plated with Teflon-impregnated
anodize to minimize friction.

Finally, the shaft is machined to allow a Beryllium Copper torsion flexure to run down the central axis.
This component provides the axial stiffness required to locate the shaft assembly and provides the
restoring torque to reopen the shutter when power is terminated. The flexure is chemically etched out of
0.66 mm (0.026 in) thick BeCu 25AT sheet and is heat-treated at 315.6°C (600°F) for 3 hours to obtain
the following strength and fatigue properties at 4 K: Oui/ Oyieid/ Otaiigue =220/190/110 ksi. It has two active
portions, 0.66-mm (0.026 in) square and 52.1-mm (2.05 in) long, and three flanges for attachment to
other components. The middle flange is attached to the central hub of the shaft. Two aluminum end
pieces are bolted to the end flanges such that the two ends of the flexure can be fixed in rotation to the
end caps of the mechanism. As the shaft rotates with the ends fixed, restoring torque is generated in
both sides of the flexure to fight this motion. This restoring torque reopens the shutter when the power is
off.

Actuators

The shutter contains two actuators built around each of the rotors on the shaft (Figure 7). These
actuators are electromagnetic variable reluctance rotary devices capable of providing 45 degrees of
angular motion, though the shutter only requires 38 degrees of rotation. They are cylindrical in design
and consist of a rotor, two stators, an electromagnetic coil, and a magnetic “closeout” cylinder. These
devices contain no germanent magnets. Hiperco 50A, heat treated to allow high magnetic flux density
with little hysteresis®, provides a closed path for magnetic fields generated by an electromagnetic coil. All
components of the actuator except the bobbin and the coil itself, are machined of this material. The
active portions of the stators are radially contained within the bobbin. The coil is 99.99% pure 38 AWG,
HAPTZ insulated copper wire precision wound on a black anodized aluminum 6061-T651 bobbin to
11,000+ turns. Passing current through the coil generates a magnetic field that is focussed by the stators
and flows through the rotor. The coil was sized by analysis to provide an NI value greater than 600 with
60 mA. To complete the magnetic circuit, a closeout cylinder covers the coil and connects the two
stators. The moving portion of the actuator, the rotor, is positioned between the two stators and is rigidly
affixed to a shaft that runs down the central axis of the device. This shaft maintains the radial position of
the rotors within the actuators and transfers rotary motion to the mirror.



Rotary motion is produced by the geometry of the device. The footprint of the rotor is best described as a
bow tie. There are raised portions of the stators that match the profile of the rotor exactly, though the
footprint of the base of the stators is circular to mate with the closeout. The stators face each other when
the actuator is fully assembled. There is just enough separation of the stator faces to allow the rotor to
pass between them with 0.33-mm (0.013-in) clearance on both sides. The rotational position of the rotor
in the open state is such that its footprint is out of phase with those of the facing stators except for an
approximately 30 degrees of overlap at one side. In this position, the rotor is at a state of high reluctance
in the magnetic circuit. When current is applied, the rotor wants to achieve a state of minimum
reluctance. Thus, the rotor is drawn between the stator faces. This motion produces a torque and rotates
the shaft and mirror to the closed position.

A final component to the actuator design is paramount to achieving the 5-mW requirement. That
component is a magnetic latch that extends vertically from each of the stator faces. These "tabs” are
positioned and sized such that the rotor contacts the tab on each of the two stators when it is fully rotated
to the closed position. With the rotor against these tabs, the magnetic flux can travel directly from stator
to stator through the contacting rotor and on to the magnetic closeout. The rotor effectively completes the
magnetic circuit, reducing all air gaps to nearly zero, producing a large drop in magnetic reluctance. This
drop in reluctance means that the shutter can be held closed, fighting the restoring torque of the torsion
flexure, with a much lower magnetic field. Since the field is electromagnetic in origin, the reduction in field
means a reduction in current and less power dissipation in the coil. The result is a shutter that requires
55 mA to close and less than 1 mA to hold closed.

Of further benefit to achieving low power dissipation is the fact this mechanism operates at liquid Helium
temperatures. The result is a reduction of resistance of the electromagnetic coils from 2700 ohms at

room temperature to 20 ohms at 4.2 Kelvin, a factor of 135 change. This change has been verified during
liquid Helium testing. Since the shutter closes in approximately 0.5 second, the control electronics sends
a high current pulse, then quickly drops the magnitude to a hold current value. By including a position
sensor (described later) to resolve the position of the shutter mirror, the shutter electronics immediately
know when the shutter is closed and time spent at the higher pull-in current is minimized. Time averaged
power dissipation can then be calculated using Equation 1. Assuming a typical shutter closure duration of
500 seconds and including margin on the current levels, the inputs to the equation are as follows:

Pull-in Current = loun =60 mA
Hold Current - lhoa=3mA
Pull-in Current Duration tn=05s Pave = t it
Hold Current Duration thor = 499.5 s pult ™ *hold

Total resistance - - Rax=20Q Equation 1 — Time Averaged Power

2 2
lpull ’ Rtot ) tpull +Ihold ) Rtot ’ thold

The result is a shutter mechanism that dissipates 252 pW, a factor of 20 less than the requirement.

Structural and Stress Limiting Components

The housing is a continuous piece of Aluminum 6061-T651. Pockets are machined into each end along
the main axis to house the actuators. A gap in the structure, between the two actuator pockets, allows
the rotation of the mirror attached at the central hub of the shaft. End caps on either end of the shutter
housing contain the actuators within the pockets and provide support structure for several components on
either end of the flexure. The actuators are preloaded against these end caps by a wave spring in the
bottom of each actuator pocket. This preload maintains the position of the actuator components during
launch and provides axial compliance necessary for CTE mismatched parts when going cold.

A hole in the center of the end cap provides a bearing surface for the steel bushings on the ends of the
shaft. The end cap is plated with a Teflon-impregnated anodize to provide some lubricity during
actuation. Precision concentricity is maintained in the position of these holes in the end caps, the
interface of the end caps to the housing pockets, and the relationship of the centers of each of the
pockets to ensure that the axis of rotation of the shaft is centered.



The square cross-sectioned end piece attached to the flexure in the shaft is designed to protrude through
the end cap where it engages a component with a square hole, the Spring Preload Ring. This component
is designed to be rotated until the proper torsional preload is imparted to the flexure. This preload is
necessary to return the mirror to the open position when power to the actuators is terminated. In addition,
this preload helps to ensure that the mirror does not flap uncontrollably during launch. The preload rings
are set, clamped in place during preliminary assembly, and pinned to the end cap during final assembly.

To anchor the flexure axially to the end caps, a steel nut is run onto threads in the flexure end pieces.
The threads extend through the square hole in the preload ring allowing the nut to effectively anchor the
flexure to the end cap/preload ring stack. The nut on one side is run onto the threads completely to the
preload ring while the nut on the other side is run down onto a stack of wave springs. In addition to
affixing the flexure to the end caps, these nuts allow axial adjustment to ensure that the rotors attached to
the shaft are in the proper location for optimal performance of the actuators. The springs under one of
the nuts provide axial preload for the flexure and maintain a desired preload as the structural components
shrink going cold. Since the CTE of the Beryllium Copper flexure is 25% less than that of the Aluminum
of the structure from room temperature to 4 K°, the preload and the rotor position would be lost without
the springs. This preload is necessary to maintain the rotor position during operation and launch.

A hard stop further limits the loads transferred to the flexure during launch. This component is Aluminum
7075 plated with Teflon-impregnated Anodize for lubricity. It provides a rotary stop for the mirror in the
open position. In addition, it has two uprights that straddle the mirror arm throughout its entire range of
travel. These uprights are positioned such that there is a 0.2-mm (0.008-in) gap between each upright
and the mirror arm. This gap is sufficient to allow freedom of movement for the shaft but to restrict axial
motion in the event that launch loads excite the suspended mass of the shaft components. Restricting
the axial motion is necessary to prevent stress in the flexure from violating material strength limits and
ensure that the rotors do not impact against the stators in the actuators.

Finally, a retaining device is mated to the end cap to capture the stack of rings at the flexure interface.
The gap between the top of the stainless steel nut and the underside of the retainer is less than 0.127mm
(0.005 in). This gap ensures that in the event of a breakage in one half of the filexure with the mirror in
the closed position, the axial motion of the shaft in the opposite direction will be less than the gap
between the mirror arm and the hard stop uprights. Therefore the restoring torque of the remaining half
of the flexure will be enough to open the shutter without friction on the hard stop.

Sensor Y Components

There are three sensory components on the shutter: 2 Cernox resistance thermometers and a variable
reluctance position sensor. The Cernox thermometers are calibrated to operate from room-temperature
(300 K) down to pumped liquid Helium temperature (1.4 K). One of these sensors is located on each of
the end caps. They will be used to monitor temperature on orbit and to verify power dissipation during
component level testing.

A variable reluctance rotary position sensor was developed to monitor the position of the mirror. The
sensor is an electromagnet in the shape of a “C.” There are two electromagnetic coils wired in series,
one on either side of the opening. Each coil has greater than 300 turns of 99.99% pure 38 AWG, HAPTZ
insulated copper wire. The bobbins for the coils are part of the magnetic circuit and are made of Hiperco
50A heat-treated to optimize performance. To resolve position, a magnetically conductive ramp is passed
through the gap in the sensor. As this ramp passes between the poles, the change in thickness of the
material changes the air gap of the circuit. This change in gap changes the reluctance of the circuit. The
reluctance change is measured by passing an AC signal through the coils and measuring the change in
inductance of the circuit. The ramp is curved, bonded to the counterweight, and sized to be at a minimum
thickness when the shutter is open and at a maximum thickness when it is closed. The raw response of
the sensor is approximately 1.5 V across the full range. This response is then scaled to 1.25 to 3.75 V
from open to closed position, respectively. Since the ramp is continuous, it can provide continuous
position data for all intermediate positions of the shutter mirror, as well.



Under normal operation, the position sensor will provide feedback to the electronics to minimize the
power dissipation in the actuator coils. The sensor position will be continuously checked after the
actuator is sent the 60 mA pull-in current level. Once the sensor reads a threshold indicating the shutter
is closed, the electronics will autonomously drop the current to the hold level of 3 mA. The delay from the
time the sensor reaches the threshold to the drop in current is 1.0E-03 sec. When the shutter is given the
signal to open, the sensor verifies the open position and returns this signal in a data packet prior to
completely powering down the shutter mechanism.

Unique Operation

There are additional unique characteristics of this mechanism. As stated above, the shutter is designed
to fail open if there is a flexure breakage. However, the shutter is also designed never to close again if
this failure should occur. The internal forces of the actuators (discussed in the Problems section) are
large and the rotor is in an inherently unstable position. Therefore, without a continuous flexure under
tension, the rotor is pulled away from the failure side and large frictional loads are generated either
between the rotor and the stator in the actuator, or between the mirror arm and the hard stop upright.
This fiction is enough to prevent the actuator from closing.

Finally, the choice in flexure suspension system combined with the bearing surfaces as designed cause
the internal forces to approach zero when the shutter is powered off and the mirror is returning to the
open position. The flexure allows us to avoid conventional ball-bearing designs that are difficult for
cryogenic usage and always have some level of internal friction. In addition, the fatigue properties of
BeCu increase dramatically at liquid Helium temperatures. We have performed a life test on an ETU and
have driven the mechanism to greater than 450,000 cycles, 22.5 times the rated life.

The bushings on the shaft are designed to have 38.1 um (0.0015 in) radial clearance with the hole in the
end caps. Careful alignment and tolerancing is performed to center the bushing within this hole as
precisely as possible and limit the contact between the two parts. However, due to operation under 1 G
and physical limitations in the precision of the machining, these parts do touch. As the shutter is
actuated, the internal loads of the actuators pull the shaft off axis and these bearing surfaces rub. Under
this loaded condition, there are frictional losses at these interfaces due to the off axis normal load in the
bearing interface. However, with power off, this load goes to zero as does the friction force. Therefore,
the frictional force fighting the opening of the mirror is minimized. This effect will be realized to an even
greater extent in the zero-G environment of space.

Eunctional Testin
The shutter has been successfully tested cold many times. These tests included coid functional, 