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1  Introduction 
 

This handbook provides a description of the Far Ultraviolet Spectroscopic Explorer 
(FUSE) science instrument, focusing on its design and performance from the perspective 
of an archival scientist interested in the impact of the instrument on the data quality.  This 
approach is targeted primarily to the archival data miner, but much of the technical 
information may be of interest to future instrument builders as well.  To address these 
audiences, we have organized this presentation with the main body of the document 
containing the information of most direct relevance to data users, and the technical details 
contained in the extensive Appendices attached.  For an in-depth description of the FUSE 
data products and the CalFUSE data reduction pipeline, the reader is referred to the 
companion volume: The FUSE Archival Data Handbook (2009). 

FUSE was a NASA-funded far ultraviolet (FUV) space telescope that was operated for 
NASA by The Johns Hopkins University Department of Physics and Astronomy in 
Baltimore, MD.  The satellite was launched on a Delta-II rocket from Cape Canaveral on 
June 24, 1999, at 11:44 a.m. EDT into a circular 760 km (475 mile) orbit inclined 25 
degrees to the equator, with an orbital period of 100 minutes. 

The FUSE scientific instrument was designed to provide high resolution spectra (λ/Δλ ≥ 
20,000) across the 905 - 1187 Å FUV spectral bandpass. The parabolic telescope mirror 
and Rowland circle spectrograph design maximized instrument efficiency by employing 
only two reflections prior to photon detection. 

FUSE operated until it was decommissioned on October 18, 2007, after the loss of the 
fourth and final reaction wheel assembly in mid-2007 caused the termination of nominal 
science operations. 

This handbook was written with two goals in mind: to provide an overview of the 
instrument and a characterization of instrument effects that affect the data quality and, 
secondly, to provide a more detailed description of the instrument design as well as some 
results from the integration, ground test, in-orbit performance of the instrument.  On-orbit 
performance anomalies and the operational procedures for mitigating their effect on the 
data quality are also discussed. 
 
Below we provide an outline of each chapter’s contents with an indication of the primary 
target audience for each.  The designations are either “General” (of interest to all) or if 
appropriate, broken out for a casual user, advanced user, or as an instrument 
designer/builder, to facilitate locating relevant information at the desired level of detail.  
 
Chapter 1:  (Audience: General)  contains this introduction. 
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Chapter 2: (Audience: General) provides an overview of the FUSE instrument. Basic 
aspects of the instrument design and functional characteristics are presented for each of 
the instrument subsystems: telescope, spectrograph, focal plane arrays, guide system 
camera, and the detector. 
 
Chapter 3: (Audience: General) presents an overview of the FUSE spacecraft. A brief 
overview of the Command and Data Handling system and the Attitude Control System 
(ACS) performance is presented. Post-launch spacecraft anomalies, such as the loss of 
reaction wheels and its effect on operations, are discussed in Section 7 of the technical 
appendix. 
 
Chapter 4: (Audience: General) discusses the post-launch instrument performance.  The 
mirror motion alignment anomaly (section 4.1, etc.), spectral motion (section 4.3) and 
detector performance (sections 4.4, etc.) are described here, with additional details 
presented in the technical appendix (Section 6). 
 
Chapter 5: (Audience: Advanced archive user) presents a description of various  
overbright target observing strategies, only some of which were used operationally.  
Since some of these test data are available in the archive, this chapter is included for 
completeness.  
 
Chapter 6 (Appendix A): (Audience: Instrument designer/builder, advanced user) – 
presents many details of the instrument design, detector characterization and operation,  
FES performance, telescope and spectrograph focus, and channel alignment behavior and 
operational mitigation. 
  
Chapter 7 (Appendix B): (Audience: Instrument designer/builder, advanced user) – 
presents information on the Attitude Control System on-orbit performance, including the 
gyro and reaction wheel failures, and the flight software and target acquisition strategies 
employed to operate despite these limitations.  
 
Chapter 8 (Appendix C): (Audience: Instrument designer/builder, advanced user) 
Coordinate Transformations. 
 
Chapter 9 (Appendix D): (Audience: Instrument designer/builder, advanced user) 
Airglow appendix. 
 
Chapter 10 (Appendix E): (Audience: All) Members of the development and operations 
teams. 
 
Chapter 11: (Audience: All) Acronym List 
 
Chapter 12: (Audience: All)  References.  This section provides a extensive list of 
references to papers describing the instrument subsystems, and the modifications to the 
instrument and ACS software made during the mission. There are also references to a 
subset of science papers that provide useful information on instrument performance.  
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This instrument handbook is one of two primary archival support documents describing 
the FUSE instrument and its data products.  For information specific to the pipeline 
processing and analysis of FUSE data, readers are referred to this handbook’s  companion 
volume: The FUSE Archival Data Handbook (2009). 
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2 Instrument Design  
 

2.1 � Scientific Motivation  
 
FUSE was conceived by the astronomical community to build upon the scientific legacy 
of the Copernicus mission (Rogerson et al. 1973) by capitalizing upon the rich spectral 
diagnostics present in the FUV bandpass. FUSE provided unique access to several 
essential markers for astrophysics: the resonance doublet of O VI λλ1032, 1038, the only 
unambiguous tracer of gas in the crucial 105 <T<106 K regime, and the ground state 
electronic transitions of H2, which are many orders of magnitude stronger than the 
infrared transitions.  For the study of molecular material, abundant in galaxies and 
dominant in star forming regions, access to H2 is as fundamental as access to the Lyman 
and Balmer series lines for atomic hydrogen. FUSE also provided unique access to 
Deuterium transitions shortward of Lyman alpha, which are essential for measuring 
column densities for lines of sight beyond the Local Bubble. Many other spectral 
diagnostics for the properties of interstellar and intergalactic gas, stellar photospheres, 
and other astronomical objects are present in the spectral range covered by FUSE. 
Effective access to these diagnostics required a sensitive instrument with high spectral 
resolution. Every aspect of the FUSE design was driven by these considerations. 
 
 

2.2 � Instrument Overview  
 
FUSE was designed to provide high resolution spectra (λ/Δλ ≥ 20,000) with large 
effective area (20 -70 cm2) across the 905 - 1187 Å  FUV spectral bandpass.  

The FUSE satellite consisted of two primary sections: the spacecraft bus and the 
scientific instrument.  Integrated, these components stood 18 feet (5.4 m) tall and 
weighed just under 3000 lbs. (1360 Kg).  The payload is shown at Kennedy Space Center 
in June 1999 in Figure 2-1 (left).   A schematic of the light path for the science  instrument 
is shown in Figure 2-1 (right). 

The challenge of designing a high-throughput FUV instrument and maintaining it 
throughout the lifetime of the mission was met by adopting a design that minimized the 
number of optical elements, employed a large-format, low-background detector, and 
retained throughput through vigilant maintenance of a tight contamination control plan 
and operational strategy to avoid degradation of the mirror coatings.  
 
The resulting FUSE science instrument consisted of four separate telescopes and 
spectrographs. Each of the four FUSE telescopes was comprised of a co-aligned, normal 
incidence, off-axis parabolic primary mirror that illuminated a separate Rowland circle 
spectrograph channel equipped with a holographically-ruled diffraction grating that 
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illuminated one of the two FUV microchannel plate (MCP) detectors. The essential 
features of this design are illustrated schematically in Figure 2-1. Each of the two delay 
line MCP detectors recorded spectra from a pair of optical channels.  At the entrance to 
each spectrograph was a Focal Plane Assembly (FPA) that could be moved in both the 
tangential and radial directions with respect to the Rowland circle.  Adjustable Mirror 
Positioning Assemblies (MPAs) along with the FPAs permitted co-alignment and focus 
of the four channels.  Attitude determination for target acquisition and fine pointing 
guidance data was provided by one of the Fine Error Sensor (FES) CCD (slit jaw) 
cameras operating in the visible on two of the four channels. The prime advantages of 
this design of four independent UV optical paths was that it permitted the optical coatings 
to be tailored to maximize instrument effective area across the FUSE bandpass, and that a 
high effective area could be combined with good aberration control in a package that 
would fit into the fairing of a practical launch vehicle. Some basic properties of the FUSE 
instrument are summarized in Table 2.2-1 and Table 2.2-2. Only ranges of effective area 
and spectral resolution are shown for each channel/segment; see  Figure 4-7 for plots of 
the effective area as a function of wavelength and Figure 4-5, Figure 4-6 for the spectral 
resolution as a function of wavelength. 
 
Active thermal control and science instrument operations were performed by the 
Instrument Data System (IDS) computer.  Instrument power was obtained from the 
spacecraft and was managed by the Instrument Power Switching and Distribution Unit 
(IPSDU) for instrument subsystems. 
 
Table 2.2-1: FUSE Instrument Specifications; Channel 1 

Channel SiC1 LiF1 SiC1 LiF1 
Detector Segment  A A B B 
Wavelength Range [Å] 1090.9 – 1003.7 987.1 – 1082.3 992.7 – 905.0 1094.0 – 1187.7 
Spectral Resolution 12000-23000 10000-21000 10000-20000 11000-21000 
Plate Scale  [arcsec/mm] 84.4  84.4  84.4  84.4 
Inverse dispersion [Å/mm] 1.03 1.12 1.03 1.12 
Effective Area [cm2] 
    At launch 

5.5-9.0 3.5-28 6.0-8.5 12-28 

Effective Area [cm2] 
    End-of-Mission 

2.5-5.0 3.0-24 2.5-5.0 8.0-21 

 

Table 2.2-2: FUSE Instrument Specifications – Channel 2 

Channel SiC2 LiF2 SiC2 LiF2 
Detector Segment  A A B B 
Wavelength Range [Å] 916.6 - 1005.5 1181.9 - 1086.7 1016.4 – 1103.8 1075.0 – 979.2 
Spectral Resolution 11000-19000 14000-23000 12000-20000 9000-19000 
Plate Scale  [arcsec/mm] 84.4 84.4 84.4 84.4 
Inverse dispersion [Å/mm] 1.03 1.12 1.03 1.12 
Effective Area [cm2] 
    At launch 

10-12 19-30 3.5-6.5 2.0-17.5 

Effective Area [cm2] 
    End-of-Mission 

5.0-6.0 14-21 2.0-3.5 2.0-16 
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2.3 �  Optical Design 
 
F U S E ) is an astro p h ys ics satellite desig ne d to pr o vi de hi g h resol utio n  
spectra ( =   = 2 4, 0 0 0{ 3 0, 0 0 0) with lar ge e ective area ( 2 0{ 7 0 cm 2) o ver the inter val 9 0. 5{ 1 1 8 . 7 n m. T he F U S E 
instru me nt co nsists of fo ur c o-alig ne d, n or mal incidence, o -axis parab olic primary mirrors w hich illu mi nate separate 
R o wla n d circle spectro grap h chan nels eq ui p pe d with h ol o grap hic grati n gs  an d delay li ne microchan nel plate detectors 
The FUV instrument (see Figure 2-1) consisted of four separate optical paths, or 
channels. Each channel was illuminated by its own normal-incidence, off-axis parabolic 
primary mirror with a Focal Plane Assembly (FPA), containing a set of three 
spectrograph apertures/slits, located at the focus of its telescope mirror. The four 
telescope primary mirrors were identical off-axis paraboloids, each with a rectangular 
352 mm x 387 mm clear aperture, a 2245-mm focal length, and approximately 5.5° off-
axis angle (Kennedy et al. 1996). At the focal plane, ~90% of the light in the point spread 
function (PSF) was within a circle of diameter 1.5 arcseconds. Each spectrograph was a 
Rowland circle design whose holographically-ruled diffraction grating illuminated a 
section of a FUV delay line detector. Figure 2-1 (right) illustrates the detector 
multiplexing layout whereby two channels (one SiC and one LiF) illuminate different 
areas on a single detector. The channels had to be co-aligned so that light from a single 
target properly illuminated all four channels, thereby maximizing the throughput of the 
instrument.  This co-alignment was accomplished with actuators on the mirror assemblies 
and the FPAs. 
 
 



 

fuse_ihb_090616_final.doc  6/16/09 19 

 



 

fuse_ihb_090616_final.doc  6/16/09 20 

 
Figure 2-1 : Top: The integrated FUSE satellite. Bottom: Optical layout of FUSE 
instrument showing 4 channel design but only two detectors. 
 

The multi-channel aspect of the FUSE design was a key element in maximizing 
instrument throughput.  It permitted the use of different optical coatings on different 
channels. Two mirrors and two gratings were optimized for reflectivity in the 905-1100 Å 
bandpass using an ion beam sputtered silicon carbide (SiC) coating over an evaporated 
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aluminum layer. The aluminum layer lowered the emissivity of the surface permitting 
better thermal control. The reflectivity of the remaining two mirrors and gratings was 
maximized from 1025-1187 Å using lithium fluoride (LiF) over aluminum.   SiC has 
nearly constant reflectivity (~30%) across the FUSE bandpass. The reflectivity of LiF/Al 
is low shortward of ~1025 Å, then rises sharply to ~70% near 1200 Å (The FUSE Data 
Handbook 2009).  The LiF/Al coatings provided approximately twice the reflectivity of 
SiC at wavelengths > 1050 Å, but very little throughput below ~1020 Å.  Throughout this 
document the four channels will be referred to as either "the SiC channels" or the "LiF 
channels" according to their coatings and hence their performance characteristics. 
 

 
Figure 2-2 :  Exploded view of the FUSE instrument structure.  This figure 
illustrates the relationship between the photograph of the assembled, flight-ready, 
FUSE instrument in the previous figure and the schematic of the optical layout of 
the telescope and spectrograph. 
 
These four channels comprised two nearly identical "sides" of the instrument, where each 
side consisted of one LiF and one SiC channel. Each side of the instrument produced two 
spectra, one from each channel, that fell onto a single detector.  Each channel had a band 
pass of about 200 Å, requiring spectra from two channels to span the ~290 Å wavelength 
range of the instrument.  All four channels covered the ~1015-1075 Å region. 
 



 

fuse_ihb_090616_final.doc  6/16/09 22 

The orientation of the instrument in the instrument prime coordinate system (IPCS: X, Y, 
Z) is shown in Figure 2-1. The +X side of the instrument always pointed away from the 
sun throughout an orbit, while the –X side always pointed toward the sun. This 
orientation minimized the amount of sunlight that could make its way down the baffles 
surrounding the LiF channels, which were located on the +X (i.e. shaded) side of the 
instrument.  Minimizing stray light in the LiF channels was crucial to the operation of the 
Fine Error Sensor (FES) guidance cameras, which operated at visible wavelengths on the 
LiF channels.  To ensure that the radiator of the operational FES was kept in the shade, 
the satellite orientation was biased by several degrees in roll around the Z axis. These 
design and operational strategies succeeded in keeping Solar stray light to acceptable 
levels; however, when observing at low Earth-limb angles, stray light from the bright 
Earth could drown out all but the brightest guide stars. FES star field images acquired at 
orbit noon (Figure 4-36 and Figure 4-37) illustrate the impact scattered light in the FES 
guidance camera could have when attempting to acquire and track guide stars. 
 

2.4 � Focal Plane Assemblies 
 
At the focus of each telescope mirror was a Focal Plane Assembly (FPA) that acted as the 
optical entrance aperture for each spectrograph channel (Figure 2-3). The front surface of 
each FPA was a diamond milled, flat mirror with vapor deposited aluminum to provide a 
highly reflective surface in the visible. This optical flat mirror was mounted on a 
precision two-axis flight-adjustable stage. Light from the off-axis parabolic telescope 
entered the spectrograph through the four laser drilled FPA apertures (1.25"  20", 4"  
20", 30"  30", and a 0.5" pinhole, Table 2.4-1) that had been cut into the flat. For ease 
of reference, the three primary apertures were dubbed HIRS, MDRS, and LWRS; the 
pinhole aperture was never located on orbit, and never used operationally. Although these 
apertures were offset in the direction perpendicular to dispersion, the apertures were not 
shuttered: all light (including the night sky and serendipitous targets) incident at an 
aperture was passed through the aperture to the grating, which then dispersed the light 
onto the detector.  Since these apertures were offset in the spatial direction, light passed 
by each of the apertures was imaged onto a different section of the detector. The 
geometric arrangement of these apertures is shown in Figure 2-4. The aperture plates 
were not mounted perpendicular to the telescope focal plane, but were rotated 10.8 
degrees about the Y axis; the reflected beams in the LiF channels were directed into the 
corresponding FES cameras, and against the sides of the telescope baffles in the SiC 
channels. 
 
For the LiF channels, light that did not pass through an entrance aperture was reflected by 
the mirrored surface into the FES visible light CCD camera system. Images of stars in the 
field of view (FOV) around the apertures were then used for acquisition and guiding by 
the FES, which provided feedback to the spacecraft attitude control system for stabilizing 
the pointing (Section  2.7). Only the LiF channels were equipped with FES systems, 
because the Al/LiF coatings on the telescopes were far more reflective in the visible than 
the SiC coatings and because a prime and backup system were considered to be 
sufficient.  
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Figure 2-3: Schematic of the LiF1 and SiC1 FPAs shown relative to the instrument 
optical design and beam size (top), with a detail of the FPAs and their relationship to the 
Rowland Circle and the IPCS coordinate system (bottom). In the LiF channel, light from 
the star field in the vicinity of the target is reflected into an FES camera. 

 
Table 2.4-1: Apertures  

Aperture Keyword Dimension 
(arcsec) 

Y FPA 
position 
(arcsec) 

Comments 

High resolution HIRS 1.25 × 20 -10.27  
Medium resolution MDRS 4.0 × 20 +90.18  
Low resolution LWRS 30 × 30 -118.07 Default Aperture 
Pinhole PINH ∼0.5 (diameter)  Not Used 
 
This set of apertures was designed to permit the following functionality. 
 

• The high resolution aperture (HIRS: 1.25 × 20 arcsec) passes ~70 % of the light 
from a centered point source (throughput as high as 90% has been measured, but 
70% is more typical). The HIRS aperture was designed to maintain the highest 
resolution at the expense of photometric accuracy.  This was the expectation even 
for perfectly stable optics. Because of the difficulties encountered with 
maintaining channel alignment on-orbit, this aperture was used sparingly during 
the mission. 
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• The medium resolution aperture (MDRS: 4 × 20 arcsec) provided maximum 
throughput (~98%) while minimizing airglow contamination. With stable mirror 
alignment, this aperture provided a spectral resolution that was only slightly 
reduced from the actual resolution achieved when using the HIRS aperture for a 
point source target.  However, on-orbit thermal drifts of the channels with respect 
to the LiF guide channel resulted in limited use of this aperture due to the effort 
required to maintain alignment.  Significant loss of the SiC channel data typically 
resulted with use of this aperture under nominal operations.  The impact of on-
orbit thermal drifts is discussed further in Section 4.2.  

 
• The low resolution aperture (LWRS: 30 × 30 arcsec) was a large square aperture 

intended for observations of faint extended objects. It produced a filled-aperture 
resolution of about ~100 km/s. However, as a result of the on-orbit motion of the 
instrument channels with respect to one another, use of the LWRS was most 
likely to result in obtaining data in all channels. Consequently, the LWRS 
aperture became the preferred aperture for point source observations.  The thermal 
motions had the potential to degrade the resolution, but this was limited by the 
short duration of HIST exposures and was corrected by CalFUSE for TTAG 
exposures; see Sections 2.8, 4.2.3, and 4.3.1 for details. For nominal operations, 
this was the default aperture. 

 
• The pinhole aperture (PINH:  approximately 0.5 arcsec in diameter) was not used 

on orbit. 
 
Each of the four FPAs included precision actuators that permitted independent motion of 
the FPAs in two axes: tangential to the Rowland circle and along the radius.  The FPAs 
could not be moved in the Y direction. FPA motion along the radius of the Rowland 
circle enabled focusing of the apertures with respect to the spectrograph grating and 
detector (Section 6.2).This was performed infrequently over the course of the mission. 
The motion tangential to the spectrograph Rowland circle was parallel to the dispersion 
direction and perpendicular to the apertures. Adjustments of the FPAs along this axis 
were used to compensate for small X-axis mirror motion misalignments (Section 4.2.3.1) 
and were often performed as part of the set up for an observation. They also permitted 
"focal plane split" (FP-split) observations to enable high signal-to-noise measurements of 
bright targets. FP-splits were performed by taking spectra at different FPA settings so that 
detector fixed-pattern noise could be smoothed out  when the data were co-added. 
Different position patterns were used depending on the observation. Table 2.4-2shows the 
FPA locations at the nominal telescope alignment and the adjustments in position and 
corresponding telescope offset to place the target in the aperture for a typical FP-split 
observation. The FPAs had a 400um commandable range in X, at 12.63 um/arcsec.  
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FP-split step LiF1 FPA Other FPAs Slew Offset 

Nominal position 117 um 175 um 0.0” 
1 65 um 123 um -4.1” 
2 142 um  200 um +2.0” 
3 185 um 243 um +5.4” 
4 277 um 335 um +12.7” 

Table 2.4-2 FPA locations and pointing offsets for a typical FP-split pattern. 
 

 
Figure 2-4: The locations of the FUSE apertures projected on the sky for a slit position angle of 
0° with North in the -Y direction. Positive aperture position angles correspond to a counter-
clockwise rotation of the apertures on the sky. In the FPA coordinate system the LWRS, HIRS, 
and MDRS apertures are centered at Y= -118.07”, -10.27”, and +90.18”, respectively.  This 
diagram represents only a portion of the FPA; the full active area is ~19 arcmin   19 arcmin. 
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2.5 � Spectrograph 

2.5.1 Optical Design 
The Far Ultraviolet Spectrograph, FUVS, had four spectrograph channels: one for each of 
the four telescope channels (Figure 2-1). Each spectrograph channel was conceptually 
similar to a Rowland circle spectrograph, except that aberration corrected, 
holographically-ruled, gratings were used to control the astigmatism typically 
encountered in a Rowland system.  Light from the diverging f/5.3 telescope beam passed 
through an FPA aperture at the telescope focal plane and entered into the spectrograph 
cavity. The beam was then incident on one of the four diffraction gratings, which focused 
the spectra onto one of two, double delay line MCP detectors.   The gratings were paired 
so that a single detector had spectra from both a SiC and a LiF grating spatially offset 
from each other. Because of the multiple apertures, there were typically three spectra 
from each channel projected onto a single detector. 
 
The grating substrates were fused silica with 270mm x 265mm rectangular apertures. The 
concave grating surfaces were holographically-ruled aberration-corrected spheres with a 
radius of curvature of 1652mm. The holographic recording parameters were optimized to 
reduce the astigmatism from approximately 60 mm (using standard parallel groove 
gratings) to less than 1 mm while maintaining resolution. This dramatically increased the 
sensitivity of the instrument. The characteristic groove densities were 5767 grooves/mm 
for the SiC-coated gratings and 5350 grooves/mm for the Al/LiF-coated gratings 
(Wilkinson et. al. 1998, and references therein).  This resulted in a reciprocal linear 
dispersion of 1.03 Å/mm for the SiC channel and 1.12 Å /mm dispersion for the LiF 
channel.  Coupled with the detector pixel size, this resulted in a scale of 6.2 mÅ/pixel for 
the SiC channel and  ~6.7 mÅ/pixel for the LiF channel, in the dispersion direction. 
Selected design parameters for the spectrograph and diffraction gratings are listed in 
Table 2.5-1. 
 
The diffracted light then focused onto the double delay line, MCP detectors. Each 
detector had an active area of 190 mm  10 mm that was divided into two 85 mm  10 
mm MCP stacks, referred to as the A segment and the B segment. The MCPs were 
curved to 826 mm and a potassium bromide (KBr) photocathode was applied to the top 
MCP plates to enhance the detection quantum efficiency in the FUV. The average 
resolution of the FUSE detectors is 25 µm in the spectral direction and 50-60 µm in the 
spatial dimension. The FUSE detectors are described further in sections 2.6 and 4.4. 
 

Table 2.5-1: Spectrograph and Grating Properties 

Property SiC LiF 
Rowland Circle diameter 1652 1652 
Ruling density at grating ctr. 5767 mm–1 5350 mm–1 
Grating angle (α) 24.0° 25.0° 
Grating angle (β) 9.31660° at 986 Å 9.76612° at 1107 Å 
Grating dimensions 260 mm (dispersion) × 275 mm (spatial) 
Grating type First generation, type II holographic 
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Figure 2-5 Photograph of the FUVS in a clean room at University of Colorado Boulder 
just prior to shipment to Johns Hopkins University, with the major optical components 
identified. 
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2.5.2 Wavelength Coverage and Dispersion 
 
The FUSE spectral range extended from about 905 Å to 1187 Å. Each detector had one 
SiC spectrum and one LiF spectrum imaged onto it, and therefore covered the entire 
wavelength range. The two channels were offset on the detector perpendicular to the 
dispersion direction to prevent the spectra from overlapping.  The dispersion for the SiC 
and LiF spectra were in opposite directions from each other (Figure 2-6). Each detector 
was divided into two functionally independent segments (A and B) separated by a small 
gap. To ensure that the gaps did not fall at the same wavelength region in both detectors, 
they were offset slightly with respect to each other. Table 2.5-2 lists the wavelength 
coverage of each of the eight detector segment/channel combinations.  Nearly the entire 
wavelength range is covered by more than one channel, and the important 1015–1075 Å 
range is covered by all four, providing the highest effective area and the greatest 
redundancy. 
 
Table 2.5-2: Wavelength Ranges for Detector Segments 

Channel Segment A Segment B 
SiC1 1090.9 – 1003.7 Å 992.7 – 905.0 Å 
LiF1 987.1 – 1082.3 Å 1094.0 – 1187.7 Å 
SiC2 916.6 – 1005.5 Å 1016.4 – 1103.8 Å 
LiF2 1181.9 – 1086.7 Å 1075.0 – 979.2 Å 
 

 
Figure 2-6: Wavelength coverage, dispersion directions, and image locations for the 
FUSE detectors. In this figure, the coordinate system as used for the detectors is shown, 
where X is the dispersion direction. 
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2.5.3 Spectral Image Characteristics 
 
The FUSE spectrographs were based on the highly efficient Rowland circle design. The 
holographically-ruled gratings partially corrected the inherent aberrations in this design, 
but the remaining astigmatism restricted spatial imaging capabilities. The image of a 
point source had a vertical extent of 150 to 1100 µm (~14 to 100 arcsec) on the detector, 
depending on wavelength. In comparison: the height of the HIRS and MDRS apertures 
were 20 arcsec, or 220 µm projected on the detector, smaller than the astigmatic height of 
a point source image at most wavelengths. The astigmatism of the FUSE optical system 
was corrected near the O VI line for LiF spectra, and near 920 Å and 1090 Å for the SiC 
spectra (Figure 2-7).  Differences in alignment, fabrication, etc. for the two sides, 
resulted in slightly different locations for the minimum height. The approximate 
wavelengths at which the astigmatic correction points occurred were:  916 Å (SiC1B), 
926 Å  (SiC2A),  1026 Å (LiF1A), and 1036 Å (LiF2B). 
 

 

 
Figure 2-7 The astigmatic height of the FUSE spectra are shown in these figures. The 
units of both axes for both the top and bottom figures are detector elements, or pixels. 



 

fuse_ihb_090616_final.doc  6/16/09 31 

   
A small portion of an H2 spectrum recorded by flight detector segment 1B during 
Spectrograph I&T at the University of Colorado is shown in Figure 2-8. A number of 
interesting characteristics of the spectral design and the test configuration are illustrated 
in this Figure.  First, note that the spectral resolution degrades with the width of the 
aperture.  This is due to the fact that the aperture was fully illuminated during the test. 
Emission from large extended sources (e.g. supernova remnants, planetary nebulae, 
galaxies, etc.) exhibited this dependence of spectral resolution on aperture width.   Under 
conditions of nominal pointing accuracy and jitter, a point source spectrum would have 
roughly the same spectral resolution in all apertures.  Second, notice the astigmatic height 
and curvature of the spectra in the LiF channel (the upper 3 spectra).  This is a natural 
consequence of the optical design. The narrow aperture is on-axis, and the spectrum 
through this slit is symmetric about the dispersion axis.  Note that the other two LiF 
spectra are asymmetric since they are off-axis. The spectrum through the MDRS aperture 
(the top spectrum) is tilted slightly to the left while the spectrum through the LWRS (the 
3rd spectrum down from the top of the image) is tilted to the right.  The SiC spectra all 
have much smaller astigmatic heights because the spectra are nearer to a holographic 
correction point at these wavelengths. Comparison of the widths of the LiF and SiC 
spectral lines clearly illustrates the fact that the spectral resolution is lower at a spatial 
focus point.  
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Figure 2-8: Molecular hydrogen emission spectrum recorded by detector 1B. This figure 
shows the full extent of the segment in the Y direction (1024 pixels) but only a very small 
extent in X (1000 pixels or about 6 Å).   This image was constructed by adding together 6 
different images, each made with the lamp source illuminating an individual aperture.  
From the top to the bottom of the image, the spectra are LiF (MDRS aperture), LIF 
(HIRS aperture), LiF (LWRS aperture), SiC (MDRS aperture), SiC (HIRS aperture), and 
SiC (LWRS aperture).  The pinholes were not illuminated.   The LiF spectra are centered 
at ~1160 Å while the SiC spectra are centered at ~930 Å.   
 

2.6 � Detector Design and Operation 

2.6.1 Hardware and Software Description 
 
The FUSE instrument included two Double Delay Line (DDL) detectors which collected 
incoming photons and measured their positions. Three FUV detectors were built at the 
Space Sciences Laboratory at the University of California, Berkeley. Unit FL01 remained 
on the ground as a spare and was later used for ground testing, while units FL02 and 
FL03 were used in the instrument as Detector 1 (side 1 of the instrument, collecting 
photon events as part of the SiC1 and LiF1 channels) and Detector 2 (SiC2 and LiF2), 
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respectively. The three detectors had identical physical characteristics, and were designed 
to be as similar as possible. Differences between them are due primarily to differences in 
the microchannel plates (MCPs) and the adjustments of the electronics to account for 
those variations. The differences in wavelength coverage between side 1 and side 2 of the 
instrument were determined by the mounting locations on the Rowland circle. 
 
Each detector consisted of two segments. Mechanically, each detector was a single unit; 
electrically each segment was unique with most of its own electronics. Keeping the 
segments separated permitted each to be individually optimized. In addition, it ensured 
that a problem with one segment did not prevent its companion from being operated 
normally. Thus, if desired one detector segment could be operated normally while the 
high voltage on the adjacent segment was turned off. 
 
Light coming from one of the FUSE gratings to the detector first passed through a 95% 
transmission, +15 volt ion repeller grid, then through a 95% transmission ‘QE Grid’ 
designed to improve the quantum efficiency of the system, before reaching the KBr-
coated MCPs. The photons striking the photocathode were converted to electrons via the 
photoelectric effect, multiplied as they passed through the stack of three (Z-stack) MCPs, 
then proximity-focused onto the DDL anode. The DDL electronics determined the 
location of each charge cloud by measuring the time it took for the charge to propagate 
along the anode (for the X, or dispersion direction) or by charge division (for Y, or cross-
dispersion). Thus, the reported positions of detected photons do not represent physical 
pixels, as would be the case for a CCD detector, but rather are digitized representations of 
analog measurements. The measurement process and implications for the data are 
described in subsequent sections. The top-level detector specifications are summarized in 
Table 2.6-1. 
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Table 2.6-1 Detector Specifications 
Specification Description 
MCP pore size 
(pore diameter / center-to-center spacing) 

10 µm / 12.5 µm (top & bottom plates) 
12.5 µm / 15 µm (middle plates) 

MCP pore bias angle 13º 
MCP Configuration Z-stack 
MCP size 95 mm x 20 mm, 80:1 L/D 
MCP resistance < 30 MΩ 
Anode Type Double Delay Line 
Photocathode KBr 
Ion Repeller Grid 95% transmission, 1247 x 1247 µm spacing, flat  
QE enhancement Grid 95% transmission, 1042 x 1009 µm spacing, 

curved to match MCPs 
QE in FUSE bandpass 14 – 30% 
Active Area 85 x 10 mm x 2 segments 

~7 mm gap between segments 
Curvature of front surface of MCPs 826 mm radius 
Number of Pixels 16,384 x 1024 per segment 
Pixel size 6 µm x 10–17 µm, depending on segment 
Detector resolution ~20 µm x ~80 µm 
Lifetime Specification > 107 events per 103 µm2 
 
 
Each detector subsystem was divided into three interconnected, modular assemblies. 
These were the Vacuum Assembly, Electronics Assembly, and Stim Lamp Assembly. 
The Vacuum Assembly was mounted in the spectrograph cavity and contained the 
detector imaging elements (grids, MCPs, anode, etc.) in a stainless steel vacuum housing, 
along with a high voltage filter module, charge amplifiers, timing amplifiers, a motorized 
door and mechanism, and ion pumps to maintain a high vacuum inside the vacuum box 
before launch. The Electronics Assembly, mounted to the instrument electronics 
baseplate in the electronics cavity, included the low- and high-voltage power supplies, 
Time-to-Digital-Converters (TDCs), Charge-to-Digital-Converter (CDCs), and a Data 
Processing Unit (DPU), along with an interface to the instrument computer – the 
Instrument Data System (IDS). The Stim Lamp Assembly consisted of a mercury vapor 
lamp that was mounted to the spectrograph structure inside the spectrograph cavity and 
was powered and controlled via the detector electronics. Details on each of these 
assemblies are given in the sections below.  
 
Each detector subsystem included thirteen thermistors to monitor the temperature of the 
detector hardware. Although the temperatures of the anode and some parts of the 
electronics were known to affect the data, the thermistor information was only used as a 
general diagnostic, and detector stim pulses, described below, were used to account for 
temperature effects in the data. 
  

2.6.2 Stim Lamp Assembly 
 
The detector Stim Lamp Assemblies (one for each detector) allowed direct, quasi-
uniform illumination of each detector, with count rates of ~2,000 to ~12,000 counts per 
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second, depending on the segment. These stim lamps were designed to provide general 
diagnostics of detector health. They were not designed to provide a true flat field of the 
detectors. 
 
Each stim lamp assembly included the mercury vapor stimulation (or “stim”) lamp, a 
mounting bracket, and a pinhole aperture to coarsely control the amount and direction of 
light reaching the detectors. They were mounted to a structural bracket in the 
spectrograph cavity, approximately 1.25 meters from the detectors. Before launch, the 
lamps were used to provide detector aliveness tests while the instrument was at 
atmospheric pressure by illuminating the MCPs through the sapphire windows in the 
vacuum doors. On orbit, they were used regularly throughout the mission as a means of 
monitoring detector performance, especially gain sag (Section 4.4.2). 
 
The stim lamps were powered through the detector auxiliary power supply, which also 
powered the ion pumps. 
 

2.7 � Fine Error Sensor Cameras 
The fine pointing of the FUSE satellite was achieved by using the FES, a visible light 
imaging camera. The primary functions of the FES were to (1) image the focal plane in 
order to acquire a target, and (2) provide the fine pointing guidance data to be used by the 
spacecraft attitude control system to maintain accurate pointing during science 
observations. Two FES cameras were included onboard FUSE. One FES was used at any 
given time with the second as a backup.  
 
Each FES directly viewed the focal plane of one of the FUSE primary mirrors. The prime 
FES unit (FES-A) was mounted just below the FPA (Focal Plane Assembly) in the LiF1 
optical channel, so that the mirrored surface of the FPA slit-plate redirects the light into 
the FES where it is reimaged onto a CCD detector. A schematic view of the LiF1 light 
path is shown in Figure 2-3 and Figure 6-33. The redundant FES (FES-B) was similarly 
mounted in the LiF2 channel. A complete visible-light subsystem consisted of an FES, an 
FPA, a primary mirror, and the baffle tube assembly that protected the optics from stray 
light.  Each FES was composed of three subassemblies: the camera assembly, containing 
the optics, CCD detector, and preamps; the controller assembly, containing all the 
remaining electronics and external electrical interfaces, and a radiator and heat strap used 
to cool the CCD.  
 

2.7.1 Camera Assembly 

2.7.1.1 Optics 
The optical system consisted of two off-axis aspherical mirrors, a filter wheel, and a 
doublet lens. Figure 2-9 shows a schematic illustration of the light path inside the FES. 
The FES imaged a field of view of 21′ × 21′ onto the surface of a CCD detector, which 
was reduced to a usable area of 19.3′ × 18.3′ by an aperture mask located at the surface of 
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each FPA mirror. The point spread function (PSF) of the system had a typical full-width 
at half maximum (FWHM) of about 2 pixels (∼ 5″) everywhere in the field of view, 
consistent with the original design and pre-flight measurements, and ideal for centroiding 
with sub-pixel accuracy. The system throughput was also consistent with pre-flight 
estimates: a typical V = 13.5 mag star produced a signal of 9350 e-/sec. Table 2.7-1 
summarizes the characteristics of the FES. 
 
Distortions across the FOV were small, at most 1.5% in the far corners of the FOV. The 
distortions for FES-A were measured during in-orbit checkout and polynomial 
corrections were uplinked to the IDS. A more extensive set of calibration observations 
was performed for both cameras in late 2001, which significantly improved the residuals 
in the corners of the field.  
 
Imperfections in the optical surfaces and obstructions in the light path (such as mis-
aligned baffles) would scatter and diffract light from sources in the FOV. This limited the 
ability of the system to detect and track faint guide stars when very bright objects were 
present in the FOV. Initial tests showed that the IDS could identify star fields and track 
on guide stars at the nominal faint limit when stars as bright as V = 1.5 mag were present 
in the FOV. Using special procedures (such as performing initial acquisitions at offset 
fields) we were able to acquire and track when much brighter objects were present, 
without having to use the attenuating filter in the FES. This performance was much better 
than was expected prior to launch.  
 
No internal focus adjustment mechanisms were included in the FES, due to the cost and 
schedule constraints, the limited volume available for the camera assembly, and because 
a limited range of focus adjustment (100 microns) was expected to be required. Instead, 
the choice was made that the optical design had to produce a PSF that was insensitive to 
the expected changes in focus, and that the FES would have to be carefully aligned and 
focused at the time it was installed on the telescope. 
 
A three-position filter wheel was located between the FES secondary mirror and the 
doublet lens. The filters incorporated in the filter wheel were a clear filter, a neutral filter 
for use with very bright objects, and a broadband filter (red in one FES, blue in the other).  
Once it was determined, early in the mission, that the neutral density filter was not 
needed for acquisitions of bright objects, the FUSE operations team decided to keep the 
filter wheel in the clear filter position, and not to turn it. Given the critical role of the FES 
for fine pointing the observatory, the FUSE operation team recognized that a malfunction 
of the wheel could jeopardize the pointing of the observatory. Consequently, the neutral 
and broadband filters were never used during the mission. 
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Figure 2-9: Drawing showing the light path inside the FES. 

 

Table 2.7-1 FES Camera Characteristics 

FES Properties Value 
FOV 19.3′ × 18.3′ 
Photometric bandpass 4000 – 9000 Å 
Plate Scale 2.55″ / pixel 
Noise Equivalent Angle (typical) ≤ 0.15″ 
Sensitivity (typical) 9350 e− / sec @ V = 13.5 
PSF 5″ FWHM 
Exposure time 0.048 – 300 sec 
Subimage 3 – 25 pixels square 
Centroid rate 6 10×10 subimages @ 1Hz Texp = 0.4 s 
 4 16×16 subimages @ 1Hz Texp = 0.4 s 
 6 16×16 subimages @ 0.5Hz Texp = 1.2 s 

 

2.7.1.2 FES CCD Detector 
 
The CCD detector was 1024 × 1024 pixel thinned backside-illuminated CCD mounted on 
a 2-stage thermo-electric cooler (TEC) and sealed in a kovar package with a fused silica 
window.  The CCD quantum efficiency, full-well depth, charge-transfer efficiency, dark 
current, and readout noise were all in accord with pre-flight measurements. The CCD was 
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cooled using an external radiator in combination with the  TEC. Basic characteristics of 
the CCD are given in Table 2.7-2.  
 

Table 2.7-2 FES CCD Characteristics 

CCD Properties Value 
Pixel Size 24µm 
Read Noise 7 e− 
QE  55% @ 400nm, 65% @ 700nm, 37% @ 900nm 
Gain 5 e− / ADU 
Full Well 280,000 e− 
Digitization rate 50 Kpixels/sec 
Parallel Clock rate 5,000 lines/sec 
Dark current (MPP) 4.1 e− /pixel/sec at −30C (preflight) 
Dark current (MPP) 33 e− /pixel/sec at −32C (1 yr post-launch) 

 

2.7.2 FES Images 
 
The FES provided two types of data: images of the field of view, and centroided positions 
of up to six selected stars. This information was transferred to the FUSE Instrument Data 
System (IDS) which used this information to 1) identify the field of view of the planned 
science observation and move the target in the desired spectrograph aperture, and 2) to 
acquire and track on guide stars during the observation in order to stabilize the line of 
sight. The target recognition and fine guidance of the FUSE attitude control is described 
further in Section 6.5.2 and  by Ake et al. (2000).  
 
The locations of the FPA apertures in the FES image and the relative orientation of IPCS 
coordinates and raw FES-A pixel coordinates are depicted in Figure 2-10. FES-B is 
similar, except that the X-axis in FES-B is inverted: a corresponding image for FES-B 
would have CCD column 0 on the right and column 511 on the left. Table 2.7-3 gives the 
aperture and Reference Point positions in FES pixel coordinates. The Reference Point is 
not a physical feature on the FPAs, but is an arbitrary position offset from the apertures 
used in the target acquisition process; see Section 8 for additional information on 
coordinate conversion.  
 
FES images taken during the identification process or at the end of an observation for the 
purpose of pointing verification are archived at MAST as part of the science program 
observation (see Section 5.1 of the FUSE Data Handbook (2009) for additional 
information). Conversion from the FES image coordinates to the world coordinate system 
is discussed in Section 8. 
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Table 2.7-3 Center Positions of the Three Apertures and the Reference Point in FES-A and 
FES-B 1 × 1-binned Images. 

 FES-A FES-B 
 XFES YFES XFES YFES 
Aperture (pixel) (pixel) (pixel) (pixel) 
MDRS 207 398 292 426 
HIRS 247 398 252 425 
LWRS 289 398 209 425 
RFPT 243.8 374.6 256.0 399.0 

 

 
 
Figure 2-10 Diagram of an FES-A image with its different coordinate frames. The raw FES 
CCD coordinates are (XFES, YFES) with its origin at the lower left corner of the image. The FES 
IPCS coordinates as projected onto the sky are (XIPCS, YIPCS) with its origin located below the 
HIRS aperture. The exact location and size of the three apertures are not to scale. 
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2.8 � Instrument Data System (IDS) 
The IDS was the primary computer of the FUSE science instrument. It was a fully 
redundant, programmable processor that provided command and data handling functions 
for all other subsystems in the instrument. The main functions performed by the IDS 
include:  

1) processing, management, and storage of science data from the FUV detectors 

2) commanding the FES, computing fine pointing measurements from stellar 
positions and images generated by the FES, and transmitting the results to the 
spacecraft ACS;  

3) managing instrument thermal control;  

4) synchronizing time with the spacecraft;  

5) running a script engine, that provides absolute time and relative time 
commanding, and rule-based autonomy capabilities for both scripted operations 
and health and safety monitoring.  

Only the first of these items is described here; the other items are discussed in Sections 3 
and 6.5 

The IDS detector manager was a task designed to read science data from the detectors 
and then process and store the data as quickly as possible. The manager operated in either 
of two modes: address stream (also called time-tag or TTAG) or spectral imaging (also 
called histogram or HIST). These modes were selected for a specific exposure by the 
Mission Planning system, typically based on the expected brightness of the target.  

In address stream mode, raw detector data were saved in a software FIFO in bulk 
memory.  The IDS inserted time markers into the data stream as the data were ingested. 
The default rate for inserting markers was 1 Hz, but the rate could be set as high as 125 
Hz. These markers were accurate to 8 ms. The maximum rate at which the IDS could 
ingest data in this mode was 8000 events/sec. The FIFO was readout continuously as the 
exposure was taken. The maximum readout rate was roughly 3500 events/sec, lower than 
the maximum ingest rate.  Thus, once the FIFO filled the effective data acquisition limit 
in TAG mode was 3500 events/sec. The issues affecting the overall system deadtime are 
discussed in Section 6.9. 

Observing in time-tag mode allowed the data to be taken at full detector sampling (6 um 
in X and 9-16 um in Y), along with photon event pulse height values. This permitted 
CalFUSE to perform sophisticated filtering and corrections when extracting the resultant 
spectra. Spectral shifts on the detector, either by grating or image motion (Sections 4.3.5, 
4.2.3) or pointing instability (Sections 6.5.2 and 7), were removed by modeling or using 
additional engineering telemetry. Doppler smearing and shifts in areas of high gain sag 
(Section 4.4.2.1) were also corrected. Periods of detector related problems, such as 
anomalous HV levels and event bursts (Section 4.4.3.3) were edited out. Finally, in time-
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tag mode data from the entire active area of the segments were downlinked, providing 
spectra through all apertures for extended sources. 

Histogram mode was used when the expected count rate of the target exceeded 2500 
counts per second. This mode allowed brighter targets to be observed, but with certain 
disadvantages. The data were binned by 8 pixels in Y and most of the temporal 
corrections available for time-tagged exposures could not be made. Doppler smearing 
was minimized by keeping the exposures short (~< 7 minutes). In this mode, the IDS 
accumulated an image of part of the detector in bulk memory by computing an array 
location from the detector raw coordinates and incrementing the number of counts in that 
location. Only limited portions of the detector could be stored in the IDS in this mode, as 
a result of memory size limitations. The regions to be stored were defined by the Spectral 
Image Allocation (SIA) Tables, which are described in Section 6.3.3. The maximum 
event rate that could be ingested by the IDS in this mode was 32,000 events/sec. 

At the end of the exposure, the image was read out. The IDS appended an 8 character 
observation ID and 3 character exposure number assigned by the Mission Planning 
system to the downlinked packets. While the exposures were in progress, periodic 
engineering snapshots of instrument telemetry were taken to assist in the processing of 
the science data on the ground. At a minimum, a snapshot was obtained at the beginning 
and end of the exposure, and usually every 5 minutes during a longer integration. 

A description of other IDS functions is presented in Section 6.5 and a more detailed 
description of the IDS is given by Heggestad & Moore (1999) and Artis et al. (2000). 
Further information about CalFUSE processing of time-tag and histogram exposures can 
be found in Section 4 of the FUSE Data Handbook 2009  and Dixon et al. (2007). 
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3 The FUSE Spacecraft  
The  FUSE satellite consisted of the science instrument and the spacecraft bus. The 
spacecraft consists of five housekeeping subsystems as follows:   

• Command and Data Handling (C&DH) System  
• Attitude Control System (ACS) Subsystem 
• Power Subsystem 
• Radio Frequency (RF) Communications Subsystem 
• Thermal Subsystem 

Each of the S/C subsystems were fully redundant. With the exception of the ACS, the 
spacecraft performed flawlessly throughout the mission. Most of the spacecraft functions 
are transparent to the user of archived science data; only those aspects of the spacecraft 
affecting the data are described in this document.  This section provides an overview of 
the spacecraft  C&DH and ACS subsystems.  

3.1 Command and Data Handling System 
The FUSE Command and Data Handling (C&DH) system was based on the Small 
Explorer Data System (SEDS) design developed by OSC and GSFC for the XTE and 
TRMM missions.  The SDS design implemented CCSDS packet telemetry and command 
standards that were consistent with the Advanced Orbiting Systems recommendations. 
The solid state recorder provided 240Mbytes of storage for telemetry, of which 
approximately 100Mbytes was available for science data. The storage available was a 
significant factor in observation scheduling, and in particular it drove the brightness limit 
for time-tag observations and the choice of binning, duration, and frequency of histogram 
exposures. 

The C&DH system also provided accurate UTC time to the Instrument. The on-board 
clock was measured to drift from near zero to a few milliseconds per day. The clock was 
monitored daily, and was adjusted from the ground whenever the cumulative drift 
reached 70ms.  

3.2 � Attitude Control System  
 
At launch, the FUSE ACS was a zero momentum system that provided inertially-fixed 
pointing. Coarse attitude determination was performed using Inertial Reference Unit 
(IRU) gyro data for spacecraft angular rate measurements and Tri-Axial Magnetometer 
(TAM) data for attitude measurements; fine pointing employed Fine Error Sensor (FES) 
measurements that were processed by the Instrument Data System (IDS) and provided to 
the ACS via Fine Pointing Data (FPD) packets.  All of the attitude and rate measurements 
were processed by the on-board Kalman Filter.  Coarse Sun Sensor (CSS) data was used 
in safe modes.  CSS data was accurate to roughly 4° 1σ, TAM derived filter attitude to 
better than 2° 1σ, and FPD derived attitude to better than 0.5 arcsec 1σ pitch/yaw. 
Attitude control was provided by reaction wheels, and momentum unloading was 
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performed with magnetic torquer bars. Prior to reaction wheel and gyro failures, the 
pointing stability varied from 0.3 to 0.7 arcsec, RMS, depending on the axis and 
environmental conditions. 
 
The ACS subsystem was fully-redundant, with two 3-axis Ring Laser Gyro IRUs, two 
TAMs, two CSS assemblies, three dual wound Magnetic Torquer Bars (MTBs) each 
controlled by two sets of MTB electronics (MTBE), and four Reaction Wheel Assemblies 
(RWAs). 
 

 
Figure 3-1: ACS coordinate frames. Red: original, Green: revised for magnetic 

control system. 
 
The basic operations concept for the ACS was to hold the satellite inertially fixed at the 
last commanded attitude, and to re-orient the satellite when a new attitude was 
commanded. Ordinarily, new attitudes would be commanded from observation scripts 
executing in the IDS. Slews could also be commanded from the ground, but this option 
was not used for science operations. The solar arrays were moved by the ACS during 
slews so as to be pointed at the Sun when the new attitude was reached. 

The nominal configuration of the reaction wheels was to operate the skew wheel at a 
fixed speed, and to bias the other wheels in the opposite direction so as to maintain the 
total angular momentum stored in the reaction wheels near zero. This bias kept the wheel 
speeds away from zero, as bearing life and pointing performance were both expected to 
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be adversely affected at very low wheel speeds. The magnetic torquer bars were operated 
continuously to remove excess momentum from the wheels. 

Target acquisitions were scheduled after every slew and after every occulation of the 
target by the Earth. All observation sequencing and target acquisition logic was handled 
by scripts executing in the IDS. Processing of FES image data to locate stars and attitude 
determination from the positions of stars were performed by the IDS guidance task 
software. This division of functions between the ACS, IDS, and FES provided the 
performance necessary to meet the mission requirements and resulted in simple interfaces 
that facilitated rapid development and integration of the subsystems prior to launch.   

The target acquisition process is described in Section 6.5, and further information on the 
ACS is provided in Sections 6.5.2 and 7. 
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4 In-Flight Instrument Performance  

4.1 � Telescope Focus  

4.1.1 Post-launch Focus Assessment 
 
The FUSE instrument was focused pre-flight with the provision for in-flight focus 
adjustments for the mirrors and FPAs.  On-orbit focus adjustments were expected due to 
(1) the unavailability of a full-aperture laboratory FUV source with a light beam 
collimated to one arcsecond accuracy and (2) the anticipated focus changes associated 
with gravity release and changes in the positions of the optical elements resulting from 
moisture desorption from the optical bench structure.  
 
The on-orbit instrument focus procedure was a two-step process. First, the telescope was 
focused by adjusting the mirror to FPA distance for each channel. Then each 
spectrograph was focused by adjusting the distance from the telescope mirror to the 
spectrograph grating for each of the four instrument channels.  The FPAs were then re-
adjusted to maintain the previously determined telescope focus.  There was no separate 
focus for the FES cameras. 
 
The telescope focus was determined through a series of knife-edge tests performed by 
scanning a target across the edge of the FPA slit at a series of different FPA Z-positions. 
The FPA Z positions were adjusted November 24th, 1999, based on these tests. Details of 
the motions are given in Section 6.6.1 and Table 6.6-1.  
 

Two programs were executed to determine the spectrograph focus. The first of these 
programs, I817, was executed during the December 7 – December 9, 1999 time interval. 
Multiple stellar spectra of HD208440 were acquired through the LWRS aperture for each 
of 5 mirror positions, which were stepped in 150 micron increments along the optical 
axis. These data were analyzed to determine the mirror position that yielded the sharpest 
spectral absorption features. The resulting adjustments to the miror and FPA Z positions 
were implemented on December 12th 1999. These adjustments are discussed further in 
Section 6.6.1.1 and presented in Table 6.6-2. 

The signal-to-noise of the I817 data was relatively low for the SiC channels, hence a 
second spectrograph focus test was executed two months later as part of program I819. 
The quality of the resulting data was significantly better in all four channels, leading to a 
final focus adjustment on March 16th, 2000. The adjustments are tabulated in Table 6.6-3. 
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4.1.2 Tails of the Telescope PSF 
 
The tails of the telescope PSF after the final focus were evaluated by a retrospective 
analysis of the peakup and alignment scan data. The peakup procedure produced count-
rate measurements for a small range of offsets from the PSF peak, and the alignment 
scans produced measurements of count rates for a larger range of offsets, but typically 
with fewer samples at any given offset. The peakup procedure and sample data are 
described in Section 4.2.2, and the channel alignment procedure and sample data are 
provided in Section 6.7.4. The results of this analysis are show plotted in Figure 4-1, 
Figure 4-2, and Figure 4-3, for the HIRS, MDRS, and LWRS apertures, respectively. 
 

 
Figure 4-1 The log of the count rate, normalized to unity, is shown plotted as a 
function of the X-position of a point-source image relative to the center of the HIRS 
aperture in each channel. This is equivalent to the convolution of the telescope PSF 
with the HIRS aperture . 
 



 

fuse_ihb_090616_final.doc  6/16/09 47 

 
Figure 4-2 Same as Figure 4-1 above, but for the MDRS aperture. 
Following the focus adjustments made in early 2000, the throughput of the MDRS 
aperture was measured to be 98%, and that of the HIRS aperture was 90%. The effective 
throughput of the narrow apertures was quite sensitive to drifts of the channel alignment 
on orbital timescales, and thus varied from one exposure to another in the SiC channels 
and in whichever LiF channel was not in use for guiding. Throughput in the HIRS 
aperture was also sensitive to the accuracy of both the peakup calculation and the slew 
executed as the final step of the peakup procedure; mis-centering of a few tenths of an 
arcsecond were possible and would have a noticeable impact on the throughput. When 
FES-B was made the guide camera in July 2005, the LiF2 FPA was moved by 400 
microns along its Z-axis (see Sections 6.2.2 and 6.4.2). This had no adverse effect on the 
spectral resolution of point sources, but the throughput in the LiF2 channel was reduced 
to ~70% for MDRS and ~15% for HIRS. 
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Figure 4-3 Same as Figure 4-1 above, but for the LWRS aperture. 
 

4.2 � Telescope Alignment Performance  
 
During the IOC period shortly after launch, it was realized that the telescope mirrors 
underwent periodic motions that shifted the target’s image at the telescope focal plane 
and thus its spectrum in both X and Y on the detector. A source in either of the SiC 
channels could move as much as 6 arcseconds in a 2 ks time interval. This motion had 
two effects on the data: first, flux was lost if the source drifted (partially or completely) 
out of the aperture; second, the was spectrum shifted on the detector, degrading spectral 
resolution for observations using the LWRS (30 arcsecond) aperture.  
 

4.2.1 Initial Alignment 
The procedure for the initial post-launch channel alignment was to perform a spiral 
search pattern of motions on LiF2, SiC1, and SiC2 while guiding on the target using 
FES-A with LiF1 and the LWRS aperture. The FUV count rate was monitored while 
using the mirror actuators to locate the target position in the three non-guide channels. 
This method required use of a moderately bright FUV point source in a fairly isolated star 
field to provide sufficient counts and prevent confusion from nearby field stars.  Overall, 
this method worked well and was used to initially align channels to a 15-arcsec  
precision. 
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Finer co-alignment was then performed by stepping the roughly co-aligned images across 
the edge of the LWRS slits. The data were analyzed to determine the mirror rotations 
required to remove the measured alignment errors at that attitude for each of the three 
non-guiding channels relative to the LiF1 channel.  This method allowed for co-
alignment to approximately 2 arcsec.   

As further alignments and observations were attempted, it was found that all of the 
channels were moving with respect to each other, with misalignments as great as 40 
arcsec. It was quickly realized that the coalignment was being lost following large 
changes in spacecraft attitude that changed the thermal environment of the instrument. As 
a result, grouping observations by Solar beta angle and boresight-to-orbit-pole angle 
became a contraint on mission planning, and channel coalignment procedures were 
needed roughly weekly instead of the expected few times per year. 

4.2.2 Target Peakups 
Small misalignments of the channels could be removed by performing peakups in either 
the MDRS or HIRS aperture.  This involved performing small maneuvers of the 
spacecraft in the X direction and measuring the FUV counts as the target crossed the 
narrow axis of the slit. Before ACS components began to fail, the pointing of the 
spacecraft was dithered in a step and dwell pattern, with nine steps separated by 3 arcsec 
(MDRS) or 1 arcsec (HIRS), and dwells lasting 10 seconds long at each step. Later in the 
mission, when adapting to operations with a single reaction wheel , the step and dwell 
sequence was replaced by a continuous scan. Photons occurring in the LiF and SiC 
counter masks for each detector (Sec. ) were accumulated. At the end of the scan, a flux-
weighted positional centroid was computed for each channel and a test was performed to 
verify a peak occurred in the data: the maximum count had to be at least 5 x sqrt(mean).  
The spacecraft was moved back to the position where the guiding channel (LiF1 or LiF2) 
had maximum counts and the other three FPAs were moved into alignment. If no peak 
was found in the guiding channel, the spacecraft was moved to the target acquisition 
position. For the other channels, an absence of a peak meant the FPA was not moved. 
Figure 4-4 shows an example of  the counts obtained during a peakup scan. 

The peakup software and FPAs were designed to eliminate channel misalignments on the 
order of 5-10 arcsec in the X direction. Similar misalignment in Y was accommodated by 
making the slits 20 arcsec long. The larger errors found on-orbit impeded peakup 
alignments in two ways. First, if the initial position of a target in a channel was further 
than the width of the slit beyond the range of the scan, the target would likely not be 
found. Secondly, if multiple peakups were scheduled during an observation or a spurious 
peak were found, a motion could be computed to move an FPA past its limit. The IDS 
software at launch would reject all FPA motions if any one were out of bounds, 
effectively allowing one bad channel to cancel the peakup results. After the software was 
changed to allow all valid FPA motions to occur, better alignment was achieved. Other 
peakup problems that occurred less often were false peaks being found due to event 
bursts on the detector (Section 4.4.3.3 ) and peaks contaminated by other objects near to 
the target. 
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Figure 4-4 Peakup scans over 5 successive orbits for observation P203:04:01. The 
count rates as a function of scan step are shown in different colors; the first scan of 
the observation is plotted in black and shows the largest channel alignment errors. 
FPA adjustments required in subsequent orbits were much smaller. 
 

4.2.3 Mirror Motion Anomaly 
The FUSE  “Image Motion” was defined as the variation of the alignment of the SiC1, 
LiF2, and SiC2 channels with respect to the reference LiF1 channel used for guiding.  
Although these motions were generally quantified as being associated with the non-
guiding channels, they were caused by the motions of LiF1 in combination with the other 
channels.  (Any LiF1 motion was corrected by the ACS using FES Fine Pointing Data, so 
it appeared to remain steady.) After the switch to FES-B in July 2005, LiF2 replaced 
LiF1 as the reference channel. The observed image motion was attributed to the thermal 
changes induced in the instrument by changes in boresight beta angle and orbital pole 
angle.  The boresight beta angle is the supplement of the angle between the satellite-sun 
line and the instrument line of sight, and the orbital pole angle is the angle between the 
orbit pole and the instrument line of sight. 

To mitigate loss of data due to channel misalignment while retaining observing 
efficiency, the LWRS aperture became the primary observing aperture for most 
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programs.  For MDRS and HIRS observations, two peakups per orbit were executed  
when necessary to maintain channel alignment during an observation and obtain full 
spectral coverage while using these apertures. 

4.2.3.1 On-orbit Mirror Motion Mitigation Strategy 
A two-part strategy was developed to maintain alignment of the four mirror channels.  
This strategy included both a predictive component based on empirical modeling of 
changes in mirror position as a function of boresight attitude and a periodic hard re-
baselining of the alignment.   

Sections 6.7 through 6.7.5.1 discuss further the procedures necessary to maintain channel 
alignment, its impact on observatory efficiency, mirror motions over an orbital observing 
period, the analysis tools required to maintain alignment, and mirror motion trending. 

CalFUSE corrects the non-guide channels for the mirror motion on orbital timescales 
using an empirically derived correction.  A more detailed discussion is presented in the 
the CalFUSE pipeline paper (Dixon et al. 2007). 
 

4.3 � Spectrograph Performance 

4.3.1   Spectrograph Resolving Power 
 
The resolving power of FUSE depends largely upon the residual aberrations in the 
spectrographs, primarily astigmatism, and on the imaging properties of the double-delay 
line MCP detectors. The detector imaging resolution is best at the center of each segment 
and degrades somewhat towards either end. In addition, fixed-pattern noise introduced by 
the MCPs can cause localized degradation of the resolution (see Sections 4.4.2, 4.4.5, 
4.4.6, 4.4.7 for details). These effects cause the resolution to vary as a function of 
wavelength, and with spectrograph aperture. Variations in detector gain over the mission 
(Section 4.4.2) cause some of the detector contributions to the LSF to vary as well. 
Finally, the combined effects of target motion and uncertainties in the corrections for 
grating motion can cause the point source resolving power of FUSE data to vary between 
observations and from exposure to exposure within a given observation.. CalFUSE 
applies corrections for these effects to each photon in the event list for TTAG data. 
However, histogram data cannot be corrected on photon event timescales and the 1 × 8 
binning factor of histograms gives rise to a ~5-10% reduction in resolving power 
compared to time-tagged data. As a result, TTAG data will almost always exhibit a 
higher resolving power than HIST data obtained with the same aperture. The exception is 
long exposures of targets that are too faint to correct properly for image motion. Careful 
analysis of time-tagged exposures with good S/N may yield spectra with somewhat 
higher resolving power than the nominal value of R=20,000.  
 
The LSF has been characterized by modeling ISM absorption along the line of sight for 
two representative targets: K1-16 and RX J2117+3412. The former was observed in 
TTAG mode for all three apertures, and the latter was observed in HIST mode through 
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LWRS and MDRS. The data were processed with CalFUSE v.3.2.3. Spectra from each 
exposure were coaligned on narrow absorption features and combined. All usable 
exposures obtained during the FUSE mission were included. The column density and b-
value were determined from profile fitting for OI, NI, FeII, and each H2 J-level observed; 
the b-value was also determined for HI. (Profile fits were performed using the program 
OWENS, developed by Martin Lemoine and the French FUSE Team.) Fits were 
performed independently for each channel and for the combined data set to check internal 
consistency, and a curve of growth analysis was performed for the H2 J=1 lines in the K1-
16 spectra and for the H2 J=3 lines in the RX J2117+3412 spectra. The width of a 
Gaussian instrumental LSF was fit as a free parameter for each absorption line.  
 
The results are shown in Figure 4-5 for K1-16, and in Figure 4-6 for RX J2117+3412. 
The LSF measurements exhibit greater scatter for K1-16 than for RX J2117+3412, 
because the signal to noise is lower for the K1-16 data sets, and because the IS absorption 
lines are generally weaker for the K1-16 line of sight. The K1-16 TTAG data do tend to 
show somewhat better spectral resolution than the RX J2117+3412 HIST data, but the 
differences are not dramatic. The K1-16 data do show a systematic trend of better 
resolution in HIRS than in MDRS, and in MDRS compared to LWRS. The results for the 
SiC channels clearly show better resolution at the midpoint of each detector segment, as 
expected, but the behavior in the LiF channels appears to be dominated by other effects. 
The LWRS LiF 2B data in particular show a dramatic decrease in resolution near the 
midpoint of the detector segment. The results shown here are generally consistent with 
the LWRS TTAG LSF measurements of Williger et al. (2005); the exception is LiF2B, 
for which they obtained 25 km/s at the midpoint of the segment, rising to 35 km/s at 
either end. 
 
A detailed characterization of the LSF obtained from analyses of lines of sight towards 
white dwarfs within the Local Bubble was presented by Kruk et al. (2002) and Wood et 
al. (2002). They found that a two-component Gaussian LSF was needed to fit the HI 
Lyman series lines. A two-component LSF was not pursued in the present analysis, partly 
for simplicity in presenting the results, and in part because the more complex ISM and 
photospheric absorption spectra made it difficult to isolate the effects of two LSF 
components. The width of the narrow components obtained by Kruk et al (2002) and 
Wood et al. (2002) were similar and correspond to ~20 km/s, consistent with the single-
Gaussian results presented here. 
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Figure 4-5 Spectral resolution measured from ISM absorption lines along the line of 
sight to K1-16. 
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Figure 4-6 Spectral resolution measured from ISM absorption lines along the line of 
sight to RX J2117+3412. 
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4.3.2 Scattered Light 
There are two sources of scattered light that can add to the background and thus 
compromise the instrument sensitivity: in-band scatter from the grating itself and 
stray light scattered from surfaces such as the internal spectrograph baffles or other 
illuminated surfaces within the spectrograph cavity. The in-band, grating scatter was 
measured at the component level to be 1 10-5 /Å. This is a typical scattering number 
for holographically-ruled gratings. In-flight measurements give a consistent result: the 
integrated scattered light present in heavily-saturated absorption line profiles was 
typicaly less than 1% of the continuum flux. This contribution to the background 
scales with the intensity of the source. Stray light differs in that it scales roughly with 
the overall airglow line intensity. It is expected to be caused by geocoronal Lyman α 
emission entering the spectrograph cavity through either the FPA apertures or the 
vent. The distribution of the stray light is not uniform, but shows considerable 
structure across the detector. The FUSE Data Handbook (2009) Section 7.2  
provides quantitative results of the on-orbit scattered light measurements. 
 

4.3.3 Effective Area 
The combination of SiC and LiF coatings on the primary mirrors and gratings was 
designed to maximize the effective area across the whole FUV band. Because the 
reflectivity of LiF drops rapidly below approximately 1020 Å, the effective area 
changed significantly with wavelength.  In addition, the gaps between the detector 
segments created narrow bands (typically 10 Å wide) where the total effective area 
dropped by as much as a factor of 2. Plots of the effective areas as a function of 
wavelength and time for the individual detector segments are shown in Figure 4-7. 
The definition of the flux calibration and the evolution of the sensitivity over time is 
discussed in further detail in Section 7.5 of The FUSE Data Handbook (2009). 
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Figure 4-7 The in-flight derived effective area as a function of wavelength for each 
detector segment. Each curve for a given detector segment represents a snapshot of 
the effective area as a function of time and wavelength. The family of curves for each 
segment represents the degradation of the effective area over the eight year on-orbit 
lifetime of the mission.  
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4.3.4 “The Worms” 
 
The spectra of point-source targets often show a depression in the flux that spanned as 
much as 50 Å of the spectrum (Figure ref). In two-dimensional detector images, these 
depressions appear as narrow stripes roughly parallel to the dispersion 
axis. Investigations early in the mission showed that they were highly variable as a 
function of time, even within a single orbit. These stripes, known as “worms” because 
of the way they moved during an orbit, can attenuate portions of the LWRS LiF1B 
spectra by as much as 50%. 
 
Worms were due to an unfortunate interaction between the focus of the spectrograph 
and the detector’s quantum efficiency grid. The optical design of the spectrograph 
resulted in astigmatic images with separate sagittal and tangential focal surfaces. The 
detector was placed at a location to obtain good spectral resolution, close to the 
sagittal focus. At some wavelengths, the tangential focus fell close to the location of 
the QE grid, which was about 6 mm in front of the detector surface, and was curved 
to match the MCP curvature. The grid had 25.3 µm wires spaced ~1 mm apart, to 
give an open area of 95%. Since the vertical extent of the spot was much less than the 
spacing between grid wires near the tangential focus, the effect of the grid wires 
could be significantly magnified; close to 50% of the light could be blocked by a 
single horizontal grid wire if it fell in the right place.  
 
The complex relationship between the position and alignment of the grid wires, the 
exact locations of the optical elements, the illumination of the telescope, the pointing 
stability, the wavelength of the light, and the optical design meant that only detailed 
models can predict exactly what effects the grid wires were expected to produce on 
the spectra. Raytrace predictions made during the mission were qualitatively similar 
to what was observed. 
 
In flight, the effects of the grid wire shadows were found to be extremely sensitive to 
the exact position of the spectrum on the detector. Therefore, as the spectra moved 
slightly on the detector due to grating motion, the shape and location of a worm could 
change dramatically. Small displacements of the source image along the vertical axis 
of the spectrograph slits could cause similar variations in the effects of a worm. 
Because every object had minor coordinate errors, they would be placed at different 
positions along the slits and thus might be affected differently. Multiple observations 
of a given star might also have varying worm effects, either resulting from use of 
different guide stars or from differing thermal environments at different seasons. The 
nature of these variations depends in part on the orientation of the grid wires. When 
the wires are oriented parallel to the dispersion plane, the degree of obstruction is 
sensitive to the position of the spectrum primarily at wavelengths in the vicinity of the 
astigmatic correction points. For these portions of the detectors, the effects of the 
worms are fairly stable and the flux calibration is reliable.  In some places, however, 
the grid wires are oriented at a modest angle with respect to the dispersion plane. In 
these cases, vertical motion of the spectral image causes the region being obscured to 
shift in wavelength space. The flux calibration is not reliable in these cases, but 
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fortunately the regions affected in this manner are limited. The worm in LWRS 
LiF1B was by far the strongest and most variable; for this channel, the flux 
calibration was defined so as to represent the sensitivity in the absence of the worm, 
so that it would always appear as absorption. The calibration for the other channels 
was not adjusted in this manner, but rather was defined from the mean of numerous 
observations of standard stars. The case that may have the greatest effect on users is 
the worm in LWRS SiC1B, which cuts diagonally across the spectrum at wavelengths 
longward of about 975 Å. At times when the worm is shifted towards the midplane of 
the spectrum, the reported flux will be too low, but at times when the worm is shifted 
further away from the midplane, the reported flux will be too high. The flux 
calibration issues are discussed in more detail in Section 7.5 of the FUSE Data 
Handbook. (The spectra of GD 659 in this section of the Data Handbook illustrate the 
case where the SiC1B LWRS worm has shifted off of the spectrum, causing a 
spuriously-high flux to be reported for the last few angstroms of the spectrum.) 
 
While the worm was most prominently seen in LWRS LiF1B spectra (with flux loss 
on the order of 50% at some wavelengths), it was present at a lower level in most 
FUSE channels and apertures. Although no systematic investigation of all worms 
could be made, a large number of calibration exposures were examined in order to 
understand the effects of the worm on the data. Table 4.3-1 summarizes the results of 
this investigation. 
Table 4.3-1 Summary of worms identified in the FUSE data. 

Spectrum LWRS MDRS HIRS 
LiF1A > 1050 Å - 

horizontal 
< 1000 Å – horizontal 
(weak) 

< 1000 Å, >1050 Å – 
horizontal (weak) 

SiC1A 1050 - 1080 Å - 
horizontal  

<1080 Å – horizontal 
(moderate) 

< 1065 Å - horizontal  

LiF1B ~1155 Å – 
diagonal (strong) 

Full - horizontal 
(2 weak stripes) 

>1165 Å - diagonal 
(plus 2 weak horizontal 
worms) 

SiC1B >975 Å- diagonal 
(moderate) 

> 960 Å – diagonal 
(moderate) 

> 970 Å - diagonal 

LiF2A <1115 Å - 
diagonal 

1100-1130 Å - 
Diagonal 
(moderate) 

1100-1130 Å - diagonal 
(moderate) 

SiC2A - - - 
LiF2B - < 990 Å - horizontal 

(weak) 
<1010 Å, > 1050 Å - 
horizontal (weak) 

SiC2B - - < 1035 Å - horizontal 
(weak) 

 
Since the position and strength of the worm in a given segment varied so strongly as a 
function of position of the target in the aperture, there is no simple, automated way to 
correct for it. As a result, worm effects remain uncorrected in the calibrated FUSE 



60 

fuse_ihb_090616_final.doc  6/16/09 60 

data, and thus observers should examine their data carefully in order to assess the 
effects of the worm. 
 
It should be noted that for a uniformly filled slit the horizontal grid wires blocked a 
much smaller fraction of the light, so the effect is much smaller. Thus no worms were 
seen in the airglow lines. 
 
The following figures provide examples of the worms in each combination of 
channel, aperture, and detector segment. The images have been corrected for detector 
distortions and variations in detector Y-scale. 
 

 
Figure 4-8 Spectral images of a stellar spectrum obtained in the LiF1 channel for 
each aperture are plotted for detector segment 1A. The grey scale is inverted, so 
that regions of high count rate appear dark. The narrow vertical lines are 
absorption features arising from interstellar gas, primarily H2. The broad 
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horizontal stripes are shadows cast by the detector QE grid wires, aka the 
“worms”.  

 
 
 

Figure 4-9 As in Figure 4-8  above, but for LiF1B. Note the strong worm feature 
in the LWRS spectral image. 
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Figure 4-10 As in Figure 4-8 above, but for LiF2A. In addition to the worm 
features present in each spectral image, faint single-pixel-wide horizontal moire 
patterns are evident, which are an artifact of the distortion corrections. 
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Figure 4-11 As in Figure 4-8 above, but for LiF2B. 
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Figure 4-12 As in Figure 4-8 above, but for SiC1A. 
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Figure 4-13  As in Figure 4-8 above, but for SiC1B. 
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Figure 4-14 As in Figure 4-8, but for SiC2A. Worms are weak or not present. 
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Figure 4-15 As in Figure 4-8, but for SiC2B. Worms are weak or not present. 
The very thin white jagged line running across the MDRS spectral image is an 
artifact from the distortion correction; some residual vertical distortion is 
present in the HIRS and MDRS spectral images beyond pixel 12000. 
 

4.3.5 Spectral Motion 
 
When the first exposures were taken during IOC, it was discovered that the Lyman-β 
airglow lines were moving on the detector in both the dispersion and cross-dispersion 
directions as a function of time. Since the airglow emission fills the apertures, these 
motions are distinct from those due to the motions of the mirrors. Instead, they are 
due to small rotations of the gratings. The exact cause of these rotations was unclear, 
but they were apparently due to changing thermal conditions at the top of the 
instrument where the gratings were mounted. 
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A detailed examination of the motion of the airglow lines as a function of various 
orbital parameters showed that both the amplitude and direction of the motion were 
periodic.  The motion was also found to be a strong function of orbital phase and was 
repeatable for a given beta angle, pole angle, and position angle. These motions 
shifted both the target and airglow spectra by as much as 15 pixels (peak-to-peak) in 
both the X and Y axes on the detectors. Figure 4-16 shows an example of the 
variation for a single observation. 
 
An empirical model of the motion was derived by examining the shifts in many 
exposures. Early in the mission, the limited data available led to a simplified model 
that was a function of beta angle and declination, and consisted of a sum of sinusoids 
with periods of one orbit for each beta and declination range. As more observations 
were made at different pointings, this model was refined, and the final model was 
based on all the data collected from the beginning of the mission through early 
September 2006. Periodic motions on orbital, diurnal, and precessional (~60 day) 
timescales were identified in this data, although the final calibration file (grat005.fit) 
uses only constant and orbital terms due to limitations in sky coverage in the data. 
The motions and offsets were modeled as a function of beta angle, pole angle, and 
position angle. 
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Figure 4-16 For a single observation (S505702) the position of the LiF1A Lyman-β 
airglow line on the detector is shown as a function of time. Each point represents the 
average position on the detector of ~500 consecutive airglow photons. 
 
As shown in Figure 4-17, the grating motion correction can make a significant 
improvement in the measured resolving power. In the example shown, each point 
represents the average position of approximately 500 consecutive Lyman-β photons 
in the LiF1A spectrum. Without a correction, a peak-to-peak variation of more than 
11 pixels is seen. By applying the grating motion correction, this variation is reduced 
by more than a factor of two. 
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Figure 4-17 The same data as in Figure 4-16 is shown both before (top panel) and 
after (bottom panel) the CalFUSE grating motion correction is applied.  

4.4 �Detector On-orbit Performance  
 

4.4.1 High Voltage Operations 
 
The high voltage on each of the four segments was independently controlled. At any 
given time, there were four important high voltage levels on the MCPs for each 
segment: 

1. HV OFF – When the HV power supply was switched off, no high voltage was 
present. 

2. HV ON – Once the HV power supply was switched on, the high voltage 
immediately increased to -2500 volts (digital value 0). 

3. SAA – Before launch, the SAA level was chosen for each segment so that the 
gain of the MCPs was low enough that the dark rate was close to zero. When 
passing through the South Atlantic Anomaly, or SAA (a region of enhanced 
particle density), the voltage was lowered to this level to minimize charge 
depletion in the MCPs. Despite this low gain, count rates of up to ~13,500 
counts per second were observed in orbit (on segment 2B – the other segments 
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were substantially less) when passing through the SAA. The SAA high 
voltage levels were not changed during the mission: segment 2B was set at 60 
digital units and the other three segments were set to 70. Early in the mission, 
the SAA level was used only when the satellite passed through the SAA. Later 
the SAA level was used whenever science exposures or peak-ups were not 
being performed (section 6.3.2.2). 

4. FULL – This was the normal operating voltage, which was modified 
throughout the mission in order to optimize performance. The values that were 
used are shown in Table 4.4-1. The general trend was to increase the voltage 
with time in order to compensate for gain sag and minimize detector walk (see 
section 4.4.2.1). However, as the voltage was raised, the number of crackles 
sometimes increased (section 6.3.5). As a result, the segment 2A FULL 
voltage value was kept at a lower than optimal level starting in 2002. 

 
During normal operations the high voltage cycled between SAA and FULL. A single 
command would bring the high voltage from SAA to FULL in a few seconds. These 
transitions were scheduled to occur autonomously before science exposures began. 
Similarly, normal FULL to SAA transitions occurred outside of exposures.  
 
Ramping up the high voltage all the way from HV ON to FULL, however, was done 
manually from the ground, since autonomous ramp ups were never implemented.  
Such ramp-ups were necessary, for example, whenever a single-event upset (SEU) 
(Section 6.3.4) caused a detector reboot, or whenever a high-voltage transient, or 
“crackle”, caused an autonomous shut down of the high voltage (Section 6.3.5). 
Ramping up the high voltage from the ground was a multi-step process that could 
take a large fraction of a day; it was typically done using one of two methods. Both 
included a relatively quick (typically 1 to 3 orbit) ramp to SAA level. The standard 
‘slow’ ramp procedure then increased the voltage in six steps up to FULL, usually 
over 6 orbits. Alternatively, the ‘fast’ ramp up instead involved a wait of about six 
hours at SAA level followed by a single command to increase the voltage to FULL. 
Early in the mission, the slow ramp-up was used exclusively. Eventually, the fast 
procedure was used in order to speed up the process, but the slow one was still used if 
a fast ramp up resulted in a crackle shutdown. 
 
Because ramp-ups were done asynchronously with the observing schedule, a 
significant number of observations were taken with one or more segments at HV 
levels other than those described above. The minimum and maximum high voltage 
levels during an exposure are recorded in the DETnHVmL and DETnHVmH header 
keywords in the data files (n=1,2; m=A,B), and the HV_FLAG notes if the voltage is 
not at its nominal level. CalFUSE uses these values to determine whether or not the 
voltages were within the appropriate ranges and if the data should be excluded. High 
voltage as a function of time during each exposure is also available in the hskpf.fit 
and Intermediate Data Files (IDFs). By default, CalFUSE excludes data taken when 
the high voltage is too low. 
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4.4.2 Gain Sag and HV Adjustments 

4.4.2.1 Gain Sag and Detector “Walk” Effects 
Among the most serious detector effects impacting the science data was that of gain 
sag. As a MCP is exposed to incident radiation, its ability to replenish the electrons in 
the MCP glass is diminished. This effect, though nonlinear and dependent on many 
variables, worsens with increased exposure. The result is that the secondary emission 
coefficient drops as a function of time, so that an incident photon will no longer 
produce as many electrons at the back end of the MCP stack as it once would have. 
This decrease in charge is known as gain sag. 
 
A small amount of gain sag may produce no noticeable effects on the data; the first 
effect is simply a shift in the pulse height distribution to lower values. A significant 
drop in gain could cause the events with the lowest pulse height to be lost below the 
threshold of the sensing electronics. But before that occurs, there may be other 
effects. The DDL detectors on FUSE were affected by detector walk, which is a 
dependence of the calculated X position of the photon on the pulse height of each 
event. Since the calculation of the incident position relies on a timing measurement 
between two pulses, the shapes and sizes of the pulses can affect this determination in 
an important way. 
 
One solution to the problem of gain sag is to increase the high voltage across the 
MCPs, which boosts the secondary emission coefficient. If the gain sag is not uniform 
across the detector, however, raising the voltage may not completely solve the 
problem, since some less-sagged regions may end up with a gain that is too high for 
proper processing (Section 4.4.6.3). 
 
In addition, higher voltage levels may cause other problems. In the case of FUSE, the 
incidence of crackles sometimes increased as the high voltage was raised. In 
particular, the voltage on segment 2A could not be raised above 149 digital units 
without the number of crackle shutdowns increasing dramatically (section 4.4.1). 
 
Since the FUSE instrument had no shutter, light from the sky fell on the detectors 
whenever the baffle doors were open. Thus, whenever the high voltage was above 
SAA level and a science target was placed in the aperture before an exposure began, 
or was left in the aperture after an exposure ended, charge was extracted from the 
MCPs even though the data were not being recorded. Similarly, nearly continuous 
exposure to geocoronal airglow lines from the earth resulted in a large amount of 
exposure at the locations a few bright emission lines, such as Lyman-β, N I, and O I 
(Section 9.2 ) 
 
During detector fabrication, measurements were made of the reported locations of an 
array of regularly spaced pinholes as the voltage (and thus the detector gain and pulse 
height) was varied. These tests were then considered when decisions about the final 
operating voltages and electronics adjustments were made. However, no detailed map 
of walk as a function of position was made before launch. 
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After final assembly of the detector these tests could not be repeated, but the plasma 
and QE grids, which cast strong shadows on the detectors when illuminated by the 
stim lamps, proved useful for measuring the effects of walk (Section 6.3.1.3). Figure 
4-18 shows a small portion of the sum of more than 80 stim lamp exposures at several 
different pulse height values. It is obvious that the shadows of the grid wires shift in 
the X direction as a function of pulse height. The amount of the shift varies with both 
pulse height and X position on the detector.  
 
 

 

Figure 4-18 A binned portion of detector segment 1B illuminated in flight by the stim lamp, 
using just photons with pulse heights of (a) 2, (b) 4, (c) 8, and (d) 16. The x range covers 
1200 pixels, while y includes the full height of the detector. The shadows of the two sets of 
grid wires are clearly seen in the vertical direction, but because of the binning in y, the 
horizontal wires are difficult to see. It is obvious from comparing these figures that there is an 
apparent shift in the position of the grid wires as a function of pulse height. The dark 
horizontal bands show regions where a large amount of exposure has caused gain variations. 
 
Multiple techniques were used to minimize the effects of walk on the FUSE data. 
These included (1) adding an ‘occultation manager’ which lowered the high voltage 
to SAA level whenever it wasn’t needed (section 6.3.2.2); (2) regularly raising the 
high voltage, when possible, to increase the overall gain of each segment (section 
4.4.2.2); (3) adding a walk correction module to CalFUSE to shift events in x based 
on their pulse height; and (4) raising the lower level pulse height threshold in 
CalFUSE to exclude the events which were most seriously affected by walk (TTAG 
only). 
 
The result of applying the CalFUSE walk correction to a spectrum is shown in Figure 
4-19, where the same data is plotted with and without the walk correction. It is clear 
from the figure that the wavelength scale differs between the two. In addition, it can 
be seen that the walk-corrected spectrum has a higher resolving power. For TTAG 
data, the position of each photon can be adjusted based on its pulse height. For HIST 
data, however, where the pulse height data is not available, shifts are made based on 
the average pulse height found at each location on the detector based on TTAG 
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exposures taken at nearby times. Thus the HIST correction was only an average 
correction and although it helped correct the wavelength scale, it did not do a good 
job of improving the resolving power. Localized regions of gain-sag caused by 
airglow emission also resulted in spurious spectral features in HIST data, particularly 
at the wavelengths of the NI and OI airglow lines falling on LiF2a; see Figure 7.7 in 
Section 7.3.4 of The FUSE Data Handbook for an example, and Section 9 of this 
document for a listing of airglow lines. 
 
The FUSE design did not permit the spectra from a particular aperture to be moved to 
different locations on the detector, so the same spectral features always fell on the 
same part of the detector. However, the astigmatic height of the images did spread the 
damage out in the cross-dispersion direction. In addition, the grating motion (section 
4.3.5), moved the spectra in both directions, which lessened the effect. Despite this, 
however, significant gain variations were seen due to variations in exposure as a 
function of position on the detector. Figure 4-20 shows an example of the effect on 
segment 1A. The mean pulse height is shown as a function of X pixel at two Y 
locations on the detector (where the LiF LWRS spectrum falls and in a background 
region) near the beginning of the mission (exposure M9980101001) and near the end 
(M9986701001). The gain of the background region increased substantially during 
the mission due to the increases in high voltage. The LiF1 LWRS region shows 
significant gain sag near the end despite the increased voltage. The gain sag at 
Lyman-β (x ~7000) is especially obvious, and the gain varies significantly depending 
on the amount of exposure seen during the mission. 
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Figure 4-19 A small portion of a LiF spectrum on segment 1A, showing the same data both 
with and without the CalFUSE walk correction applied; the two spectra are offset in the y 
axis by an arbitrary amount so that the differences can be seen more easily. The walk-
corrected spectrum has a different wavelength scale and shows higher resolving power. 
 
In addition to monitoring of the gain and walk effects using the stim lamp exposures, 
gain sag as a function of time was tracked by constructing a cumulative exposure map 
for each detector segment. The number of events at each pulse height value incident 
on each pixel location was monitored so that trends could be identified early 
(Sahnow, 2004). These total count map and total gain map files were originally 
constructed as part of the pipeline flow, but they were later separated to allow more 
flexibility for reprocessing. 
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Figure 4-20 Gain sag on detector segment 1A. The mean pulse height is shown as a 
function of X pixel at two Y locations on the detector: at the LiF LWRS spectrum 
location (solid line) and in a background region (dotted line) in September 2000 
(exposure M9980101001 - red) and in September 2007 (M9986701001 - green). The 
gain of the background region increased substantially during the mission due to the 
increases in high voltage, and remained fairly flat as a function of x pixel. The LiF1 
LWRS region, however, shows a significant gain variation as a function of x. The 
gain sag at Lyman-β  (x ~ 7000) is especially obvious. 

 

4.4.2.2 High Voltage Adjustments 
The high voltage was adjusted several times during the mission in order to increase 
the gain of the MCPs and decrease the effects of detector . The times of these 
adjustments are listed in Table 4.4-1. Adjustments were required less frequently after 
the implementation of the occultation manager (Section 6.3.2.2), since the amount of 
exposure due to airglow lines decreased significantly at that time. 
 
Before each permanent change in voltage, TTAG stim lamp exposures (M998 
exposures) were taken at increased voltage levels. The pulse height from those 
datasets was used to measure the gain as a function of voltage for each aperture on 
each segment, and thus determine the new voltage levels. The goal with each 
adjustment was to keep the gain of the detector for the LiF LWRS channels high 
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enough to avoid serious walk effects – to a pulse height value of 10 or higher. 
Because of the very high exposure at certain locations (primarily the Lyman-β  
airglow line), it was not possible to return the entire detector to the desired gain level, 
however. In addition, raising the voltage to too high a level also had disadvantages. 
Segment 2A was not able to operate reliably above a value of 149 because the 
incidence of crackles would increase dramatically when the voltage reached that 
range. As a result the voltage was below its ideal value for most of the mission, and it 
suffered from significant walk problems. These problems were most severe at 
locations illuminated by strong airglow lines present when looking down at the bright 
Earth; see Figure 7.7 in Section 7.3.4 of The FUSE Data Handbook for an example, 
and Section 9 of this document for a listing of airglow lines.  
 
 

FULL Segment Voltage1 Date and Time Date 
1A 1B 2A 2B 

Reason for change 

1999:181 6/30/1999 0 0 0 0 Detectors turned on 
1999:225:20:23 8/13/1999 129 129 0 0 Detector 1 HV ramp up 
1999:238:16:30 8/26/1999 129 129 129 102 Detector 2 HV ramp up 
2001:024:23:12 1/24/2001 141 137 137 108 Compensate for gain sag 
2001:212:09:41 7/31/2001 147 143 149 113 Compensate for gain sag 
2002:050:08:23 2/19/2002 155 151 161 119 Compensate for gain sag 
2002:088:01:06 3/29/2002 155 151 134 – 

156 
119 2A lowered to minimize crackles  

2002:104:17:22 4/14/2002 155 151 149 119 Returned 2A to a lower level 
2002:342:21:12 12/8/2002 161 157 161 124 Compensate for gain sag 
2002:350:12:00 12/16/2002 161 157 134 124 2A lowered to minimize crackles 
2003:034:13:00 2/3/2003 161 157 149 124 Returned 2A to a higher value 
2003:228:16:35 8/16/2003 164 160 149 126 Compensate for gain sag 
2004:202:17:55 7/20/2004 165 162 149 127 Compensate for gain sag 
2007:290:20:56 10/17/2007 0 0 0 0 Turned off HV 

Table 4.4-1 Default high voltage values used during the mission. 

 
 

4.4.3 Detector Background 

4.4.3.1 Internal Background 
 
The intrinsic background rate of each detector segment was measured on the ground 
before launch. This background, due mainly to the beta decay of 40K in the MCP 
glass, was below the prelaunch specification of 0.5 counts cm-2 sec-1. After launch, an 
on-orbit background due to cosmic rays and other high-energy particles added to this 
rate to give a total rate of 0.5 – 1.0 counts cm-2 sec-1 using the default pulse height 
thresholds. Other sources of detector background included scattered light in the 
spectrograph.  
 

                                                
1 Units for voltage are digital values. The value in volts is approximately 2500 + 16.7 × (digital value) .  
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The detector electronics permitted the adjustment of hardware charge thresholds in 
order to change the detector’s sensitivity to background events. These were adjusted 
appropriately on the ground before launch and were not changed on orbit except 
during a few IOC and calibration observations. 
 
For TTAG exposures, pulse height thresholding of the data was applied by CalFUSE. 
Since the large FUSE detectors had a wide variation in modal gain (which changed as 
a function of time due to gain sag – see section 4.4.2) and there was no provision for 
position-dependent pulse height thresholds, default values of the upper and lower 
thresholds were chosen to accept nearly all photons where an adequate walk 
correction could be made in order to ensure maximum throughput. No CalFUSE 
thresholding could be applied to HIST data, so those exposures include events at all 
pulse heights above the hardware thresholds. 
 
Since there was no shutter on the FUSE spectrograph, there was always light falling 
on the detectors. As a result, it was not possible to obtain any true dark exposures 
during the mission. At the end of the mission, however, after the baffle doors were 
closed for the last time, several weeks of “almost-dark” exposures were made. Since 
the baffle doors (by design) did not close completely, some light still entered the 
instrument in this configuration. In addition, since the SiC2 door could no longer be 
closed at that point, that channel was still open to the sky. Approximately 2.8 million 
seconds of data were collected; about 35% of that time was at night. The night time 
dark rate on Detector was ~3.2×10-7 counts/sec/pixel, or ~0.5 counts cm-2 sec-1 with 
variations of ~20% due to orbital position. Day time rate were less than 10% higher. 
Structure is visible in the summed data, but even with these long exposure times there 
was not enough data to create a true dark count map. 
 
The background model used by CalFUSE consists of a spatially-uniform intrinsic 
dark count, along with separate, spatially-varying day and night components due to 
scattered light - see Dixon et al. (2007) and section 7.8 of the FUSE Data Handbook.  
Although different background templates were constructed for different times (and 
thus different gain regimes), correcting the background is still subject to error since 
the gain sag changes differently in the spectral and background regions of the 
detector. 
 
Several other factors that affected the detector background are described in the 
following sections. No CalFUSE corrections were made for these effects. 
 

4.4.3.2 South Atlantic Anomaly 
 
One of the largest contributors to the detector background was proximity to the South 
Atlantic Anomaly. An SAA model was chosen before launch based on calculations 
done at Goddard Space Flight Center, and the detector high voltage was dropped to 
SAA level and exposures were stopped whenever the satellite was inside this SAA 
contour. Several SAA mapping tests were run in the summer of 2003 in order to more 
accurately determine the count rate on the FUSE detectors as a function of latitude 
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and longitude in the region of the orbit near the SAA, and a permanent change to the 
model was made on 17 September 2003; the boundaries of this region were shown in 
Figure 6-11. This model was still only approximate, however, since the size, shape, 
and position of the SAA varies with time. As a result, a uniform elevated background 
rate due to proximity to the SAA was a regular occurrence. 
 
For maximum scheduling efficiency, the contour chosen allowed count rates of up to 
several hundred counts per second across the entire detector, since a uniform count 
rate at this level has a minimal effect on the data, and CalFUSE processing allowed 
users to exclude arbitrary time intervals in TTAG exposures where the background 
was most likely to have had an effect on the signal-to-noise ratio. 
 

4.4.3.3 Event Bursts 
Almost immediately after the high voltage was turned on for Detector 1, unexplained 
intermittent bursts of counts were seen on the detectors. These ‘event bursts’ had 
count rates of up to 20,000 per second, and could be as short as a few seconds or as 
long as many minutes. Although they initially were seen only at local noon and had a 
well-defined spatial distribution across the detector, they were later found to occur 
throughout orbital morning, and the spatial distributions on the detector were found to 
vary; they occurred on all four segments, and were seen throughout the entire 
mission. 
 
The source of the event bursts was never identified. Attempts were made to correlate 
the time of bursts with satellite orientation, solar activity, pressure in the spectrograph 
cavity, and other parameters, but no definitive correlations were ever made as to their 
origin. There were obvious patterns, however: 
 

(1) They were most likely to occur during orbital morning, and particularly when 
the instrument was pointed towards the bright earth. 

(2)  Multiple segments and detectors were often “bursty” at the same time. 
(3) The time between successive bursts was very often about 6000 seconds, or 

one orbital period. A series of bursts would often continue throughout an 
observation, then stop suddenly when the slew to a new target occurred. 

(4) There was often a high-frequency component of the count rate during a burst. 
In the cases where there enough counts to measure this period accurately, it 
was found to be about ten seconds. (Figure 4-21). 

(5) When the baffle doors were closed to take detector dark count measurements 
at the end of the mission (Section 4.4.3), no bursts were observed. 
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Figure 4-21 An example of the count rate as a function of time during an event burst 
showing a high-frequency component is 10 seconds. The size, spatial distribution, and 
temporal profile of the bursts varied significantly during the mission. 

 
Although the bursts were present for the entire mission, their character changed 
somewhat with time. Initially, they showed a scalloped pattern across the detector 
(Figure 4-22), suggesting a reflection from the detector baffles or some other regular 
structure. Later, they were much more likely to show a distorted checkerboard 
pattern, apparently due to the grid wires shadowing the source of light (Figure 4-23); 
the distortion near the top of this figure suggests that charged particles are involved. 
These patterns could only be identified on the brightest bursts; most had too few 
counts for a pattern to be identified, and could be identified only by the changes in the 
count rate. 
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Figure 4-22 A portion of one detector showing an example of a scalloped burst . 
 

 
Figure 4-23 An example of a very large checkerboard burst on Segment 1A, shown in 
FARF coordinates. Note that the checkerboard pattern is distorted, while the spectrum 
remains undistorted. 
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Although a large burst could generate a significant number of counts which added to 
the apparent background, a relatively straightforward filtering module allowed 
CalFUSE to exclude them in most cases where the contamination was large enough to 
affect the data. The major impact on operations was due to the largest bursts 
triggering the detector SAA protection or the IDS FEC protection when the total 
number of counts in the SAA mask for a given segment exceeded their preset 
thresholds (see 4.4.8). This would result in an automatic reduction of the detector 
high voltage, and a concomitant loss of science data until the high voltage was 
restored. 
 
Although the bursts are described here because of the effects they have on detector 
operations, analysis suggests that they were not actually caused by the detectors, but 
rather just detected by them. 
 

4.4.3.4 High Background Periods 
 
Numerous times during the mission periods of high detector background were 
observed. These often began suddenly and disappeared just as quickly. Figure 
4-24and Figure 4-25 show an example for both segments of detector 2, The source of 
the counts seems to be between the two segments, and the scalloped pattern is 
reminiscent of a burst. 
 

 
Figure 4-24  Segment 2A with a high detector background. 
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Figure 4-25 Segment 2B with a high detector background. 

4.4.4 Geometric Distortion 
 
The analog nature of the FUSE detectors means that geometric and thermal 
corrections must be applied to the raw data in order to ensure that all data taken is 
transformed to a common reference frame. In this section we will describe the source 
of some of these distortions, and how the on-orbit corrections were derived. 
 
There are many sources of distortion, include ringing due to signal reflections at the 
ends of the delay lines, edge effects due to variations in the electric fields at the ends 
of the microchannel plates (including in the gap between two adjacent segments), and 
digital nonlinearity in the Analog-to-Digital Converters. 
 
A correction for geometric distortion in the detector is made by the CalFUSE 
pipeline. The raw X and Y pixel locations are adjusted to the Flight Alignment 
Reference Frame (FARF) coordinates (Dixon et al., 2007). FARF coordinates 
represent the location where a photon actually hit the detector. As part of this 
correction, the Y pixel scale is adjusted to be the same on all segments. Despite this 
correction, the spectra do not line up perfectly on multiple segments in the corrected 
reference frame (Figure 2-7). 
 
During detector construction and testing before launch, detector distortions were 
measured by placing a grid of 10 µm pinholes, spaced 1 – 2 mm apart on the front 
surface of the MCPs, and the linearity was determined. On orbit, final distortion 
corrections were determined by measuring the positions of the grid wires (separated 
by 1.0 – 1.2 mm) from stim lamp exposures, and by comparing the measured 
locations of spectral lines to the locations expected from raytrace models of the 
instrument. 
 
An additional distortion effect discovered after launch was a slow change in the 
detector Y scale as a function of time. Although the cause of this phenomenon was 
not understood, it was monitored by tracking the slow change in the Y separation 
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between the Lyman-β airglow lines while analyzing the spectral motion (Section 
4.3.5). A calibration file was constructed with this information and used by CalFUSE. 

4.4.4.1 Thermal Distortion and Stability  
 
As described  in section 6.3.1.2.1, two stim pulses were inserted into the data stream 
for each detector segment at the beginning and end of each exposure as a way to 
monitor changes in the pixel scale due to thermal variations. In addition, thermistors 
continually measured the temperature at a number of locations on the detector 
(although not on the anode). 
 
 

 
Figure 4-26 Temperatures measured by two of the detector thermistors during a two 
day period beginning on 29 August 2002 (MJD 52515), along with the high voltage 
on detector segment 1A at the same time. These data are taken from the engineering 
snapshots, and therefore are only collected during science exposures. The orbital 
variation of the ~1º C of the temperatures is seen, superimposed on longer-term 
variations, such as that due to the high voltage dropping to zero at ~1.2 days. 
 
The on-orbit thermal environment of the detectors was quite stable during the mission 
as long as active control of the temperature of the spectrograph cavity was 
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maintained. The temperatures of the FUSE spectrographs, in which the detector 
vacuum assemblies were mounted, were controlled by the instrument thermal control 
system to better than 0.2 degrees Celsius. The equipment panels on which the 
detector electronics assemblies were mounted, however, were not as well controlled: 
they typically experienced peak-to-peak variations of 1-2 C each day. Thirteen 
thermistors (Table 6.3-2) were mounted on each detector to monitor how the detector 
temperatures varied. These temperatures typically varied cyclically by ~1º C during 
an orbit due to changes in the heating from the earth, while slews to a new target 
could results in changes of several degrees due to changes in solar illumination. In 
addition, changes to the instrument, such as changing the state of the detector high 
voltage, would result in changes to the detector temperatures (Figure 4-26).  
 
Stim pulse positions were measured – and corrected for in CalFUSE – in both the X 
and Y directions. Because of the larger pixel sizes in Y, and the fact that the two 
stims were at a similar Y location, no correction for Y stretch was made, but this had 
a negligible effect on the data quality. Also, because stim pulses were only inserted at 
the beginning and end of each exposure, the correction may not be ideal if the 
temperature is changing rapidly – such as might happen when the high voltage had 
been recently ramped up to full. The changes in stim pulse position are on the order 
of five pixels across the entire detector per degree. 
 
Changes to stim pulse positions generally followed the temperature changes as 
expected, but there were also long-term trends in the stim pulse positions which did 
not follow the temperature trends. These changes, which are not understood, may 
have caused shifts of up to several pixels in the data (Sahnow et al. 2000). 
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Figure 4-27 The X shift (shift of the mean position of the two stims) and stretch 
(change in separation between the two stim pulses) on segment 1A, measured from 
the stim pulses for the same time period shown in Figure 4-26. Large changes in both 
shift and stretch are seen when the high voltage shuts down. 
 

4.4.5 Flat Field / MCP Effects 
 
The flat field of each detector segment includes a multitude of effects. Some of these 
are intrinsic to MCPs in general, while others are cosmetic features on these particular 
MCPs, and still others are due to the detector electronics. Because the FUSE 
employed detectors employed  double delay-line anodes, the measured X and Y 
coordinates of a photon event did not correspond to a discrete physical pixel on the 
detector, but were calculated from timing and voltage measurements of the incoming 
charge cloud.  As a result, the detector coordinate system was subject to drifts in the 
detector electronics caused by temperature changes and other effects.  The difficulty 
of associating individual photon events with a precise location on the detector made 
the construction of a reliable flat-field image impossible. 
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Figure 4-28 A small section of a flat field taken before launch. This region covers 950 x 150 
pixels of a single segment. The hexagonal multifiber bundles are visible, as are some brush 
marks and dead spots on the left side of the image. This image contains ~100 counts per pixel 
 
Because of limitations in count rate due to the detector electronics, and concerns over 
the lifetime of the MCPs, it was not possible to take deep flat fields with the on-board 
stimulation lamp on orbit. In addition, the detector grid wires did not allow a uniform 
illumination. 
 
Before launch, the fixed-pattern uniformity of the detectors was measured by placing 
a diffuser in front of the detectors and illuminating them with a UV lamp. Flat fields 
with 40 – 100 counts per pixel were obtained in this way. It had been hoped that the 
ground flats could be used, after transforming them to the flight reference frame, to 
flat field the on-orbit data. Due to changing thermal conditions during the ground flat 
exposures, however, this was not successful. The ground flats did provide a useful 
catalog of detector features, but they could not be satisfactorily aligned to the flight 
data. Figure 4-28 shows a 950 x 150 pixel section of one of the ground flats. This area 
shows a range of features seen, including chicken wire, moiré, brush marks, and dead 
spots. The following subsections describe some of these features in more detail. 
 

4.4.5.1 Chicken Wire 
 
A hexagonal, "chicken wire'', pattern is clearly visible in moderately deep flat fields, 
as shown in Figure 4-28. These features correspond to the boundaries where 
individual bundles of fibers were joined in the MCP manufacturing process. Fibers 
near the edges of the hexagonal bundles are visibly distorted from circles to ellipses 
upon examination under a microscope. 
 
This compression leads to visible variations in the flat-field characteristics due to 
geometrical distortion in the mapping of photocathode regions to the pixel space 
defined by the readout on the anode.  Brighter regions in the image are not inherently 
more sensitive, but rather have more area on the photocathode producing events in 
those pixels. The measured amplitude variation was as large as ~20%. 
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4.4.5.2 Moiré Pattern 

 
High-frequency ripples such as those shown in Figure 4-28 and Figure 4-29 dominate 
the appearance of the flat field on segment 2B, and they are also visible on segments 
1A and 1B. These ripples are a Moiré pattern due to beating effects between the pores 
in the three layers of the MCP stack (Tremsin et. al, 1999). As with the chicken wire, 
the variations in intensity are not due to variations in local sensitivity, but due to 
changes in the geometrical mapping of the photocathode to the anode readout. Bright 
areas in the images have more photocathode area producing events in those pixels 
than do dark areas. 
 

 
Figure 4-29 This small section of a segment 2B ground flat shows the most prominent 
Moiré pattern, visible as the nearly vertical ripples running across the image. The ripples have 
a peak-to-peak amplitude of +/-15% and a period of ~9 pixels in X (~54 microns or ~1.5 
resolution elements). 
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4.4.5.3 Brush Marks 

 
Figure 4-28 also shows features due to brush marks that were introduced when 
contaminants on the detector MCPs, such as dust and filaments projecting from the 
pores, were manually cleaned with a brush in order to minimize potential hot spots 
before detector assembly. The brush marks visible in the flat fields originate on the 
back side of the plate stack. It is believed that the abrasion of the plate surface by the 
brush bristles causes local variations in the electric field between the back side of the 
plates and the anode. The result is a geometrical distortion in the mapping of 
photocathode regions to the electronic pixels encoded by the anode, and brighter 
regions are simply collecting events from a larger area of the photocathode than are 
dimmer regions. 
 

4.4.5.4 Dead Zones 

Two types of dead zones are visible in the FUSE flat-field images. The first (Type I) 
are simply dark spots, frequently black at the center. An example is shown in Figure 
4-30. These are regions on the detector where the sensitivity is truly lower, or even 
absent. Most likely they are due to blocked pores in the front face of the MCP stack. 
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Figure 4-30 An isolated Type I dead zone on segment 1A is shown. This dead spot is not 
completely black at the center, but the sensitivity is down by a factor of ~4 from the 
surrounding region. 

 
Type II dead regions are also dark spots with low or no detector sensitivity. They 
have a bright rim around a central hole (see Figure 4-31). Type II dead zones are 
believed to be due to contaminating particles on the back side of the MCP stack, 
either dust or whiskers protruding from an MCP pore, or blocked pores in the last 
plate. Like Type I dead zones, the interiors represent regions of truly reduced or 
absent sensitivity. The bright rims may arise from two mechanisms. Distortions in the 
local electric field caused by the contaminating particle or whisker can again lead to 
geometrical distortions in the mapping of the photocathode onto the anode readout. 
Another possibility is that a blocked pore only blocks a portion of the charge cloud 
reaching the back plate. Since the central part of the charge cloud doesn't get to the 
anode, the centroid is shifted radially outward, causing a bright rim. 
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Figure 4-31 An isolated Type II dead zone on segment 1A is shown. Note the bright outer 
rim. The spot is located at (X, Y) = (10515, 530), and it has a diameter of 40 pixels in X and 
25 in Y (~250 microns). The Y1=Y2 feature is also prominent. 

 
Type II dead zones have been observed to vary in size and shape with high-voltage 
cycling. This supports the electrostatic interpretation, but it is not conclusive. 
 

4.4.6 Pulse Height Effects 
The pulse height effect known as “walk” is described in Section 4.4.2.1; other effects 
associated with the pulse heights of individual events are described in this section. 

4.4.6.1 Y1 = Y2 Feature 

The "Y1 = Y2'' feature is a sharp, two-pixel-width line that runs horizontally across 
detector images. It is visible just above the dead spot in Figure 4-31. This feature 
results when a detected event has equal charge collected from both sides of the anode, 
e.g., charge Y1 equals charge Y2. Since the Y coordinate is calculated from the ratio 
Y1/(Y1 + Y2), integer truncation leads to a deficit of events recorded in the row just 
below the halfway mark and a corresponding excess in the row just above it. This 
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"halfway mark'' is near, but not at Y pixel 512 because of a coordinate shift added 
digitally in the detector electronics.  

4.4.6.2 Counts at Left and Right Edges of Segments 
Events appear at both the left and right edges on all detector segments. On the left 
edge, the events fall in pixel X=0, while on the right edge they fall in the last 16 
pixels. Most of these events have very low gain, with pulse heights below the lower 
pulse height thresholds used by CalFUSE. They are misimaged because the pulses are 
detected above threshold at only one end of the anode. Since these counts fall outside 
of the active area of the detector, they have no effect on the spectra; however, the lost 
counts can give inconsistent results between the FEC and DEC counters (Section 
6.3.1.2.2.3).  

4.4.6.3 Loss of High Gain Events at Top and Bottom of Detectors 

Events with large pulse heights were systematically lost at the top and bottom of all 
detector segments (Figure 4-32). This effect was segment dependent, and thus the 
default upper pulse height thresholds used for TTAG observations by CalFUSE vary 
with segment to ensure that counts are not lost. 
 
The loss of counts was due to the method used to determine the Y coordinate of an 
event: Y = Y1/(Y1+Y2), where Y1 and Y2 are the measured charges on the upper 
and lower delay line. If either Y1 or Y2 exceed a certain threshold, the event is 
discarded. For a given pulse height (Y1+Y2) value, events near the top and bottom 
are more likely to have Y1 or Y2 exceed this threshold, and thus those counts are 
more likely to be discarded.  
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Figure 4-32 Y projection of the normalized counts in a segment 2B stim lamp image 
for pulse heights 24 to 31. At a pulse height of 24 or below, all Y pixels in the active 
region have counts. For pulse heights above 24, however, counts are discarded 
symmetrically about pixel 512. Note that the shape of each projection is determined 
by the gain of the segment as a function of position. 

4.4.6.4 The Fold 
Near the high pixel edge of the segment 1A active area, the detector active area 
sometimes appears to fold over on itself and change direction. Figure 4-33 shows an 
example of the fold in a stim lamp exposure. The bright region near X = 60 is 
populated by counts that should be lost beyond the right edge of the active area. In 
addition to being misimaged, the events have low pulse heights. 
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Figure 4-33 Raw data from the far right edge of segment 1A in a stim lamp exposure. 
Counts that should have been lost beyond the active area to the right are instead 
folded back into the active region.  
It is believed that this effect is due to the MCP output aperture cutting off part of the 
charge cloud exiting the rear of the MCPs, since the output aperture is smaller than 
the input aperture. These low-gain events are more easily distorted by the changing 
electric field near the edges of a segment. A similar effect is responsible for the 
highly nonlinear X pixel scale seen at the edges of the detectors; in that case, the 
centroids of the clouds move towards the center. Fold effects may change as a 
function of the MCP high voltage. No correction is made for this effect in CalFUSE.  

4.4.7 Count Rate Dependent Effects 
 
Numerous count rate dependent effects were discovered in the FUSE detectors, and 
they are discussed in this section. Characterizing some of these effects proved 
difficult on orbit since TTAG data, which provided the most information, were used 
only for the lower count rate observations. In addition, stim lamp observations, which 
were the only ones able to sample the entire detector uniformly, could only be taken 
at the very highest rates since it was not possible to adjust the lamp flux. 
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4.4.7.1 Y Blooming 
The Y scale of the detectors was found to be a function of count rate; as the count rate 
increased, the number of Y pixels between two features on the detector increased. 
CalFUSE applies a correction factor to the raw pixel values so that all data is adjusted 
to the reference frame where the count rate is zero; these shifts are as much as 20 
pixels at the highest count rates. The cause of this effect is not understood.  

4.4.7.2 Phantom Spectra 
At very high count rates, the detector electronics was sometimes not fast enough to 
separate individual photon events. The consequence was that two photons reaching 
the detector at nearly the same time could be reported as a single photon. The 
resultant event would have the X coordinate of the first photon, along with a 
combined pulse height and an average Y location. In these cases a faint spectrum 
appears on the detector between the SiC and LiF spectra. This spectrum may appear 
to be from a target in the non-prime aperture, but it can be identified as a phantom by 
the large pulse heights. The total number of counts in the ghost spectrum is usually 
very low (< 1% of the true spectrum). 
 

4.4.7.3 Resolution vs. count rate 
Ground tests on the spare detector showed that the shape of the point spread function 
varied with count rate, so that the detector resolution degraded as the count rate 
increased. This effect only became important at count rates above 5,000 total counts 
per second, so only HIST observations were affected. Since HIST observations were 
binned by 8 in the cross dispersion (and they were also often affected by detector 
walk effects), they typically had a slightly lower resolution to begin with, so the effect 
on the data was minimal. 
 
Using on-orbit data, the width of the stim pulses as a function of total count rate was 
plotted for each segment. The FWHM of all stims showed a strong correlation with 
the count rate, although the slope of the correlation varied with both segment and stim 
pulse. For segment 1A, the FWHM of the right stim increased from ~2.5 to ~4.0 
pixels as the count rate increased from 0 to 14,000 counts per second.  As the count 
rate increased, the shape of the stims changed; at low rates, they are approximately 
Gaussian, while at higher rates a second peak which is offset in both x and y has an 
increasing fraction of the energy. 
 

4.4.7.4 Dead Time 
There were multiple effects which caused photons that were incident upon the front 
surface of one of the detector MCPs to be lost before they could be properly recorded. 
We refer to these collectively as “dead time.” Corrections for these effects, which are 
a function of count rate, are made in the CalFUSE pipeline. Details on dead time 
effects are given in section 6.9. 
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4.4.8 SAA Shutdowns 
If the count rate in the ASC counter exceeded a particular threshold rate averaged 
over its defined integration time, the high voltage on that detector segment would 
drop to SAA level (section 6.3.1.2.2.3). This protection was included in the design 
primarily to ensure that the voltage would not remain at its full level while passing 
through the SAA, thus the ASC counter was often called the ‘SAA counter’. 
However, on orbit most shutdowns triggered this way were caused by bursts, which 
had not been expected before launch. Other causes of SAA shutdowns during the 
mission included errors in the placement or set up of the masks. 
As more was learned about the properties of the bursts during the first few years, the 
thresholds were adjusted in an attempt to minimize shutdowns due to bursts while 
still providing the desired protection during the deepest SAA passages. Table 4.4-2 
shows the thresholds and integration times used during the mission for normal 
observations. These limits were set differently for stim lamp observations. 
Table 4.4-2 ASC thresholds used during normal operations. 
Approximate 
Start Date 

1A 1B 2A 2B Detector 1 
Integration Time 
(sec) 

Detector 2 
Integration Time 
(sec) 

8/11/1999 4096 4096 4096 4096 10 10 
8/15/1999 4096 4096 4096 4096 5 10 
8/18/1999 8192 4096 4096 4096 10 10 
10/4/1999 8192 4096 4096 4096 5 10 
10/6/1999 8192 4096 4096 4096 3 10 
12/21/1999 32768 32768 32768 32768 30 30 
6/5/2001 9000 9000 9000 9000 30 30 
9/18/2001 9000 9000 9000 9000 30 18 
10/17/2001 9000 9000 10000 18000 30 30 
11/19/2001 6900 6900 10000 18000 30 30 
  
After an SAA shutdown, an onboard script prevented the other segment of the 
triggered detector from returning to full voltage once it was commanded to SAA 
level; executing a simple onboard script was required to return the voltage to full. 
Initially, this command was sent from the ground, but the recovery process was later 
automated so that onboard rules and scripts identified the shutdown, waited a preset 
time - initially 20 (starting on 5 September 2003), but later 5 minutes (beginning on 
27 February 2004), and then returned the segment(s) to full voltage. 
 
A similar voltage shutdown occurred when the FEC threshold was triggered (Section 
6.3.1.2.2.3). A similar recovery procedure was used from the ground to recover from 
these events, which were also normally caused by bursts. These were not automated, 
however, because no detector diagnostic was issued in that case. 
 
SAA shutdowns were relatively common occurrences. During the mission, 197 
occurred, along with 8 FEC shutdowns. 
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4.4.8.1 SAA Incursions at full voltage 
The previous section noted that most ‘SAA shutdowns’ were really due to bursts. 
However, there were times when the detectors did pass through the SAA with the 
high voltage at FULL voltage. Since the thresholds had been set relatively high to 
avoid tripping on bursts, these shutdowns typically did not occur until FUSE passed 
through the center of the SAA, where the particle flux (and consequently the count 
rate on the detectors) is the highest. Passing through the SAA at full voltage can cause 
scrubbing of the detectors; since the scrubbing is uniform, it does not result in 
differential gain sag, however. The small number of these SAA passages at full 
voltage during the mission had a negligible effect on the detector lifetime. Most of 
these incursions were caused for one of two reasons: either the SAA manager rules in 
the IDS were not running, or an attempt was made to ramp up the high voltage while 
passing through the SAA.  
 

4.5 �FES Performance 
Following in-orbit checkout, FES A was used almost exclusively for target 
acquisition and guiding until mid-2005. During this time, FES B was used only 
during periods when the FES A CCD was being annealed.  
 
Scattering by micro-roughness of the LiF primary mirrors or the internal FES optics 
was quite low, which enabled tracking of guide stars even when very bright objects 
such as planets were in the field of view. As a result, there was no operational 
necessity for use of the filter wheel, and the filter wheels were left in the clear 
position throughout the mission. 
 
Radiation damage from cosmic rays caused a gradual increase in dark current for a 
subset of FES pixels. These « warm » pixels are easily seen in Figure 4-34  as small 
faint spots affecting single pixels. The star images are much larger, as the FES optics 
were designed to produce spots 2-3 pixels in diameter to ensure good sampling of the 
PSF for accurate centroiding. This image was obtained on 15 May 2000, after almost 
11 months in orbit and one month prior to the first FES annealing cycle. The image 
was obtained near entry into orbital night : the level of stray light is just slightly 
elevated, providing just enough contrast to show the borders of the field stop. Many 
faint warm pixels are visible in the field stop region at the bottom of the image. 
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Figure 4-34 FES-A 1 × 1 image (A1080201001fesafraw.fit) of the field of view in the 

direction of the globular cluster NGC 6723. 
 

4.5.1 FES Photometry 
The photometric calibration of FES intensities measured on 2 x 2-binned acquisition 
images and based on HST Guide Star Catalog (GSC) star magnitudes is shown in the 
upper panel of Figure 4-35. The large scatter is due to inaccuracies in the GSC (≈ 0.3 
mag), the difference in responses of the unfiltered FES and the filters used for the 
GSC, stellar variability, and to some extent, the location of the stars on the subpixel 
scale of the FES. The FES intensities were typically larger due to its additional red 
response.  Positional errors are independent of brightness (lower panel of Figure 
4-35) a result unexpected based on pre-launch considerations. For the FUSE 
quaternion estimator, variances used for weighting positional accuracies are scaled 
from the intensity in a simplification of the algorithm. True variances in the measured 
position would provide more accurate weighting of stars with poor positions.  The 
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scatter in the lower panel of Figure 4-35 illustrates why object intensity was not an 
explicit criterion in the star identification method used by FUSE and why up to four 
guide stars were chosen for tracking, particularly if only faint guide stars were present 
in the field. It was not uncommon for the FES measurements to be 0.75 mag off from 
the GSC values, i.e., a factor of 2 in intensity. 
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Figure 4-35 FES intensities (top) and positional errors (bottom) compared with HST 

GSC values. 
 

4.5.2 Stray Light 
The FUSE baffles on the LiF channels provided good rejection of stray light from the 
Sun, and from the sunlit-Earth when the angle between the telescopr boresight and the 
Earth limb was greater than 25 degrees. However, at lower limb angles the stray light 
entering the FES could be significant, especially near orbit noon.  
Examples of  FES-A and FES-B images, taken near orbit noon where scattered light 
from the sun is most pronounced, are shown in Figure 4-36 and Figure 4-37. These 
figures illustrate the impact of scattered light on the guide star acquisition process. 
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Figure 4-36 A raw image from FES-A with a high level of scattered light is 
shown. The dark border seen on all sides is the aperture mask. The spectrograph 
apertures are visible: MDRS, HIRS, and LWRS in order from left to right. Light 
scattered by the edges of the HIRS aperture cause it to appear bright in this 
image. The dimpled region surrounding the apertures is an artifact of the 
manufacture of the FPA mirrors. The feature centered at X=97, Y=344, that 
appears somewhat oblong is a glint caused by a defect in the FPA surface. It 
extends roughly +/-5 pixels along either axis, and may move +/-5 pixels in the 
vertical direction, depending on the FPA position. There are a few other defects 
on the LiF1 FPA, but they are small and are rarely seen. 
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Figure 4-37 A raw FES-B image with a high level of scattered light is shown. The 
dark border seen on three sides is the aperture mask. The spectrograph 
apertures are visible: LWRS, HIRS,MDRS in order from left to right. Light 
scattered by edges of HIRS make it appear bright in this image. The dimpled 
region surrounding the apertures is an artifact of the manufacture of the FPA 
mirrors. A long scratch in the FPA is visible on the left side of the image. 
 
 
 

4.5.3 FES A Failure 
The first in a series of intermittent spontaneous FES-A reboots occurred on day 105 
(April 15) of 2005. When the reboots occurred, FES-A was left in Boot mode, and 
could not be commanded to application mode without first cycling the power. We 
operated with this anomaly for several months, but ultimately decided to switch to 
FES-B on July 12, 2005. FES-A was not used for guiding during the rest of the FUSE 
mission.  Further details and a discussion of the FES-B focus performance are 
presented in Section 6.4.2. 
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5 Bright Target Observing Strategies & Restrictions 

5.1 �Flux Limitations 
The FUV detectors on FUSE were exquisitely sensitive and had a significant dynamic 
range.  However, very bright FUV targets could actually damage the detectors.   A 
bright target observing policy was implemented to protect the detectors whereby an 
upper limit to the expected target flux of F(λ) = 1x10-10 ergs cm-2 s-1 A-1 anywhere in 
the FUSE range was imposed.  In addition there were hardware and software limits 
set to protect the detectors. The IDS monitored the total count rate reported for each 
detector segment, and would reduce the high voltage to SAA level for a segment if 
the count rate exceeded 45,000 c/s (corresponding to a flux level of approximately 
5x10-10 ergs s-1 cm-2 Å-1 across the FUSE bandpass). The detector DPU software 
monitored the MCP current and would likewise reduce the HV to SAA level if the 
current exceeded preset thresholds.   
 
As a policy, the project was conservative in observing bright targets in order to 
conserve sensitivity. Only a finite amount of charge could be extracted from each 
detector pixel; thus, the critical parameter for preserving detector lifetime sensitivity 
is the number of extracted counts, not the count rate (flux). Sensitivity suffers at about 
107 e-/pix. Raising the HV could compensate partially, but there were limits to the 
amount the high voltage can be increased without either incurring detector shutdowns 
as well as due to limitations of the power supply.  
 
Emission line sources were a particular concern because of their potential to create 
local regions of reduced sensitivity, or “gain sag” at critical locations.  Consequently, 
an equivalent flux limit “per unit wavelength” for narrow emission lines was also 
applied in planning to prevent local impacts to the detectors. 

5.2 �Bright Target Observing Strategies 
 
The scientific user community always expressed significant interest in observing 
targets that were above the bright limit, for a number of reasons.  The FUSE project 
spent considerable resources, especially during late 2002 – 2004, on developing and 
testing various methods of easing the bright limit. Some of the easier adjustments, for 
targets up to 5 times the nominal brightness limit, were put into operations, allowing 
new regions of observational parameter space to be opened.  Other techniques, such 
as utilizing lowered high voltage levels or defocus techniques, were developed and 
tested but never put into operational usage due to technical difficulties and/or lack of 
resources.  The outline below provides some details of what was done and why.  At 
the FUSE Observers Advisory Committee meeting in November 2004, it was decided 
to terminate efforts on the more aggressive techniques that would have been required 
to implement observations of targets more than 5 times the nominal brightness limit. 
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5.2.1 Bright Target Observing Strategies Implemented 
The common thread in all of the attempted techniques was to limit the flux reaching 
the detectors, such as by observing only in the SiC channels. However, in most of 
these strategies there was the potential that pointing uncertainty during a target 
acquisition, or by loss of pointing control when in two-wheel or one-wheel mode, 
would result in the full flux of the source entering a spectrograph through one of the 
LWRS apertures in the LiF channels. To safeguard against this possibility, the normal 
HV management was augmented for bright object observations: 

1) The HV was left at SAA level until after the target acquisition was complete 
2) IDS rules would be activated to monitor the pointing error reported by the 

ACS; these rules would lower the HV to SAA level while the pointing error 
exceeded 5 arcseconds or if the guide stars were lost and a reacquisition was 
triggered 

3) The HV was lowered at the end of every visibility period prior to breaking 
track on the guide stars. 

This enhanced HV management was only possible because the enhanced interface 
between the IDS and ACS developed for gyroless operations provided the necessary 
information to the scripts running in the IDS.  
 
No special data reduction is required for any of the implemented bright-object 
observing techniques. 
 

5.2.1.1 SiC Only Observations  
At the time this mode was first implemented, the throughput of the SiC channels was 
roughly one-fifth that of the pre-launch LiF throughput used to set the bright flux 
limit. As a result, the flux limit could be set five times higher for sources observed 
only in the SiC channels. This was accomplished operationally by observing a source 
only in the MDRS or HIRS aperture and by moving the LiF FPAs to the high end of 
their range of motion. This technique could not be employed for LWRS observations, 
as the FPAs could not be moved far enough to ensure that the source would miss the 
LiF LWRS apertures. The main drawback to this technique was that no data would be 
obtained longward of 1100Å. This became the primary technique for observing 
objects brighter than F(λ) = 1x10-10 ergs cm-2 s-1 A-1 . 

  
 

5.2.1.2 HIRS LiF Only 
This bright object observing configuration was typically restricted to a single LiF 
channel - the LiF guide channel, which was LiF1 prior to July 12, 2005 and LiF2 
thereafter.  The non-guide channel image was typically offset in the y-direction by 
~40 arcseconds to ensure that this spectrum was not imaged on the detector. No steps 
would be taken to avoid the SiC channels, but failure to obtain SiC data would not 
trigger a re-observation. This mode was planned for only a handful of targets 
throughout the mission, that happened to be close to the bright limit at LiF channel 
wavelengths and for which the science programs did not require SiC channel data. 
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5.2.1.3 Single Detector Segment  
In certain borderline circumstances, the flux from a source would be below the bright 
object limit for one detector segment and above it in another. One example was 
Sirius-B, which exceeded the bright limit longward of 1100 Å. This star was observed 
both in SiC-only mode, and subsequently in the LiF1A and LiF2B segments.  The 
high voltage was left at SAA level for segments 1B and 2A in the latter observation. 
This technique was used in a handful of observations during the mission.  
 
 

5.2.2  Bright Target Strategies Evaluated - But Not Implemented 
 

Two additional techniques for observations of bright objects were developed and 
tested. A substantial effort was invested by MP/SciOps staff to safely plan, execute, 
and assess these tests. The lowered HV technique was not found to be useful and was 
ultimately discarded. The defocus technique produced usable data of bright objects, 
but because of the level of effort required on the part of the staff to execute this 
procedure in a way that maintained the health and safety of the instrument, it was 
never put into operational use.  However, because the test data from these programs 
resides in the FUSE archive, descriptions are provided here for completeness. 

 

5.2.2.1 Defocus technique  
 

The basic concept of this technique was to defocus one or more telescopes, thus 
enlarging the size of a stellar image at the focal plane(s).  By using the MDRS or 
HIRS aperture(s) to pick off only a portion of the total light, the flux reaching the 
detectors would be reduced and targets brighter than the nominal limit could be 
observed. 
 
It was originally hoped that this technique would enabled observation of targets up to 
50 times the brightness limit, but the actual attentuation gained was closer to a factor 
of 15. The defocus of the primary mirror led to a significant increase in the focal ratio 
of the beam entering the spectrograph, primarily in the dispersion direction and only 
slightly in the cross-dispersion direction. This had two impacts on the data: shadows 
cast by the grid wires that were completely washed out under full illumination 
became distinct, and the spectral resolution improved. The effects of the grid wire 
shadows could be removed by FP-splits, which were performed in many of the tests.  
 
Tests were performed that offset the mirrors in both directions and by varying 
amounts. For safety reasons, only the LiF2 and SiC2 channels were defocussed for 
these tests, and the high voltage on detector 1 was left at SAA level. 
 
Testing demonstrated this approach to be viable scientifically, but very difficult 
operationally. The FPA and mirror positions had to be manually determined, scripted, 
and commanded and the nominal position for the next observation determined.  Small 
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inaccuracies in the relatively large mechanism motions also necessitated additional 
channel co-alignment procedures, once after the mirrors were defocussed, and again 
after they were returned to their nominal positions.  These operational difficulties and 
human resource issues made usage impractical. Consequently, this technique was not 
implemented as a standard procedure.  
 
Test data obtained using this technique are archived under Program IDs S520, S523, 
and S526. 
 

5.2.2.2 Lowered HV method 
 The concept behind this technique was to decrease the high voltage on one or more 
detector segments temporarily, in order to observe overbright targets (35-100x bright 
limit).  Of course, changing the high voltage changes the behavior and calibration of 
the detectors significantly.  It was thought that perhaps one or two “standardized” 
lower setting might be calibrated for use operationally. Tests and analysis indicated 
only limited utility of this technique.  The behavior of the detectors was very sensitive 
the HV setting and was not repeatable at the required level. More importantly, 
reducing the HV to the point where most of the events fell below the detection 
threshold resulted in very poor imaging performance by the detectors. The resulting 
spectra were unusable over most of the active area of the detectors. At the conclusion 
of testing, the lowered HV technique was not considered operationally viable. 
 
Test data obtained using this technique are archived under Program ID S525. In most 
cases, the star observed at reduced voltage was also observed at normal voltage for 
comparison purposes. Users should not assume that all observations with Program ID 
S525 are at reduced voltage: the HV keywords in the FITS headers should be 
examined to determine the configuration for each observation in this program. 
 

5.2.2.3 Scattered Light Technique 
The concept of this technique was to place extremely overbright targets near (but 
outside) a science aperture and integrate long enough to observe the target via the 
extended wings of the PSF: the “scattered light”. The resulting flux would fill the 
spectrograph apertures, so the spectral resolution would be that of an extended source 
rather than a point source. This technique was tested with observations in the program 
S521. 
 
This technique, while feasible in principle, was abandoned as a result of several 
factors: the attenuation factor for the transmitted flux was extremely sensitive to the 
exact offset of the star from the apertures, this offset varied over an orbit by several 
arcseconds as a result of the image motion anomaly in all but the guide channel, and 
the overall pointing itself was potentially variable by many arcseconds as a result of 
poor controllability with only one or two reaction wheels.  The number of stars bright 
enough for this technique to be applicable was small, and the potential for risk of 
damage to the detectors was significant, so this technique was not implemented. 
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6 FUSE Instrument Technical Appendix 

6.1 �Telescope Mirrors 
 

6.1.1 Telescope Mirror Design 
 
The four telescope primary mirrors were identical off-axis paraboloids, each with a 
rectangular 352 mm x 387 mm clear aperture, a 2245-mm focal length, and 
approximately 5.5° off-axis angle (Kennedy et al. 1996).  
 
The primary mirror sections did not contain the vertex of the parent paraboloid.  The 
vertex was about 34.5 mm from the edge of the mirror aperture in X (Figure 6-32). 
The different grating incidence angles required to optimize the spectrograph channels 
for the two wavelength bands resulted in slightly different off-axis angles for the SiC 
and Al+LiF coated mirrors. The  off-axis angles were defined by aperture stops 
placed over the surfaces of the mirrors.  Otherwise, the mirrors are identical except 
for the coatings.  The corners of each mirror were masked to match the grating 
apertures, whose outside corners were removed to satisfy space constraints of the 
‘Med-Lite’ launch vehicle fairing.  The resulting geometric area of each mirror was 
approximately 1330 cm2. These apertures were widely separated on the instrument 
optical bench, resulting in four parallel and separated optical axes. Selected mirror 
assembly specifications are listed in Table 6.1-1. The point spread function (PSF) at 
the focal plane places ~90% of the light within a diameter of 1.5 arcsec. 
 

Table 6.1-1: FUSE Mirror Properties 

Mirror type Off axis parabola 
Substrate material Zerodur 
Size of clear aperture 387 × 352 mm 
Focal length 2245 mm 
Off axis angle (to optical center) 5.3668° (SiC mirrors) 

5.4678° (LiF mirrors) 
Coatings 2 mirrors with SiC 

2 mirrors with Al+LiF 

 
The mirrors were fabricated from Zerodur, chosen for its low coefficient of thermal 
expansion (CTE). The blanks were aggressively weight-relieved: 70% of the substrate 
material was removed from each, leaving a triangular isogrid rib pattern with a 
7.5mm-thick facesheet and a final mass of 7.7 kg (Figure 6-1). This triangular rib 
structure provided a lightweight but very stiff substrate.  SVG Tinsley Laboratories 
lightweighted the blanks and figured the mirrors into parabolas.  
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Figure 6-1 Left: FUSE mirror resting face-up on flexures prior to integration into the 
mirror assembly. Right: Backside of the FUSE primary mirror illustrating the 
aggressive lightweighting of the Zerodur mirror substrate. 

Each mirror is attached to the front of a honeycomb-sandwich intermediate plate by 
means of tangential-blade flexures, which minimize mounting-induced stresses and 
distortions and isolates the mirror from stress induced by adjustments of the actuators 
(Nikulla, 1997). The flexures are oriented with soft axes radial to the center of the 
mirror (Figure 6-1 Right), and consist of titanium alloy blades attached to low-CTE 
Invar fittings. Each Invar fitting is bonded to a mirror rib. Three stepper-motor 
actuators are attached to the rear of the intermediate plate.  This permitted 
independent tip, tilt, and focus control for on-orbit adjustment of each mirror (Figure 
6-2). The tip-tilt mechanism is used to provide rough alignment of the mirrors to the 
FPA entrance apertures.  
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Figure 6-2:  Face-on view of mirror actuator assembly showing the three actuators 
and composite structure. 
 

6.1.2 Optical Bench Structure 
 
The instrument optical bench was constructed of hollow rectangular tubes and sheets 
composed of a graphite/cyanate ester composite material, designed to have a high 
strength-to-weight ratio, low CTE, and to insure dimensional stability over long 
integrations (200 kilo-second). 
  
Individual pieces of the optical bench structure were bonded to form subassemblies 
that were joined by titanium fittings.  Optical components were mounted to inserts 
built into the structure.  Other components, such as the mounting plates for the 
electronics boxes, the baffles, contamination cover, etc., were mounted to the 
structure by flexures to avoid introducing any loads that might deform the structure 
and disturb the alignment of the optics. Exceptions to this practice, such as the lower 
baffle extensions, involved flexible materials that were not expected to apply 
significant loads. During thermal vacuum testing it was realized that mounting the 
contamination covers to the spectrographs resulted in undesirable motions of the 
grating bench. That mounting was modified and the new mounting validated in a 
second thermal vacuum test prior to launch. The decoupling of secondary hardware 
from the optical bench was not entirely satisfactory, however. The primary mirrors 
and gratings were found to move on orbital timescales once on-orbit. These motions, 
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described in Sections 4.2.3 and 4.3.5, were a significant complication to on-orbit 
operations.  
 
Mechanical G-release, thermal expansion, and moisture desorption were expected to 
change the structure's dimensions significantly upon orbital insertion and slowly over 
the life of the satellite. Any errors in the placement of the mirror assemblies on the 
instrument optical bench would further misalign the mirrors with respect to the 
spectrograph (Conard et. al, 1999). Therefore to maintain alignment post-launch and 
throughout the mission, each mirror was equipped with precision actuators that 
permitted on-orbit mirror alignment. 
 

6.1.3 Thermal Control 
 
Thermal control is maintained by heaters attached to the intermediate plates, which 
radiatively couple to the rear of the mirror substrates. 
 
The temperatures of the optical elements were regulated by heaters mounted on their 
enclosures (“pie pans”), and on the intermediate plate in the case of the mirrors. The 
instrument thermal control system was always configured to maintain the 
temperatures of the optics at least two degrees C warmer than their surroundings to 
minimize the likelihood of contamination. 

 

6.1.4 Pre-launch Performance Specification & Evaluation 
 
Optical testing and modeling of the FUSE primary mirrors were conducted toward a 
prediction of the on-orbit mirror point spread function (PSF) and its impact on 
spectrograph slit transmission. The image test was not meant to fully characterize the 
performance of the telescope mirrors in the FUSE bandpass. Rather, it was designed 
to insure that there were no severe problems with the flight mirrors and the 
implications of surface metrology data were understood. The test produced a data set 
which we used to validate our modeling and extrapolate a prediction into the FUSE 
bandpass with confidence. 
 
Pre-launch measurements verified that the reflectivities of the optics exceeded their 
requirements of 32% for the SiC optics and 60% (λ > 1050Å) for the Al/LiF optics. 
Degradation of total system throughput of up to 20% per year was anticipated, but on-
orbit performance was much better. The effective area of FUSE as a function of 
wavelength and time is presented in Figure 4-7. Total throughput for the Al/LiF 
channels declined by less than 15% in the mid-wavelength band, and by ~25-30% in 
the long-wavelength band over the first three years, and was roughly stable thereafter. 
Performance degradation of the SiC optics differed: throughput declined at a roughly 
constant rate, falling by ~50% over 8 years. It is not possible to separate degradation 
of the primary mirrors from that of the gratings. 
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In addition to meeting reflectivity specifications (Oliveira et al. 1999), the fully 
assembled primary mirrors had an imaging requirement to contain  90% encircled 
energy (EE) at 100.0 nm in a diameter of 1.5 arcsec. This corresponded to a 16 
micron diameter at the focal plane. To meet this requirement, FUSE established 
fabrication tolerances based on SOHO SUMER mirror heritage (Saha et al. 1996) and 
a modulation transfer function (MTF) analysis carried out at The Johns Hopkins 
University (JHU). The surface fabrication specifications were: figure error better than  
λ/40 RMS and  λ/10 peak-to-valley (P-V) at λ= 632.8 nm; midfrequency error less 
than 20 Å RMS over 10.0-0.1 mm spatial scales; and microroughness less than 10 Å 
RMS over 100-1 microns. These performance specifications were to ensure adequate 
transmission through the 1.25 x 20 arcsec, high-resolution spectrograph slit and 
instrument spectral resolution when using wider slits.  
 
The in-flight mirror PSF performance was consistent with pre-flight measurements 
and model predictions (Ohl et al. 2000a, Ohl et al. 2000b). The mirror assemblies met 
the encircled energy requirement of 95% transmission through the 4 arcsecond 
MDRS aperture, and provided 90% transmission through the 1.25 arcsecond HIRS 
aperture, far-exceeding the 50% requirement. 
 
In summary, the primary mirror assemblies were lightweight and adjustable in three 
degrees of freedom, maximized instrument reflective area in the bandpass, and met a 
stringent imaging requirement.  

6.1.5 Mirror Positioning System Design 
The position of each telescope mirror was adjustable through a Mirror Positioning 
Assembly (MPA).  Each MPA (Figure 6-3) consisted of three actuators controlled by 
one of two Mirror Assembly Electronics (MAE) packages, two thermistors, and one 
strip heater, with redundant heater elements on the side of the intermediate plate 
closest to the mirror. The heaters held the assembly to 22 degrees +/- 0.5 degrees C.  
Each MAE controlled a pair of mirror assemblies with one LiF coated mirror and one 
SiC coated mirror.  
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Figure 6-3 Left:  Dummy aluminum mirror with actuator assembly (ref Ohl). 
Right: Full flight mirror assembly, including pie-pan thermal enclosure and 
aperture stop. 
 

Three actuators provided focusing and optical alignment for each of the four mirrors ( 
Figure 6-4), enabling a focus resolution of 0.310 microns over a +/- 2.1 mm range and 
a tip/tilt resolution of 0.160 arcsec over a +/- 32.34 arcmin range. The “A” actuator 
controlled the rotation of the telescope mirror about the IPCS y-axis and consequently 
moved the target in the X-direction on the FPA (and the dispersion direction on the 
detector). The “B” and “C” actuators controlled the rotation of the telescope mirror 
about the IPCS X-axis.  The combined motion of the “B” and “C” actuators adjusted 
the position of the target in the y-direction on the FPA.  Equal motion of all three 
actuators moved the mirrors in the z-direction, or focus. Every movement of each 
actuator had to be tracked on the ground during the mission. Their range of motion is 
discussed in section 6.7.5.1. 
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Figure 6-4 The actuator locations relative to the mirrors and the IPCS 
coordinate frame. 

 

The mirror assembly positioning actuators, each contained a stepper motor and an 
optical “soft stop” sensor that electrically interfaced with the appropriate MAE.  The 
mirrors were positioned by an open-loop system. The initial on-orbit focus and 
alignment was determined from ground test. The MAEs had no memory, nor 
decision-making capability, nor were the absolute positions of the actuators 
telemetered. The specified stepper motor was commanded to move a certain number 
of steps in a specified direction, and the MAE attempts to comply with the command.  
Neither the MAE or the IDS was informed if a hard stop was encountered. The hard 
stop was also not telemetered. To facilitate alignment in the event knowledge of the 
mirror position was corrupted, each mechanism had a "reference position".  This 
reference was a known position and, similar to the soft stops, was sensed using an 
optical disk encoder and therefore independent of commanding a known number of 
steps enabled.  

In general, except for the "soft stop" function, the MAE did not know the current 
mechanism position. As a consequence, the ground software needed to maintain a 
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record of the current expected actuator position and drive state of each of the twelve 
mechanisms. This record was updated each time one of the mechanisms was 
commanded. 
To achieve initial alignment and focus, heavy usage of the MPAs was expected at the 
beginning of the mission, with only minor mirror adjustments expected later to 
compensate for structural changes from outgassing. Given this expectation for 
infrequent adjustments of the mirror positions, no position encoders were placed on 
the actuators and an on-board mirror motion manager, which could track mirror 
position through motion commands,  was not developed.  Post-launch, the four mirror 
channels (SiC1, SiC2, LiF1, and LiF2) were found to wander with respect to one 
another. The design savings and the lack of direct mirror tracking proved to be very 
costly in the operations phase where the frequent need for mirror adjustments 
required a significant modeling, planning, tracking, and analysis effort. 

6.2 �FPA Motion Control 
The FPA electronics were functionally separated into two sides, one for each 
Rowland circle spectrograph.  Each side contained one LiF and one SiC FPA 
mechanism.  The complete subsystem consisted of four mechanisms, one electronics 
box, and the connecting harnesses. The FPA actuators provide motion of the slit plate 
along two axes: tangential to the Rowland circle (X) and along the radius of the 
Rowland circle (Z). These FPA axes are rotated by 30.5 degrees with respect to the 
IPCS axes, such that the FPA X axis is rotated towards the IPCS Z axis.  

6.2.1 FPA X Axis 
A High-Output Paraffin (HOP) actuator controlled via a closed loop system drove the 
X-axis.  Operationally, all motion commands to the X-axis mechanisms were issued 
to the IDS FPA driver task.  This task verified that the commanded position was 
within specified software limits, and then generated the appropriate FPA hardware 
command for the requested motion.  The data number issued by the driver was stored 
in a command register that was used by a digital to analog converter to provide a 
reference signal for the control loop.  The controller managed the temperature of the 
paraffin to maintain the FPA at the commanded position.  The X-axis actuators were 
designed to allow a minimum of 10,000 individual motions and/or 1000 full 
displacements.  The commandable range of motion was 400 microns. The FPA X axis 
actuators were adjusted routinely for purposes of channel alignment and for FP-split 
procedures. 

6.2.2 FPA Z Axis 
The Z-axis was driven by a stepper motor and lead-screw, commandable in 
increments of 38 motor steps.  Each of these units resulted in a motion slightly less 
than 10µm.  Limit sensors were used to prevent motion beyond the design limit of 
±280 µm.  The practical operational limit, however, was ±250 µm.  The design 
requirement for each stepper motor was 80 in-flight motions.  The history of in-flight 
FPA motions is given in Table 6.2-1. The first focus run was only partially-executed, 
but the second spanned the full range of -240um to +240um in steps of 40um each. 
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The final FPA Z positions were set on 24 March 2000, except that the LiF2 Z position 
was adjusted on 29 June 2005 to improve the focus of FES-B, and then back again at 
the end of the mission for the final series of airglow observations. 
 
OBS_ID DATEOBS TIMEOBS LiF1 LiF2 SiC1 SiC2 
Launch 1999-06-24  60 20 0 0 
I8150109005 1999-11-23 17:55:05 Focus run 
P1020504001 1999-11-24 18:08:09 60 65 -100 -75 
I8160101 1999-11-26 19:11:34 Focus run 
I2070801001 1999-11-27 06:49:49 64 66 -100  -77     
P1010502012 1999-12-12 14:09:50 64 210 -238 -225 
S5130301001 2000-03-24 13:53:37 -35 145 -100 60 
M1051402002 2005-06-29 11:40:36 -35 -250 -100 60 
S1001701001 2007-08-15 14:26:06 -35 145 -100 60 

Table 6.2-1 History of FPA Z-axis motions. The first three columns give the 
observation ID, date, and start time for the observation immediately following a 
change in FPA Z position. 
 

6.3 �Detector Design and Pre-launch Characterization 

6.3.1 Hardware and Software Description 
 
The FUSE instrument included two Double Delay Line (DDL) detectors which 
collected incoming photons and measured their positions. Three FUV detectors were 
built at the Space Sciences Laboratory at the University of California, Berkeley. Unit 
FL01 remained on the ground as a spare and was used for ground testing, while units 
FL02 and FL03 were used in the instrument as Detector 1 (side 1 of the instrument, 
collecting photon events as part of the SiC1 and LiF1 channels) and Detector 2 (SiC2 
and LiF2), respectively. The three detectors had identical physical characteristics, and 
were designed to be as similar as possible. Differences between them are due 
primarily to differences in the microchannel plates and the adjustments of the 
electronics to account for those variations. The differences in wavelength coverage 
between side 1 and side 2 of the instrument were determined by the mounting 
locations on the Rowland circle. 
 
Each detector consisted of two segments. Mechanically, each detector was a single 
unit; electrically each segment was unique with most of its own electronics. Keeping 
the segments separated permitted each to be individually optimized. In addition, it 
ensured that a problem with one segment did not prevent its companion from being 
operated normally. Because of this design, one detector segment could be operated 
normally while the high voltage on the adjacent segment was turned off. 
 
Light coming from one of the FUSE gratings to the detector first passed through a 
95% transmission, +15 volt ion repeller grid, then through a 95% transmission ‘QE 
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Grid’ designed to improve the quantum efficiency of the system, before reaching the 
KBr-coated microchannel plates (MCPs). The photons striking the photocathode were 
converted to photoelectrons via the photoelectric effect, multiplied as they passed 
through the stack of three (Z-stack) MCPs, then proximity-focused onto the DDL 
anode. The DDL electronics determined the location of each charge cloud by 
measuring the time it took for the charge to propagate along the anode (for the X, or 
dispersion direction) or by charge division (for Y, or cross-dispersion). The top-level 
detector specifications are summarized in Table 6.3-1. 
 

Table 6.3-1 Detector Specifications 
Specification Description 
MCP pore size 
(pore diameter / center-to-center 
spacing) 

10 µm / 12.5 µm (top & bottom plates) 
12.5 µm / 15 µm (middle plates) 

MCP pore bias angle 13º 
MCP Configuration Z-stack 
MCP size 95 mm x 20 mm, 80:1 L/D 
MCP resistance < 30 MΩ 
Anode Type Double Delay Line 
Photocathode KBr 
Ion Repeller Grid 95% transmission, 1247 x 1247 µm spacing, flat  
QE enhancement Grid 95% transmission, 1042 x 1009 µm spacing, 

curved to match MCPs 
QE in FUSE bandpass 14 – 30% 
Active Area 85 x 10 mm x 2 segments 

~7 mm gap between segments 
Curvature of front surface of MCPs 826 mm radius 
Number of Pixels 16,384 x 1024 per segment 
Pixel size 6 µm x 10–17 µm, depending on segment 
Detector resolution ~20 µm x ~80 µm 
Lifetime Specification > 107 events per 103 µm2 
 
 
Each detector subsystem was composed of three interconnected, modular assemblies. 
These were the Vacuum Assembly, Electronics Assembly, and Stim Lamp Assembly. 
The Vacuum Assembly was mounted in the spectrograph cavity and contained the 
detector imaging elements (grids, MCPs, anode, etc.) in a stainless steel vacuum 
housing, along with a high voltage filter module, charge amplifiers, timing amplifiers, 
a motorized door and mechanism, and ion pumps to maintain a high vacuum inside 
the vacuum box before launch. The Electronics Assembly, mounted to the instrument 
electronics baseplate in the electronics cavity, included the low- and high-voltage 
power supplies, Time-to-Digital-Converters (TDCs), Charge-to-Digital-Converter 
(CDCs), and a Data Processing Unit (DPU), along with an interface to the instrument 
computer – the Instrument Data System (IDS). The Stim Lamp Assembly consisted 
of a mercury vapor lamp which was mounted to the spectrograph structure inside the 
spectrograph cavity and was powered and controlled via the detector electronics. 
Details on each of these assemblies are given in the sections below.  
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Each detector subsystem included thirteen thermistors (Table 6.3-2) to monitor the 
temperature of the detector hardware. Although the temperatures of the anode and 
some parts of the electronics were known to affect the data, the thermistors 
information was only used as a general diagnostic, and detector stim pulses, described 
below, were used to account for temperature effects in the data. 
Table 6.3-2 Detector 1 Thermistors  
Telemetry Mnemonic Location 
I_DET1AMPATEMP Segment A Charge Amplifier 
I_DET1AMPBTEMP Segment B Charge Amplifier 
I_DET1DOORTEMP Detector Door 
I_DET1DPUTEMP Data Processing Unit 
I_DET1ELTEMP Detector Electronics Assembly 
I_DET1HVFLTRTEMP High Voltage Filter 
I_DET1HVMODLTEMP High Voltage Module 
I_DET1LAMPTEMP Stim Lamp 
I_DET1PCTEMP Power Convertor 
I_DET1PLTEMP Detector Backplate 
I_DET1TDCATEMP Segment A TDC 
I_DET1TDCBTEMP Segment B TDC 
I_DET1TEMP  
 
 
More details on the design of the FUSE detectors can be found in Siegmund et al. 
1997 and Sahnow et al. 2000. 

6.3.1.1 Vacuum Assembly 
 
Each Vacuum Assembly consisted of a stainless steel vessel which contained the 
grids, MCPs, and anodes used for collecting the photons, along with two 4 liter per 
second ion pumps; also included as part of this section and mounted outside of the 
vacuum box was much of the electronics used for calculating the locations of the 
photons. Since the MCPs and the photocathode had to be operated and stored in a 
vacuum environment, a recloseable door was included in the design. During ground 
testing in vacuum the doors were opened to allow FUV light to reach the MCPs. 
When ground testing was complete, the doors were closed and the vacuum 
maintained with the ion pumps. A pumping port allowed the vacuum box to be 
evacuated with a ground vacuum pump, and then an attached valve could be closed 
once the pressure was low enough for the ion pump to maintain the pressure. The 
doors were opened in orbit on July 16 and 17, 1999, after the spectrograph cavity had 
partially outgassed, and they were never closed again. Two sapphire windows (one 
for each segment) on each door allowed visible light to reach a portion of the MCPs 
when the doors were closed. This permitted some ground testing of the detector while 
it was at a safe pressure (< 10-6 Torr) despite the fact that the instrument was at 
normal atmospheric pressure. 
 
Inside each vacuum box were two electrically independent segments mounted as a 
single mechanical and optical unit. Since the MCPs were part of the optical system, 
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the MCP stackups were mounted to and precision aligned to the detector backplate. 
The backplate had an optical cube which was used to align the detector during 
spectrograph integration and test. The preflight specification was that the front 
surface of the MCPs be held to within 25 µm of the 826 mm Rowland circle in order 
to ensure the highest resolution. During detector installation, shims were inserted to 
align the MCPs on each detector to the Rowland circle by using an optical cube on 
each backplate. The MCP positions had been previously determined with respect to 
the cubes to within ~37 µm. During the alignment of Detector 1, a 6.3 arcsecond tilt 
was inadvertently introduced, but the instrument resolution was not limited by this 
tilt. 
 
Each stackup contained a Z-stack of three 95 mm × 20 mm MCPs which acted as the 
photon-sensitive surfaces, although a front aperture mask limited the active area of 
each segment to 85 × 10 mm, with a ~7 mm gap between them. The top and bottom 
MCP in each stack had 10 µm pores on 12.5 µm centers, while the middle plates had 
12.5 µm pores on 15 µm centers; these were different in order to help minimize the 
moiré pattern which often occurs when identical MCPs are stacked (Tremsin et al., 
1999). 
 
The top plates were coated with an opaque KBr photocathode in order to improve the 
sensitivity to FUV radiation. Photons impinging on the front surface of one of the 
MCPs, which were held at a high potential, created photoelectrons which were 
accelerated down the pores due to a high potential maintained across the plates. Each 
time an electron struck the walls of one of these pores, multiple secondary electrons 
were generated, so that a single photon incident on the top plate resulted in a cloud of 
~107 electrons which was several millimeters in diameter exiting the back side of the 
third plate. These electrons were accelerated across a 7 mm gap to a helical double 
delay line anode with a period of 600 µm and an active area of 94 x 20 mm, where 
they were collected. The anodes were constructed on a flexible RT/Duroid substrate, 
and were curved to match the MCPs. The anode-MCP separation was 7 mm, and 
voltage difference was 550 volts. 
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Figure 6-5 Expanded view of the detector stack mounting in the FUSE detector. 
The QE grid is held by the frame at the top, and the curved MCPs are mounted 

to a cylindrical surface to match the Rowland circle. 
 
 
In front of the MCPs were two 95% transmissive electroformed nickel mesh grids to 
improve the performance of the detector. The front, flat grid, which was mounted on 
the vacuum box aperture, sat approximately 35 mm in front of the MCPs and was 
held at +15 volts; it was designed to exclude ions from the vacuum cavity. This ion 
(or plasma) grid was powered whenever the detector electronics were powered; it was 
not controllable in flight, but housekeeping telemetry was available to show the status 
of the grid voltage. In addition, a Quantum Efficiency (QE) grid, which was curved to 
match the curvature of the MCPs, was placed 6 mm above the front surface of the 
MCPs in order to improve the QE of the system by forcing photoelectrons generated 
by the MCP web back down the pores. The QE grid was held at 1200 volts above the 
front MCP. It was the source of the optical anomaly known as the ‘worm’ (see section 
4.3.4). 
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The detector body assembly was bolted to a stainless steel backplate which provided 
the mechanical and thermal interface to the rest of the instrument. A mu-metal 
magnetic shield, which surrounded the body assembly and shielded it from external 
magnetic fields, was also mounted to the backplate. This entire assembly was 
enclosed inside the vacuum box. 
 
 

 
Figure 6-6  A FUSE detector Vacuum Assembly mounted to the detector mounting 
bracket in the spectrograph cavity. The door assembly is at the top, with the light baffle 
protruding. Two ion pumps are visible at the front right, and the high voltage filter 
module, charge amplifiers, and timing amplifiers are visible behind them. The ladder-
like structures at the top on either side of the detector are spectrograph baffles. 
 
 
Also mounted to the backplate, but outside of the vacuum box, were two high voltage 
filter modules which provided the MCP, QE grid, and rear-field voltages. The 
backplate also supported the amplifiers, which amplified the charge collected by the 
anode before passing them on to the Detector Electronics Assembly. The Vacuum 
Assembly was thermally connected to the electronics baseplate via copper straps, 
which also provided chassis grounding. Figure 6-6 shows a photograph of a Vacuum 
Assembly mounted in the FUSE spectrograph. 
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6.3.1.2 Electronics Assembly 
 
There was one Electronics Assembly for each detector; each consisted of nine 
interconnected electronics boxes (Figure 6-7). The major functional components of 
each were: 

1. The power supplies, which were responsible for providing power (high 
voltage to the high voltage filter modules and ion pumps and low voltage 
power for other components) to the detectors. 

2. A Delay Spool, used to delay the signal from one side of the anode in order to 
ensure that the START pulse always preceded the STOP pulse. 

3. Two 14 bit Time-to-Digital Converters (TDC) modules, which measured and 
digitized the signals from the vacuum assembly electronics into digital signals 
in order to measure the X (dispersion direction) coordinates of an incident 
photon. 

4. Two Charge-to-Digital Converters (CDC) modules to digitize the charge from 
the upper and lower delay line for use in calculating the Y (cross-dispersion) 
position of an incident photon. 

5. A Data Processing Unit (DPU), which processed the digital signals from the 
TDCs and CDCs, provided command and housekeeping functions, and 
provided an interface to the IDS computer and other parts of the instrument. 

 

 
Figure 6-7 Electronics Assembly and Stim Lamp Assembly of the spare detector. 
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Functional block diagrams of the system are shown in Figure 6-8 and  Figure 6-9. 
The following sections describe some of these components in more detail. 
 

 

Figure 6-8 Block diagram of the encoding electronics for the FUSE detectors. 
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Figure 6-9 Functional Block Diagram of the Detector Electronics Assembly (hardware and 
software). 

6.3.1.2.1 Digitizers 
 
The timing digitizers determined the X (dispersion direction) position of the charge 
cloud to ~20 µm by measuring the difference in time it took the charge pulse to 
propagate to the two ends of the anode, and then digitized the results to 14 bits 
(16384 pixels). The scale was adjusted so that the pixel size was very close to 6.0 µm, 
although detector distortions meant that it varied with position. Deviations were 
generally only a few percent, except at the ends of each segment, where they could be 
much larger.  
 
In the Y (cross-dispersion) direction, separate Y1 and Y2 signals from the upper and 
lower half of each DDL anode were digitized to 12 bits by the charge digitizers. The 
digitized X, Y1, and Y2 values were then passed to the detector DPU for further 
processing. 

6.3.1.2.1.1 Stim Pulses and Thermal Stability 
 
Since both anode and electronics temperatures were known to affect the measured 
location of photon events in the dispersion direction, it was necessary to provide a 
thermal correction to the data in the CalFUSE pipeline. Rather than relying on the 
measured temperatures, however, the positions of two stimulation (‘stim’) pulses on 
each segment were used for this correction. These pulses were generated by injecting 
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charge into the amplifiers so that pseudo-events are created near the left and right 
ends of each segment, beyond the active area of the MCPs. Since the stim pulses 
passed through the same electronics as incoming photons, this method provided a 
more accurate method of measuring the thermal effects on the data than relying on the 
temperatures. The stim pulses were normally commanded on for 59 seconds at the 
beginning and end of every exposure, although for snapshot exposures they were left 
on throughout the exposure. Stim rates varied slightly from segment to segment, but 
were approximately 45 counts per second per stim, giving a total rate of about 90 per 
second per segment. 
 
Prelaunch ground testing using the spare detector showed that the stim pulses moved 
as a function of temperature. In particular, the temperatures of the anode (best tracked 
via the backplate thermistor) and the electronics (tracked with the TDC temperature) 
were both shown to affect the stretch (the separation between the two stims) and shift 
(position of the mean stim position) of the detector format, with the anode 
temperature dominating the former, and the electronics temperature dominating the 
latter.  On orbit stim pulse data show strong correlations between backplate 
temperature and stretch, and between the stretch of two segments on the same 
detector, which is consistent with the ground measurements. The inflight shift 
measurements, however, showed very different behavior between the segments 
(Figure 6-10). 
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Figure 6-10 Detector X shift, as measured by the change in position of the stim 
pulses, for all four segments during the mission. Long term trends appear to dominate 
short term temperature effects, particularly on segments 1B and 2B.  
 
The positions of the stims in an exposure are measured by CalFUSE, and a linear shift 
and stretch is applied to the raw data in the dispersion direction in order to move the 
stims to their nominal position. In the cross-dispersion direction only a shift is 
applied, since their separation is too small to allow reliable stretch information. 
 
Because the stim pulses are artificially generated, their shape does not exactly match 
the properties of events from the MCPs. In fact, the shapes of the stim pulses change 
as a function of count rate, with a sharp, single-peaked image at low count rates 
turning into a double-peaked distribution at high count rates. For normal FUSE count 
rates, the second peak was small and thus did not cause CalFUSE difficulty in 
measuring the position. 
 
The correction for thermal effects based on stim pulse positions assumes that the 
corrections are linear over the detector, and that the thermal environment is changing 
slowly. Large temperature changes, such as those due to bringing the detector high 
voltage from SAA level to full, could result in rapid changes of the scale during an 
exposure, and those effects are much harder to correct for. In addition, this method 
assumes that the stims accurately track the overall detector format. While this is 
believed to be true in general, numerous unexplained changes in stim position that 
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could not be correlated with any known external effects were seen (Figure 6-10). 
These may result in uncorrected errors in the calculated wavelength scale. Some 
exposures are missing one or both stim pulses. In those cases, CalFUSE must assume 
positions based on a record of typical positions from other exposures. 
 

6.3.1.2.2 Data Processing Unit 

6.3.1.2.2.1 Overview 
 
The detector Data Processing Unit (DPU) was responsible for the electronic 
processing of the collected photon events output by the digitizer. DPU memory 
contained two 16 KB regions from which code could be executed; these were known 
as the upper core (UC) and lower core (LC) memory regions. At boot up, a control 
program was loaded into memory from an onboard EPROM. This was a basic version 
of the DPU code (version 16200) which had been programmed into the PROMs 
before spectrograph Integration and Test in 1997. Other versions of DPU code 
(Section 6.3.1.2.2.7) could then be loaded (from the ground or IDS memory) into UC 
memory, and execution switched there. 
 
The main functions of the detector Data Processing Unit (DPU) were: 

1. Accepting commands from the IDS on the MIL-STD-1553 Instrument Data 
Bus and passing them on to the detectors. 

2. Collecting the photon event data (X, Y1, and Y2) from the digitizers and 
calculating the Y coordinate (Section 6.3.1.2.2.2) 

3. Applying masks to the data (Section 6.3.1.2.2.3) and counting events. 
4. Packaging the science data and sending it on to the IDS via the RS-422 

Science Data Bus. 
5. Protecting the detector in case of count rates that were too high (Section 

6.3.1.2.2.3). 
6. Accumulating 7 bit pulse height histograms (Section 6.3.1.2.2.4). 
7. Monitoring current draw from the high voltage and auxiliary power supplies, 

and reporting diagnostics if necessary (version 16500 of the code and above - 
Section 6.3.1.2.2.5) 

8. Collecting housekeeping telemetry from the detector. 
9. Monitoring the detector behavior, and issuing a diagnostic code if an 

unexpected event occurred (Section 6.3.1.2.2.6). 
10. Formatting housekeeping status, counters, and pulse height information and 

passing it to the IDS via the Instrument Data Bus. 
11. Continuously calculating checksums of specified regions of detector memory, 

and issuing diagnostic codes when the checksum changed. 
 

6.3.1.2.2.2 Calculation of Y Position 
After the output from the digitizers was passed to the DPU, the Y coordinate was 
calculated by taking the ratio of charge between the two halves of the DDL, as Y = 
Y1/(Y1+Y2), where Y1 and Y2 are the charge on the upper and lower half of the 
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delay line. This result was digitized to 10 bits (1024 pixels), although the accuracy 
was only ~80 µm. Y pixel sizes varied from ~ 9 to ~17 µm in the raw data, depending 
on detector and segment. The pulse height, or total charge collected, was also 
digitized at this point as part of the y calculation. The result was digitized to 7 bits 
and used to construct a pulse height histogram (Section 6.3.1.2.2.4).  
 

6.3.1.2.2.3 Masks and counters 
 
For each segment there were four programmable masks (shown in the block diagram 
in Figure 6-9) which were used to monitor the count rate in a specific region of the 
detector. Each mask had an associated counter which counted the number of events in 
each of the regions defined by the masks. The masks and counters were the Active 
Image Mask and Active Image Counter (AIC), the SiC and LiF masks and counters, 
and the Autonomous Shutdown Mask and Autonomous Shutdown Counter (ASC). 
The latter was also known as the SAA counter, since it was designed to measure 
background counts in the South Atlantic Anomaly. Each of the counters recorded the 
number of events that fell in a particular mask region on each segment. DPU 
commands were used to enable or disable regions of the segment for each counter and 
mask in 16 x 16 pixel regions. A complete set of aperture-specific masks for all four 
segments was loaded near the beginning of each observation script via the 
set_det_mask_f flight script. This script cleared all previous masks, then loaded an 
Active Image Mask that covered the entire segment, an Autonomous Shutdown Mask 
that fell on an unilluminated portion of the segment, and SiC and LiF masks that were 
placed to collect essentially all the events from the aperture specified for that 
observation.  
 
The Active Image mask was used to define the region of a segment to pass to the IDS, 
thus acting as a spatial filter. It could have been used to exclude a region around a hot 
spot, for instance, so that the Science Data Bus would not be overwhelmed by these 
events. However, these masks were left enabled everywhere on all four segments 
throughout the mission. Thus, the Active Image Counter recorded the total number of 
events passed from the detector to the IDS on the Science Data Bus. Each event 
which passed through all the thresholding was output as a 32 bit word containing the 
detector ID (1 bit - MSB), segment ID (1), x (14), y (10), pulse height (5), and a 
format bit (1) to identify this as a photon event. These words were passed on to the 
IDS for further processing via the Science Data Bus. 
 
The SiC and LiF masks were used to define the regions of the detector to use for 
target peak up, so they were different for each aperture and each segment. The 
objective was to determine the count rate from the object in the slit, while minimizing 
the count rate from the other apertures and the detector background. These masks 
included the entire spectral range covered on each segment, so they included any 
airglow in the aperture. 
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The Autonomous Shutdown Mask was used to monitor a region on the detector which 
was not illuminated by any of the apertures, so it provided a way to monitor the 
detector background. The DPU code used the count rate for bright object protection; 
if the count rate over a specified time for a particular segment exceeded a predefined 
threshold, the high voltage on that detector segment was lowered to SAA level. This 
protection was designed to minimize the chance of scrubbing the detector due to an 
extremely high count rate at nominal gain. As originally envisioned, this was 
designed in to the system primarily to protect against passing through the SAA 
without lowering the high voltage (as a result this counter was also known as the 
‘SAA counter’). In practice, most of the shutdowns were due to event bursts, which 
complicated the way thresholds had to be set (Section 4.4.3.3). 
 
The SiC, LiF, and Autonomous Shutdown masks were changed six times during the 
first two years of the mission (Table 6.3-3) in order to better align them with the 
position of the spectra and make them match the SIA tables (Section 6.3.3). 
Table 6.3-3 Summary of detector mask changes during the mission 
Approximate 
Date 

Purpose 

At Launch Prelaunch values 
8/20/1999 Adjusted SiC1 and LiF1 based on first view of side 1 spectra 
11/5/1999 Adjusted SiC2, LiF2 and ASC2 based on first view of side 2 spectra 
4/1/2000 Clear ASC mask before setting to avoid adding default mask to new ASC 
4/19/2000 Change ASC mask on segment 2A 
11/18/2000 Reinitialize ASC mask to avoid SEUs 
10/17/2001 Change size of ASC2 mask to avoid contamination from MDRS  
11/19/2001 Match masks to SIA tables 
4/18/2003 Special AICs for bright objects 
 
An additional counter, the Fast Event Counter (FEC – also known as the Front End 
Counter) measured the total number of events over the entire segment at the output of 
the fast amplifiers. The number of counts lost before the FEC, e.g. due to the MCPs 
themselves, is very small at typical FUSE count rates, and was therefore ignored. The 
IDS code monitored the FEC rate for each segment and shut off the high voltage for 
that segment whenever the rate exceeded 45,000 counts per second for three seconds. 
These values were hard coded, but IDS scripts were written to poke the relevant 
memory locations in order to change them if desired. They were changed temporarily 
several times during the mission when bright objects were observed. 
 
The Digitized Events Counter, or DEC, counted the number of events that were 
processed by the digitizer and reached the DPU FIFO (again, over the entire 
segment). This was typically less than the number of counts in the FEC, since there 
were electronics dead time effects which caused events to be discarded in the 
digitizer. The DEC and FEC were used in the calculation of the dead time of the 
instrument (Section 6.9).  
 
A summary of the masks and counters, along with their functions is given inTable 
6.3-4. 
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Table 6.3-4 Detector masks and counters 
Mask / Counter 
Name 

Mnemonic Operates 
On 

Bit in Mask 
Word 

Description 

Fast Event 
Counter or Front 
End Counter 

FEC Full segment N/A Total counts reaching the 
detector 

Digitized Event 
Counter 

DEC Full segment N/A Events above threshold 

Preamp Reset 
Counter 

PRC Full segment N/A  

Active Image 
Counter 

AIC Modifiable 1 (LSB) Counts sent to the IDS 

Silicon Carbide SiC Modifiable 2 Peakup in SiC channel 
Lithium Fluoride LIF Modifiable 3 Peakup in LiF channel 
Autonomous 
Shutdown Counter 

ASC or 
SAA 

Modifiable 4 (MSB) Detector background 

 
All counters were stored as 24-bit values (0 – 16,777,215) and were updated once per 
second. They counted continuously from the time the detector was turned on, so they 
would regularly roll over. They were typically sent to the ground via housekeeping 
telemetry once every sixteen seconds, although that rate changed in certain telemetry 
modes. 
 
The FEC, AIC, SiC, LiF, and ASC counter values are saved for each exposure in the 
housekeeping (hskpf.fit) files, and the first four of these are used to populate arrays in 
the Intermediate Data File created by CalFUSE. The FEC, DEC, SiC, LiF, and ASC 
counter values at the beginning and end of each exposure are also recorded in the 
engineering snapshot and then copied into the header of the science data files. 
CalFUSE uses the counter information for calculating dead time (Section 6.9) and Y 
blooming (Section 4.4.7.1) effects. It should be noted that because the SiC and LiF 
counters change with aperture, the count rates for observations taken in different 
apertures are not directly comparable. 
 

6.3.1.2.2.4 Pulse Height Histograms 
 
As described previously, a 5-bit pulse height for each photon event is transmitted to 
the IDS along with the position information. For TTAG exposures, all of this 
information was sent to the ground, but for HIST exposures this pulse height 
information is discarded along with the timing information. However, for both 
TTAGs and HISTs data, the detector DPU also accumulated a 7-bit pulse height 
histogram over each detector segment and sent it (in pieces) to the IDS. The IDS 
accumulated these pulse height distributions for all four segments and downlinked a 
complete set of PHDs every 128 seconds. Although these full-segment PHDs could 
not be used to determine gain as a function of position, they were useful diagnostics 
which could be used to monitor the gain of the detector during high count rate 
observations, such as the stim lamp exposures or other HIST observations. The higher 
resolution was also potentially useful for setting the onboard charge thresholds, but 
they were never adjusted (except for testing) in flight. 
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6.3.1.2.2.5 Current Protection 
 
An important function of the DPU code was to monitor the current draw of the 
microchannel plates (HVIA and HVIB for segments A and B), and the auxiliary 
current power supply (AUXI). The AUX power supply was used to power the ion 
pumps, the detector door, and the stim lamps.  
 
More details are given in the discussion of High Voltage Transients in Section 6.3.5. 
 

6.3.1.2.2.6 Detector Diagnostic Codes 
 
An important job of the DPU code was to continually monitor the detector hardware 
and software to look for out-of-limit conditions. When a problem was identified, a 
diagnostic code was issued and other protective action was taken if warranted (Table 
6.3-5).  Since the two detectors were independent, they each issued their own 
diagnostic codes. 
 

Table 6.3-5 Selected DPU Diagnostic Codes 
Diagnostic 
(hex) 

Description Effects on operations 

16 AUXI threshold exceeded* (mini-crackle) None 
18 CRC changed in lower RAM Associated CRC change triggers 

IDS process to reload DPU code 
19 CRC changed in upper RAM Associated CRC change triggers 

IDS process to reload DPU code 
1A CRC changed in ROM None 
1B Watchdog reset as part of power up None 
20 CRC changed in segment A mask None 
21 CRC changed in segment B mask None 
22 Counts in ASC counter exceed threshold in 

one of the segments (SAA shutdown) 
Drop HV on affected segment to 
SAA level. 

27 HVIA threshold exceeded (mini-crackle) None 
28 HVIB threshold exceeded (mini-crackle) None 
2A HVIA threshold exceeded for longer than 

persistence time* (crackle) 
HV shut down on both segments. 

2B HVIB threshold exceeded for longer than 
persistence time* (crackle) 

HV shut down on both segments. 

2E AUXI threshold exceeded for longer than 
persistence time* (crackle) 

HV shut down on both segments. 

* Not included in DPU code version 16200 
 
 
The diagnostic codes in the table above can be divided into three types: 

1. Power on (1B) – When a detector is powered on, a diagnostic 1B was issued. 
2. CRC changes (18, 19, 1A, 20, 21) – A background process in the DPU code 

continually checked the detector code (stored in both RAM and ROM) and 
masks for changes. Although some changes were expected (when uploading 
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new masks at the beginning of an observation, for example), many unexpected 
changes due to bit flips were seen during the mission (see Section 6.3.4). 

3. High count rates (22) – When the number of counts in the ASC for a segment 
exceeded a defined threshold, the detector HV on that segment was dropped to 
SAA level. This behavior was designed primarily to protect the detector from 
passing through the SAA at full voltage levels, and it did serve that purpose 
several times during the mission (Section 4.4.8). 

4. High voltage problems (16, 27, 28, 2A, 2B, 2E) – See Section 6.3.5. 
 

6.3.1.2.2.7 DPU Code Versions 
 
Six different versions of DPU code were used during the mission. The properties of 
each are summarized in Table 6.3-6. Version 16200 was resident in the detector DPU 
PROM, and was loaded into lower core memory when a detector was turned on. It 
was used during detector ground characterization, spectrograph integration and test, 
and part of instrument and satellite integration and test. This version had no 
protection for high voltage transients (crackles). 
 
Version 16500 was provided by UC Berkeley in early 1999 to add protection and 
diagnostics after the first detector crackle was seen during instrument testing at 
Goddard Space Flight Center. This version also decreased the range of upper core 
code memory checked by the CRC checking task. This decreased the susceptibility to 
upper core SEUs by about 25%, since only 10,544 bytes (instead of 14,336) were 
being checked. 
 
UC Berkeley provided Version 16600 for improved crackle protection after initial on-
orbit experience. It added downlinking of the UC CRC (in addition to the LC CRC 
which had been in previous versions) so that automated code loading could be 
implemented. It also extended the CRC change made in the previous version to the 
lower core code region. 
 
After an increase in crackles in 2001, Berkeley provided version16603, which was 
functionally identical to 16600 except for an increase in the persistence from 20 msec 
to 60 msec. 
 
Late in the mission, several additional versions were built at JHU with increased 
persistence values. Only two of those modified versions, 16710 and 16720, were ever 
used during normal operations. 
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Threshold1  
(digital units) 

Persistence (msec)2 Start Date Code  
Version 

HVI AUXI HVIA HVIB AUXI 

Notes 

1999:1813 16200 128 128 N/A N/A N/A Version in DPU ROM 
1999:1914 16500 128 128 20 20 255 Added crackle protection 
1999:334 16600 128 128 20 20 255 Downloaded UC CRC 
2000:323 16600 128/182 128 20 20 255 Change to flight script 
2001:326 16603 128/182 128 60 60 255 Increased persistence 
2006:290 16603 182 128 60 60 255 Change to ramp up script 
2006:333 16710 182 128 128 60 255 Used for detector 2 only 
2007:025 16720 182 128 128 128 255 Increased persistence 

Table 6.3-6 DPU code versions and crackle-detection thresholds used during the 
mission.  Different values were used during stim lamp exposures. 
 

6.3.1.3 Stim Lamp Assembly 
 
The detector Stim Lamp Assemblies (one for each detector) included the mercury 
vapor stimulation (or “stim”) lamps, a mounting bracket, and a pinhole aperture to 
coarsely control the amount and direction of light reaching the detectors. They were 
mounted to a structural bracket in the spectrograph cavity, approximately 1.25 meters 
from the detectors. Their location allowed direct, quasi-uniform illumination of each 
detector, with count rates of ~2,000 to ~12,000 counts per second, depending on 
segment. The stim lamps were not designed to provide a true flat field of the 
detectors, but rather were included to provide general diagnostics of detector health. 
Before launch, the lamps were used to provide detector aliveness tests while the 
instrument was at atmospheric pressure by illuminating the MCPs through the 
sapphire windows in the vacuum doors. On orbit, they were used regularly throughout 
the mission as a means of monitoring detector performance, especially gain sag 
(Section 4.4.2). 
 
The stim lamps were powered through the detector auxiliary power supply, which 
also powered the ion pumps. 
 

                                                
1 The threshold was set via ground command, but the values listed were rarely changed. They were set 
to higher values during HV ramp ups and stim lamp operations. 
2 Persistence values are only approximately milliseconds. 
3 Date first used on orbit. Version 16200 was resident in detector ROM and was used for much of the 
pre-launch testing 
4 Date first used on orbit. Version 16500 was delivered during satellite integration and test and was 
used for ground testing starting in late 1998. 
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6.3.2 Normal Detector Operations 
 

6.3.2.1 High Voltage Ramp-up 
Ramping up the high voltage was a complex process with many built in safeguards to 
ensure that the detector remained safe. The ramp-up scripts:  

• enabled the IDS rule which monitored the AUX current for out-of-
bounds conditions 

• set the HV levels to zero 
• set the SAA levels to their proper values 
• set the SAA integration and reduce times 
• set the HV current threshold to accommodate possible turn on 

transients 
• armed the detector 
• turned the QE grid on 
• powered on the high voltage 
• reset the HV current threshold for more protection. 

 
Only after all of these steps were taken would the HV be ramped above its turn on 
(2500 volt) level. The ground scripts used for ramp-up referenced a file which 
contained the proper voltages. Separate scripts used for raising the high voltage for 
testing purposes did not permit increases of more than 10 digital units at a time to 
guard against accidentally increasing the high voltage to an unsafe level. 
 

6.3.2.2 High Voltage Management: Occultation Manager 
 
The detector occultation manager was implemented during the mission in order to 
minimize the amount of gain sag at the location of airglow lines. At the beginning of 
the mission, the high voltage was normally left at FULL except when passing through 
the SAA. This meant it was always ready for a peak-up or an observation, but it also 
meant that any photons falling on the detector removed charge from the MCPs, even 
though they weren’t necessarily being collected by the IDS. Once the differential gain 
sag problem became obvious, development began on an occultation manager, which 
lowered the MCP high voltage to SAA levels whenever it wasn’t needed. This 
decreased the amount of unnecessary charge depletion by removing several sources 
of non-productive exposure: 

(1) Airglow lines illuminated the detectors during occultations and other times 
between exposures, causing significant localized charge depletion.  

(2) It was not uncommon for a slew to a new target and the acquisition of that 
target to occur well before an exposure began. This could be due to an 
intervening SAA or occultation, for instance. The target could remain in the 
aperture at full high voltage for many minutes before the exposure began. 
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Before the implementation of the occultation manager, this time contributed to 
the detector exposure and gain sag, even though no data was collected. 

(3) Similarly, after an exposure was completed, the target sometimes remained in 
the aperture until it was time to slew to the next target. Before the occultation 
manager, this would also add detector exposure without the benefit of 
collecting any additional data.  

 
The occultation manager was used starting on 20 November 2001, and used for the 
rest of the mission. It was only turned off during times when the high voltage was 
being ramped up, and during other special tests. 
 

6.3.3 SIA tables 
 
As described previously, the FUSE detectors were photon-counting detectors, and the 
DPU produced a location and pulse height for each detected event. These positions 
were passed via the Science Data Bus to the IDS, which could either send that 
information on to the spacecraft (after adding timing information) for eventual 
downlink to the ground (TTAG mode), or add it to a two-dimensional image (HIST 
mode), discarding the pulse height information in the process. Due to memory 
limitations, an image of all four 16384 × 1024 segments couldn’t be stored in IDS 
memory. Instead, only the regions around the primary spectra were saved in memory, 
and they were typically binned by 8 in the cross-dispersion direction. The primary 
exceptions to this procedure were the M999 stim lamp exposures, which were binned 
2 × 2, and for which the entire detector area was saved. 
 
For each HIST observation, a Spectral Image Allocation (SIA) table was used to 
define the detector regions which were saved to memory. The SIA tables varied with 
the aperture chosen, and they also changed during the mission as a better 
understanding of the location of the spectra was gained. SIA tables were actually part 
of the IDS, but because they define how the detector data is saved during histogram 
exposures, they are described here. 
 
SIA tables consisted of an 8 × 64 array for each segment, with each array element 
referencing a 2048 × 16 pixel region on the detector. Each array element could be set 
to 1 to save the data from the associated detector region in IDS memory, or 0 to 
discard it. In most cases, the observation scripts for histogram exposures called the 
init_bulk_memory_f script, which loaded the standard set of SIA tables for all 
apertures. A special set of SIA tables for histogram stim lamp exposures were 
uploaded from the ground when needed. The standard SIA tables were changed 
several times during the first few years of the mission (Table 6.3-7 through Table 
6.3-12). These changes were made primarily to adjust the positions to ensure that all 
data from the aperture was being collected. Note that the masks (Table 6.3-4) were 
eventually set to be the same as the SIA tables, but they did not match early in the 
mission. 
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The SIA tables were downloaded to the ground with the science data, and they are 
stored in the primary data unit in the raw FITS files. Although they are not used by 
CalFUSE, they can be examined to verify that the expected mask was used and was 
not corrupted. The typical SIA table consists of up to 16 rectangular regions turned 
on, which include, for each segment, the detector regions where the SiC and LiF 
spectra fall, along with the area around each stim pulse. In many cases, one or more 
of the stim pulse regions overlap with the spectral regions. The tables below describe 
the regions of each detector segment covered by the SIA tables during the mission. 
 
It is important to note that since the SIA tables operate on the raw data coming from 
the detector, they are not in the geometrically-corrected FARF, but in a distorted 
frame which is not corrected for geometric distortions or thermal shifts and stretches. 
Thus, the SIA table regions were oversized to avoid losing data. 
 

Table 6.3-7 SiC HIRS SIA Tables used during the mission 
All 1A 1B 2A 2B Approximate 

Start Date X Range Y Range Y Range Y Range Y Range 
Table 

Names 
11/20/1999 0 - 16383 160 - 319 128 - 287 288 - 399 400 - 495 siahirs1x8b 
5/17/2000 0 - 16383 160 - 319 112 - 271 288 - 399 400 - 495 siahirs1x8c, 

siahirs1x8d 
 
 

Table 6.3-8 SiC MDRS SIA Tables used during the mission 
All 1A 1B 2A 2B Approximate 

Start Date X Range Y Range Y Range Y Range Y Range 
Table 

Names 
11/12/1999 0 - 16383 288 - 447 240 - 399 208 - 319 224 - 335 siamdrs1x8b 
1/13/2000 0 - 16383 288 - 447 240 - 399 208 - 319 352 - 463 siamdrs1x8c

siamdrs1x8d 
 
 

Table 6.3-9 SiC LWRS SIA Tables used during the mission 
All 1A 1B 2A 2B Approximate 

Start Date X Range Y Range Y Range Y Range Y Range 
Table 

Names 
10/11/1999 0 - 16383 16 - 175 0 - 175 384 - 495 480 - 591 sialwrs1x8b 
3/4/2000 0 - 16383 16 - 175 0 - 175 352 - 463 448 - 559 sialwrs1x8c, 

sialwrs1x8d, 
sialwrs1x8e 

 
 

Table 6.3-10 LiF HIRS SIA Tables used during the mission 
All 1A 1B 2A 2B Approximate 

Start Date X Range Y Range Y Range Y Range Y Range 
Table 

Names 
11/20/1999 0 - 16383 624 - 783 608 - 767 544 - 655 592 - 703 siahirs1x8b 
5/17/2000 0 - 16383 640 - 799 608 - 767 560 - 671 592 - 703 siahirs1x8c 
3/27/2001 0 - 16383 640 - 799 592 - 767 560 - 671 592 - 703 siahirs1x8d 
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Table 6.3-11 LiF MDRS SIA Tables used during the mission 
All 1A 1B 2A 2B Approximate 

Start Date X Range Y Range Y Range Y Range Y Range 
Table 

Names 
11/12/1999 0 - 16383 768 - 927 736 - 895 464 - 575 544 - 655 siamdrs1x8b

siamdrs1x8c 
6/20/2001 0 - 16383 752 - 927 720 - 895 464 - 575 544 - 655 siamdrs1x8d 
 
 

Table 6.3-12 LiF LWRS SIA Tables used during the mission 
All 1A 1B 2A 2B Approximate 

Start Date X Range Y Range Y Range Y Range Y Range 
Table 

Names 
10/11/1999 0 - 16383 480 - 639 464 - 623 624 - 735 656 - 767 sialwrs1x8b 
3/4/2000 0 - 16383 480 - 639 464 - 623 624 - 735 672 - 783 sialwrs1x8c 
5/18/2000 0 - 16383 496 - 655 480 - 639 624 - 735 672 - 783 sialwrs1x8d 
5/1/2001 0 - 16383 496 - 655 464 - 639 624 - 751 656 - 799 sialwrs1x8e 
 

6.3.4 Single Event Upsets 
The electronics for the two FUSE detectors were turned on six days after launch, on 
June 30, 1999.  On July 2, the Detector DPU code reported a change in the checksum 
value calculated by its Cyclic Redundancy Check (CRC) routine. Since this CRC 
calculation was done over a range of internal detector memory that contained the 
executing DPU code, this meant that the code had been corrupted. The following day, 
a similar error was reported on Detector 2, but neither had any apparent effect on the 
detector performance. The third reported CRC error, however, caused a loss of some 
Detector 1 telemetry. Only by rebooting the detector was the telemetry restored. 
These errors continued to be reported at a rate of one every few days throughout the 
mission. Their cause was later determined to be single event upsets (SEUs) in the 
DPU memory, due to radiation from the South Atlantic Anomaly (SAA). This 
susceptibility to SEUs was due to the choice of RAM in the DPU; although the 
memory chip chosen had a high threshold to total radiation dose and was immune to 
latchup, it had a relatively low resistance to Single Event Effects (SEEs). 
 
Since the regions of memory being corrupted contained the DPU code that was 
controlling the detectors, this was potentially a very serious problem. Although the 
detector software was robust and it was believed to be unlikely that a single bit flip 
could cause any permanent damage to the detector, as a precautionary measure rules 
were developed to minimize the danger. An intensive investigation was conducted to 
formulate a plan for responding before the high voltage was first turned on. In order 
to minimize the risk to the detector, the decision was made to only operate the high 
voltage when a code image was loaded into both Lower Core (LC) and Upper Core 
(UC) memory. If an SEU occurred in the active memory region, a command was 
issued to jump to the alternate core on the next ground station pass, and an 
uncorrupted version of the code reloaded from the ground. If the error was in the 
inactive memory core, it was simply reloaded to repair it. If both cores were found to 
be bad during a ground station pass, the detector was rebooted, which shut down the 
high voltage on that detector. Since recovery from a detector reboot required close to 
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24 hours because the ramp-up steps were commanded from the ground, this was a 
major cause of inefficiency early in the mission. In addition, the IDS flight script 
det_hv_f was modified to reload several important detector parameters (SAA count 
rate limits, SAA integration times, SAA HV levels, SAA reduce time, HV current 
limit, and AUX current limit) after every SAA passage. 
 
This procedure was performed manually until 8 January 2000, when version 16600 of 
the DPU code was loaded onboard, along with modified IDS scripts that 
autonomously detected and repaired the code. Although the code was initially loaded 
from IDS memory, starting in April 2000 IDS EEPROM memory was used to free up 
memory for IDS scripts. 
 
Before the autonomous code repair was implemented, 122 SEUs had been detected 
on the two detectors and repaired manually. After these changes, the autonomous 
correction code permitted the IDS to identify an SEU and correct it autonomously 
within three minutes in most cases. 
 
There were 1285 SEUs detected on the two detectors during the mission. These were 
divided as shown in Table 6.3-13. The fact that they were roughly evenly distributed 
between Upper Core and Lower Core memory, and Detector 1 and 2, shows that the 
susceptibility was due to the choice of parts rather than a single bad chip (note that 
UC and LC for a particular detector were located on the same memory chip). No 
obvious correlations of the SEU rate with time were seen, aside from changes in the 
rate due to modifying the size of the memory area checked. 
 

Detector Lower 
Core 

Upper 
Core 

1 335 271 
2 299 343 

Table 6.3-13 SEUs by detector and memory core. 
 
Although most of the SEUs had no noticeable effect on the operation of the detectors, 
the consequences could be more severe when certain parts of the code were affected. 
In some cases, a detector watchdog reset occurred, causing the detector to reboot. 
Other times unusual behavior was seen, such as a loss or corruption of detector 
telemetry. Those cases usually required rebooting the detector from the ground to 
recover. 
 
As expected, nearly all of the SEUs occurred while the detector was in or near the 
SAA. Figure 6-11 shows the location of FUSE in its orbit when each SEU occurred. 
The figure shows that they were concentrated near the center of the SAA, and that the 
spatial distribution was similar for the two detectors. Only fifteen of the 1238 SEUs 
for which the location could be identified did not fall within the SAA contour shown. 
 
The CRC calculation took up to 40 seconds to identify a bit flip, depending on where 
it is in memory. In addition, CRC values and diagnostics were reported in telemetry 
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only once every sixteen seconds. As a result, the times reported are likely to be 
somewhat later than the actual time of the SEU, and the locations marked on the 
figure will be slightly misplaced from their actual position. 
 

 
Figure 6-11 Positions of SEUs during the mission. The dashed line shows the SAA region 
used by Mission Planning after 17 September 2003. No events occur below -25º due to the 
orbit of the satellite. 
  
 
In addition to the DPU code, detector masks (Section 6.3.1.2.2.3) were stored in the 
same memory chips, and thus were also susceptible to corruption. The CRC check 
done by the DPU code only checked mask memory when a mask was changed, 
however, so it was not possible to tell when this occurred. As a result, there were 
instances early in the mission where a mask bit was switched off due to an SEU, 
causing a loss of events in that region of the detector. Once this effect was 
indentified, the observation scripts were modified to reload the masks before every 
observation. This greatly decreased the likelihood of this problem. 
 

6.3.5 High Voltage Transients (Crackles) 
During satellite-level testing, the detector high voltage power supply current 
periodically had excursions that were large enough to potentially cause damage to the 
detectors. To minimize the likelihood of a detector failure on orbit due to one of these 
high voltage transients, or ‘crackles’, UC Berkeley modified the DPU software to 
monitor the high voltage power supply currents on segments A and B (HVIA and 
HVIB), and the Auxiliary Power supply current (AUXI), at a sample rate of 
approximately 1 millisecond. After these modifications, whenever these currents were 
greater than or equal to a threshold (a ‘mini-crackle’), a diagnostic was issued by the 
detector DPU. If this threshold was exceeded for a particular length of time (the 
persistence), the high voltage for both segments of the affected detector would be 
turned off and an additional diagnostic issued. 
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In addition, a portion of DPU memory was set aside for use as a circular buffer 
containing the last 1024 samples (approximately 1 second) for each of these three 
currents, along with three histograms that stored their distribution. 
 
The thresholds could be set via ground command, but because the maximum current 
of most crackles was so high, changing the threshold had a limited effect. The 
persistence, however, could only be modified by changing the DPU code. Each 
change required modifying the code followed by extensive testing. Section 6.3.1.2.2.7 
describes the DPU code versions used during the mission, along with the thresholds 
and persistence values for each. 
 
Figure 6-12 shows the three currents during a typical crackle event, as saved onboard 
in the circular buffer. Although the details of each crackle event were different, the 
basic features were similar in most cases: 
 

(1) One of the currents (in this case HVIA, the high voltage current on segment 
A), showed some oscillatory behavior and then went off scale. 

(2) The AUX current followed a similar shape as the segment current, but had a 
much lower value. Since it did not reach its maximum, it often showed the 
oscillation more clearly. 

(3) The current draw of the other detector segment (HVIB) was also affected. 
(4)  When the (HVIA) current eventually exceeded the threshold (182 in this 

case) for the persistence time (60 msec), the high voltage shut down, and the 
currents all dropped to zero. 

(5) One of the currents (in this case HVIA, the high voltage current on segment 
A), showed some oscillatory behavior and then went off scale. 

(6) The AUX current followed a similar shape as the segment current, but had a 
much lower value. Since it did not reach its maximum, it often showed the 
oscillation more clearly. 

(7) The current draw of the other detector segment (HVIB) was also affected. 

(8)  When the (HVIA) current eventually exceeded the threshold (182 in this 
case) for the persistence time (60 msec), the high voltage shut down, and the 
currents all dropped to zero. 
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Figure 6-12 HVIA, HVIB, and AUXI during a crackle. 
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Figure 6-13 Number of crackles and mini-crackles vs. time. 

 
Table 6.3-14 summarizes the numbers and types of crackles and mini-crackles for 
each detector segment during the mission, while Figure 6-13 shows their distribution 
as a function of time. Recall that mini-crackles had no effect on operations, while 
crackles shut down the high voltage on both segments of the affected detector, which 
required a high voltage ramp-up from the ground. Since the thresholds and 
persistence values changed during the mission, the crackle rates at different times 
cannot be compared directly, but it is clear that the incidence of crackles is episodic, 
for reasons that were never understood. It is also thought that they were more likely to 
occur soon after a high voltage ramp-up. 
 

Table 6.3-14 Number of mini-crackles and crackles during the mission. The 
values in parentheses are the diagnostic value (in hex) issued by the detector.  

Mini-Crackles Crackles Detector 
HVIA (27) HVIB (28) AUXI (16) HVIA (2A) HVIB (2B) AUXI (2E) 

1 695 67 114 6 18 0 
2 456 0 239 75 0 8 
 
 
Crackle shutdowns were the most common reason that the high voltage on one of the 
detectors was not at FULL as planned during an exposure. Since the time to return the 
high voltage to its nominal value after a shutdown could be a day or longer, this was a 
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major source of inefficiency. Plans to automate the high voltage ramp-up process 
were developed, but had not been implemented by the time the mission ended. 
 
Similar current protection scheme is used on the GALEX and COS detectors, but the 
DPU code for those detectors provided more flexibility on setting thresholds and 
persistence values. 
 

6.4 �Fine Error Sensor Cameras 

6.4.1 FES CCD Detector 
 
The CCD detector was a modified version of a SITe SIA003A. This was a 1024 × 
1024 pixel thinned backside-illuminated CCD die mounted on a 2-stage thermo-
electric cooler (TEC) and sealed in a kovar package with a fused silica window.  The 
CCD quantum efficiency, full-well depth, charge-transfer efficiency, dark current, 
and readout noise were all in accord with pre-flight measurements.  Basic 
characteristics of the CCD are given in Table 2.7-2.  
 
Half of the CCD die was masked, so that the CCD could be operated in frame transfer 
mode. After a given exposure duration, the image would be transferred rapidly to the 
region under the mask and then read out slowly so that the readout noise would not 
affect the accuracy of the centroid calculation. 
 
CCD thermal control was achieved through the use of an external radiator in 
conjunction with a thermo-electric cooler (TEC). The CCD package was coupled to 
the external radiator by means of a heat strap fabricated from flexible copper braid 
that was fused at either end into a copper block. In general, the spacecraft attitude was 
maintained so that the radiator of the active FES was shaded from the sun.  During in-
orbit checkout the TEC setpoint was chosen to be -32C for FES-A and -30C for FES-
B. Lower setpoints could be maintained at some attitudes, but the reduction in dark 
current did not justify the operational inconvenience of tailoring the setpoint for each 
attitude. With the advent of two-wheel and one-wheel operations later in the mission, 
which necessitated a much wider range of spacecraft roll angles, on-board scripts 
were developed that would autonomously adjust the TEC setpoint in response to the 
changing thermal environment. The resulting higher dark current and slightly-
degraded FES performance was accepted, as the pointing performance was then 
limited by the torquer bars and not the FES.  

6.4.2 Performance and Anomalies 

6.4.2.1 FES-A Failure 
The first in a series of intermittent spontaneous FES-A reboots occurred on day 105 
(April 15) of 2005. When the reboots occurred, FES-A was left in Boot mode, and 
could not be commanded to application mode without first cycling the power.  In 
addition, the FES would frequently not recover unless it was left powered off for 



143 

fuse_ihb_090616_final.doc  6/16/09 143 

several minutes to an orbit. This led to the suspicion that some component in the 
controller had an intermittent problem with heat-sinking. We attempted to mitigate 
this problem by lowering the temperature of the FES-A surroundings and by having 
the IDS flight scripts autonomously handle the power cycling and rebooting 
sequence. We operated in this mode for several months, but ultimately decided to 
switch to FES-B on July 12, 2005. FES-A was not used for guiding during the rest of 
the FUSE mission. 
 
The cause of this problem was not determined. FES-A had been subjected to survival 
temperatures (-5C), along with the rest of the FUSE instrument, between Dec 28 
2004, when the Roll RWA failed, and March 22, 2005, when version T31 of the ACS 
software was loaded. The reboot problems began a few weeks later. It was suspected 
that this prolonged cold soak had precipitated the problem.   
 

6.4.2.2 FES-B Focusing 
Following the initial focusing of the LiF2 channel for optimal spectrograph 
performance in IOC, the PSF of star images in FES-B was found to be 2–3 times 
larger than desired (the FWHM was 4–6 pixels instead of 2 pixels), indicative of 
defocusing of FES-B.  This caused the light from any given star to be spread over 
many more pixels than would be the case if FES-B were properly focused, reducing 
the contrast between the signal and the background.   
 
Although FES had no internal focus adjustment mechanisms, the focus could be 
adjusted by moving the LiF2 FPA and/or the LiF2 primary mirror along the Z-axis 
(focus direction).  If the FPA was moved, the only impact to FUV data in that channel 
was to reduce the throughput of the MDRS and HIRS apertures.  If the LiF2 primary 
mirror could also be moved, the spectral resolution of the LiF2 FUV data will be 
degraded.  FES-B was used successfully with these large star images during periods 
when the FES-A was being annealed. When FES-B was made the permanent guiding 
camera, however, the likelihood of guiding problems with faint stars was too large. 
FES-B was refocused by moving the LiF2 FPA by 400 microns (See section 6.2). The 
resulting image quality was comparable to that of FES-A. 
 
 

6.5 �IDS: Instrument Data System 

6.5.1 IDS–ACS Interface 
The IDS was responisble for managing FES operations, for attitude determinations 
based on FES data, and for initiating slews. In essence, the IDS and FES were an 
integral part of an extended attitude control system architecture. Communications 
between the ACS and IDS were handled by Fine Pointing Data (FPD) packets (IDS to 
ACS) and ACS status messages (ACS to IDS) transferred across the SDB. Measured 
quaternions, covariances, and configuration flags were sent to the ACS once per 
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second in FPDs for fine pointing management. In return, the ACS provided status 
messages back to the IDS. 
 
The spacecraft was responsible for the health and safety of the satellite. Therefore the 
ACS was free to reject individual FPDs or ignore the IDS altogether. The IDS did not 
command the ACS, but changed the status of FPD flags to in effect request ACS 
activities. The ACS monitored state changes in the FPDs and responded accordingly. 

6.5.2 Observation Sequencing and Fine Guiding 
Slewing and target acquistion was controlled by scripts executing in the IDS. The 
scripts controlled sequencing of commands, while complex functions such as 
processing of FES images or attitude determination were performed by the embedded 
guidance task software in the IDS.  Except for centroid computations performed by 
the FES when in tracking mode, all fine attitude calculations were performed by the 
IDS.   
 

The main steps in a basic target acquisition sequence were as follows:     

1) The IDS sends a new attitude to the ACS, initiating a slew, and then waits for 
the slew to complete. 

2) The IDS commands the FES to obtain & deliver a full FOV image  
3) The IDS processes the image and determines locations of up to 30 stars.   
4) The IDS commands the FES to centroid 3 to 6 of the brightest stars at 1 Hz, 

computes quaternions, and transmits them to the ACS. These quaternions are 
flagged as “unknown”, because the stars have  not yet been identified. These 
data were used to maintain a precise fixed spacecraft attitude while the 
absolute attitude was determined from the FES image. (see Section 8 for a 
discussion of quaternions). 

5) The IDS compares the objects in the image to the star catalog uplinked for this 
observation and determines the absolute attitude.  

6) The IDS sends the absolute quaternion to the ACS, which initiates a slew to 
remove the residual attitude error. 

7) After the slew, the IDS commands the FES to centroid pre-selected stars 
surrounding the target, at a rate of 1Hz or 0.5 Hz. As each set of centroid data 
is received by the IDS, it computes quaternions from reported star positions, 
and sends them to the ACS for input to the attitude-determination filter. 

8) At the end of the target visibility period, the IDS commands the FES to stop 
tracking stars, and the IDS stops generating FPDs. The ACS maintains coarse 
tracking using gyros and TAMs. 

9) For multi-orbit observations, return to step 2 above when the target is next 
unocculted by the Earth, and the satellite is not passing through the SAA. 

 
More complex acquisition procedures were needed for some observations. The main 
variations are described briefly here. 
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Offset acquisitions. In cases where the star field in the vicinity of the target was too 
sparse for the star-ID process to work, or if there were a very bright source in the FES 
field of view, the first five steps of the acquisition sequence above would be 
performed at an offset field. After the field was identified, the correction slew request 
would include the offset needed to move directly to the desired target position. 
 
Peak-ups. Observations using the MDRS or HIRS apertures would include a peakup 
procedure folowing step 7 in the basic acquisition sequence. Peakups are described in 
Section 4.2.2. 
 
FES-assisted acquisitions. In these acquisitions, the target would be left at the 
reference point position, away from the apertures, and the FES would be commanded 
to measure its position as well as that of the guide stars. The IDS would then compute 
the actual position of the target and then command a short slew to place the target in 
the proper spectrograph aperture. This mode was initially envisioned for objects such 
as comets that might have poorly-known coordinates, but in practice is was often used 
for routine observations.  

6.5.3 IDS Thermal Control 

6.5.3.1 Thermal Design 
The IDS was responsible for the operation of the instrument thermal control system 
used in normal operations. Temperature data from instrument thermistors were 
collected from the IPSDU, averaged, and then used to control 32 heater zone switches 
in the IPSDU. Overall management was specified by a user-defined thermal control 
table. The table identified which thermistors were associated with each thermal zone 
and the upper and lower temperature thresholds for the zones. Up to 4 thermistors 
were monitored for a zone and, when the average temperature fell outside the zone 
thresholds, the heater was turned off or on. By executing one full cycle of the 
algorithm every 16 seconds, the IDS guaranteed that the temperature of each thermal 
zone was maintained to +/- 0.25 C of the desired temperature. Space for two tables 
was provided to facilitate the loading of a new table while under thermal control of 
another.  

6.5.3.2 Thermal Performance 

The deadbands in the thermal control tables were set at +/-0.25 C. The control system 
was able to maintain temperatures within this deadband, with the exception of the 
equipment panels which were controlled to within 1C, which was adequate for the 
electronics modules mounted on these panels.  

Under nominal three-wheel operations instrument temperatures were well-controlled 
about a daily mean temperature that exhibited no long term trends.  In particular, the 
mirror bench temperatures on the shaded (+X or LiF) side of the instrument exhibited 
no change in daily mean temperature over the mission. During the subsequent two-
wheel phase with roll-offsets the temperatures were also, in general, well-controlled.   
However, for some of the heater zones in the lower sections of the instrument a 
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gradual increase in the daily mean temperature was evident - including the SiC1 
mirror bench. 

The behavior of the zones in the upper half of the instrument was slightly different. 
This includes the spectrograph structure, the GMA shrouds, and the gratings. Each of 
these zones maintained constant or nearly constant temperatures until the pitch wheel 
failure in December 2001. Following restoration of 3-axis stabilization, the mean 
temperature in each of these zones was slightly (<0.1C) higher.  The temperatures of 
these zones exhibited a few slight mean temperature changes/offsets later in the 
mission and the SiC grating temperatures increased gradually by 0.05C over the last 
few years of the mission. 

The LiF grating temperatures were well-controlled. The combination of controlling 
the grating pie-pans in conjunction with their thermal mass was successful in 
providing a stable environment for the optics.  Under normal operating conditions the 
grating temperatures were controlled to within 1C.  However, the grating 
temperatures, in particular for the SiC temperatures, varied with solar beta angle. 

The zones within the instrument were controlled very well throughout the mission. 
The slight changes that were seen were presumably due to minor degradation of the 
multi-layer insulation with exposure to solar UV radiation and atomic oxygen. The 
distinct step in temperatures seen at the time of the roll wheel failure in particular 
may be the result of such exposure, as this was the first time in the mission that 
exterior surfaces of the instrument not covered by silver teflon blankets were exposed 
to the Sun for an extended period. 

The temperatures of the telescope baffles were not controlled, as there were no 
functional or survival requirements to heat the baffles. The baffle mounting to the 
structure was designed to decouple mechanical stresses from differential thermal 
contraction of the baffles with respect to the structure. However, the significant 
variations in telescope alignment found on orbit that correlated with the Solar beta 
angle and orbit pole angle, and with orbit phase, suggests that this decoupling was not 
adequate. The temperatures of the door closure and unlatch HOPs, located near the 
top of the baffles, are seen to vary on orbital timescales by 4-5 C on the LiF side and 
by 6-8 C on the SiC side.  These temperatures vary with spacecraft attitude as well: 
typical variations early in the mission were 3-5 C on the LiF side, and 12-15 C on the 
SiC side. Typical temperatures at the tops of the baffles were –40 C and below on the 
LiF side, and –20 to -40 C on the SiC side. 

6.6 �Instrument On-orbit Performance 

6.6.1 Telescope Focus  

6.6.1.1 Post-launch Focus Assessment Details 
 
The FUSE instrument was focused pre-flight with the provision for in-flight focus 
adjustments for the mirrors and FPAs.  On-orbit focus adjustments were expected due 
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to (1) the unavailability of a laboratory FUV source with a light beam collimated to 
roughly one arcsecond accuracy and (2) the anticipated focus changes associated with 
gravity release and changes in the positions of the optical elements resulting from 
moisture desorption from the optical bench structure.  
 
The on-orbit instrument focus procedure was essentially a two-step process. First, the 
telescope was focused by adjusting the mirror to FPA distance for each channel. Then 
each spectrograph was focused by adjusting the distance from the telescope mirror to 
the spectrograph grating for each of the four instrument channels.  The FPAs were 
then re-adjusted to maintain the previously determined telescope focus.  
 
The telescope focus was determined through a series of knife-edge tests performed by 
scanning a target across the edge of  the FPA slit. The knife-edge test was repeated 
for a set of FPA positions to determine the location along the optical axis where the 
light cut-off was sharpest.  Then the FPA for each channel was moved to place the 
aperture at the best telescope focus as indicated by this test.  The FPA motions 
executed to attain the telescope focus for each channel  are presented in Table 6.6-1. 
 
 

FPA 

FPA Motion 
   Z-axis 
(microns) 

LiF1 no change 
SiC1 -99 
LiF2 +48 
SiC2 -81 

Table 6.6-1 Initial in-flight telescope focus adjustments made November 23, 1999.  
Adjustments in the focus (Z) direction are limited to 10 micron increments of the FPAs.  
Small residual errors account for the slight departures from integral 10 micron changes in the 
adjustment values above.  The true uncertainty in the magnitude of the computed focus 
adjustment was at least 30 microns. 

 
Two programs were executed to determine the spectrograph focus. The first of these 
programs, I817, was executed during the December 7 – December 9th, 1999 time 
interval. Multiple stellar spectra of HD208440 were acquired through the LWRS 
aperture for each of 5 mirror positions stepped in 150 micron increments along the 
optical axis.  

Data from program I817 and the earlier knife-edge tests enabled a robust 
determination of the best grating to mirror distance (the spectrograph focus) for the 
LiF1 and LiF2 channels. However, the signal-to-noise of the I817 data was relatively 
low for the SiC channels resulting in a less robust determination of the best 
spectrograph focus position for the SiC1 and SiC2 channel mirrors.  
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On December 12, 1999 the mirrors and FPAs were adjusted to the best spectrograph 
focus for each channel based on the data obtained December 7th-9th. LiF2, SiC1, and 
SiC2 previously had their FPAs adjusted to achieve the best telescope focus (mirror 
to FPA distance) as determined from the knife edge testing. For these channels, both 
the FPA Z position and the mirror focal distances were adjusted to focus the 
spectrograph and maintain the best mirror-to-FPA distance (i.e. the telescope focus) 
determined by the knife edge scans. For LiF1, the adjustment of the mirror location 
for spectrograph focus matched the required adjustment for mirror to FPA focus; 
hence the mirror only was moved. The FPA and mirror position adjustments made on 
December 12th 1999 are presented in Table 6.6-2 for each channel. 
 

Channel 

Initial 
FPA Z 

Position 
(microns) 

FPA Z 
Motions 
Executed 
(microns) 

FPA Z 
Position  
Dec 12, 

1999 
(microns) 

Initial 
Z Mirror 
 Position 
(microns) 

Z Mirror 
 Motions 
Executed 
(microns) 

Z Mirror 
 Position 

Dec 12, 1999 
(microns) 

LiF1 64 0 63 293 -200 93 
SiC1 -100 -140 -238 -149 -150 -299 
LiF2 62 150 212 25 150 175 
SiC2 -77 -150 -225 82 -150 -68 

Table 6.6-2 Spectrograph focus adjustments executed on December 12th, 1999 as a result of 
the I817 post-launch programs.  

 
Given the low signal-to-noise of the spectrograph focus measurements conducted as 
part of program I817, a second spectrograph focus test was executed two months later 
as part of program I819. The target, WD0439+466: the central star of a planetary 
nebula, was observed in the LWRS slit. The spectrum exhibited many narrow 
molecular hydrogen lines, which were nearly ideal for focusing.  Quality data 
combined with careful analysis resulted in a much better measure of the spectrograph 
focus. On March 16, 2000, the spectrographs were brought to their best focus position 
by moving the telescope mirrors along the optical (Z) axis. The magnitude and 
direction of these motions are provided in Table 6.6-3. These motions were generally 
in the opposite direction from the first spectrograph focus adjustment, but since the 
data were of significantly better quality, they were considered far more reliable. 
Corresponding adjustments were made to the FPA Z positions on March 24th 2000 to 
maintain the mirror-to-FPA separation for LiF2, SiC1, and SiC2; the LiF1 FPA Z 
position was adjusted by -100 microns (see Table 6.2-1 for the history of FPA Z 
motions). These focus positions remained the default throughout the remainder of the 
mission. 
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Mirror 

Z Mirror Motion 
(microns) 
Executed 

December 12, 1999 

Z Mirror Motion 
(microns) 
Executed 

March 16, 2000 

Net Mirror Focus 
Adjustment 
(microns) 

LiF1 -200 No change -200 
SiC1 -150 +125 -25 
LiF2 +150 -60 +90 
SiC2 -150 +250 +100 

Table 6.6-3 Spectrograph focus adjustments executed as a result of the I817 and I819 post-
launch programs. The spectrograph focus adjustments implemented March 16th, 2000, were 
used for nominal operations for the remainder of the FUSE mission. 

 

6.7 �Telescope Alignment Performance  
 
During the IOC shortly after launch, it was realized that the telescope mirrors 
underwent periodic motions that shifted the target’s image at the telescope focal plane 
and thus its spectrum in both X and Y on the detector. A source in either of the SiC 
channels could move as much as 6 arcseconds in a 2 kilosecond time interval. This 
motion had two effects on the data: first, flux was lost if the source drifted (partially 
or completely) out of the aperture; second, the was spectrum shifted on the detector, 
degrading spectral resolution for observations using the LWRS (30 arcsecond) 
aperture.  
 

6.7.1 Initial Alignment 
The procedure for the initial post-launch channel alignment was to perform a spiral 
search while guiding on the target using FES-A with LiF1 and the LWRS aperture. 
The FUV count rate was monitored while using the mirror actuators to locate the 
target position in the three non-guide channels. This method required use of a 
moderately bright FUV point source in a fairly isolated star field to provide sufficient 
counts and prevent confusion from nearby field stars.  Overall, this method worked 
well and was used to initially align channels to a 15-arcsecond  precision. 

The data were analyzed to determine the mirror rotations required to remove the 
measured alignment errors at that attitude for each of the three non-guiding channels 
relative to the LiF1 channel.  As further alignments and observations were attempted, 
it was found that all of the channels were moving with respect to each other, with 
misalignments as great as 40 arcsec. 

Finer co-alignment was then performed by stepping the roughly co-aligned images 
across the edge of the LWRS slits.  This method allowed for co-alignment to 
approximately 2 arcseconds.  Early attempts to use this method were hampered by the 
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fact that the measurement and adjustment were not closed loop.  Scans were made 
and mirrors adjusted, but no confirmation of the image position was made.  FUSE 
would then slew to another target, which often resulted in co-alignment being lost due 
to changing the thermal environment of the instrument.  Early in the mission the 
source of the misalignment was unknown and the lack of a closed loop mirror 
adjustment initially masked the thermal misalignment problem. 

6.7.2 Mirror Motion Anomaly 
The FUSE  “Image Motion” was defined as the variation of the alignment of the 
SiC1, LiF2, and SiC2 channels with respect to the reference LiF1 channel used for 
guiding.  Although these motions were generally quantified as being associated with 
the non-guiding channels, they were caused by the motions of LiF1 in combination 
with the other channels.  The observed image motion was attributed to the thermal 
changes induced in the instrument by changes in boresight beta angle and orbital pole 
angle.  The boresight beta angle is the supplement of the angle between the satellite-
sun line and the instrument line of sight and the orbital pole angle is the angle 
between the orbit pole and the instrument line of sight. 

To mitigate loss of data due to channel misalignment while retaining observing 
efficiency, the LWRS aperture became the primary observing aperture for most 
programs.  For MDRS and HIRS observations, two peakups per orbit were executed 
to maintain channel alignment during an observation and obtain full spectral coverage 
while using these apertures. 

6.7.3 On-orbit Mirror Motion Mitigation Strategy 
A two-part strategy was developed to maintain alignment of the four mirror channels.  
This strategy included both a predictive component based on empirical modeling of 
changes in mirror position as a function of boresight attitude and a periodic re-
baselining of the alignment.   

6.7.3.1 Mirror Alignment: Baseline Maintenance 
The re-baselining component of the alignment maintenance was achieved by 
performing xy-scans on a stellar target and performing near real-time analysis to 
determine the direction and amplitude of the corrective mirror motions required to 
attain alignment at that particular attitude. The alignment baseline was valid for a 
range of beta and orbital pole angles in the vicinity of the target.  Alignment within a 
particular attitude range could be maintained for approximately two weeks, assuming 
that targets were scheduled within the allowed beta/pole zone.  Approximately every 
two weeks, xy-alignment scans were performed, the data analyzed, mirror motions 
calculated and executed to remove the accumulated thermal and temporal drifts and 
maintain the mirror co-alignment at the current attitude.  For targets within a 
beta/pole range with a different thermal environment over an orbital period, xy-
alignment scans were required to establish the mirror co-alignment baseline at that 
attitude.  It was also necessary to establish an alignment baseline for every 
hemisphere crossing of the satellite. 
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6.7.3.2 Mirror Alignment: Predictive Modeling 
 
Given the sensitivity of the thermally induced mirror motions to the boresight 
attitude, maintaining channel alignment by performing xy-scans for each target would 
have been prohibitively inefficient.  As a result, a model was generated that predicted 
the motion to be executed for each mirror to maintain channel alignment for each 
target observed.  This predictive model was part of the planning and scheduling 
process.  The mirror motion scripts were uploaded to the satellite and executed as part 
of the command sequence for each observation.   

This predictive model for the corrective mirror motions was derived from the analysis 
of xy-scans taken at multiple attitudes in combination with the analysis of peak-up 
data using the 4-arcsecond wide MDRS and the 1.25 arcsecond wide HIRS aperture.  
The xy-scan data provided the magnitude and sign of the target mis-alignment in both 
the x and y direction. The peak-up data provided sign and amplitude information in 
the x-direction, but no y information was available.  In addition to the dependence of 
the mirror mis-alignment motion on spacecraft attitude, temporal dependencies were 
also found but not completely nulled by the predictive model.   

6.7.3.3 Channel Alignment Operations 
 
Empirically, it was determined that the secular drift of the predictive model relative to 
observed target position in the different channels required obtaining xy-scans every 
two weeks to re-establish the model baseline. Extreme attitude changes, such as 
hemisphere crossings which were driven by the sun angle and typically resulted in 
large beta changes, were not well-modeled and required xy-scans at the target attitude 
to determine the appropriate mirror motions for channel alignment. In addition, 
mirror motions were a strong function of attitude for targets at large beta angles  
 

Executing the scans, analyzing the data, and uplinking the corrective mirror motions 
impacted observatory efficiency. Since the channel misalignment resulted from 
thermal changes in the instrument environment local to the mirrors, it was imperative 
that the mirrors were in thermal equilibrium prior to executing the xy-scans.  
Thermalization periods of 6 -12 hours were required depending upon both the beta 
angle and the magnitude of change in the beta angle between targets.  Analysis of 
scans taken with extreme attitude changes exhibited an exponential dependence of the 
target (i.e. mirror) position as a function of time, consistent with the thermal non-
equilibrium hypothesis. Achieving full positional equilibrium could require 11 hours; 
however, the target was usually within the 30 arcsecond wide LWRS aperture and 
monotonically approaching equilibrium within 6-8 hours.  As a result, to improve 
efficiency, observations were typically initiated before completion of the full 
thermalization period.  For time-tag observations the data are processed by the 
CalFUSE pipeline as photon lists.  Signal-to-noise permitting, this facilitates the 
comparison of data in temporal bins to remove secular drifts from the data. 
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The image motions for the two SiC channels were primarily in the X  (dispersion) 
direction, although small corrections in Y were also occasionally required.  For the 
LiF2 channel, the motion was exclusively in Y (perpendicular to dispersion), and 
significantly larger than the Y motion in the SiC channels.  Y motions required 
corrective mirror adjustments. In the X (dispersion) direction the FPA was used to 
accommodate small changes in the predicted position of the target because FPA 
adjustments were simple to implement and resulted in no loss of observatory time.   
Due to the limited travel range of the FPAs, larger X motions corrections required 
mirror motions to achieve co-alignment.  

Analysis of the  xy-scan data and comparison of signal levels obtained in each of the 
channels during routine observations enabled the formulation of a set of rules to 
maintain alignment between alignment re-baselineing observations.  

These predictive model and alignment rules were incorporated into a planning 
spreadsheet that was executed prior to completing the detailed scheduling of targets. 
The primary alignment considerations were to restrict the changes in beta and pole 
angle to within 30 degrees of the previous target.  In addition, large attitude changes 
required extending the observation time on a target to include the thermalization time 
for that attitude and delta attitude to ensure obtaining full spectral coverage, if 
needed.  Hemisphere crossings and observations at high beta angle required long 
thermalization times and dedicated alignment activities.  Long-term temporal 
dependencies were not well-modeled necessitating the need for re-baselining  
alignment scans approximately every two weeks. 

Alignment activities were required at both low and high beta angles.  Motions of the 
LiF2 mirror at high beta angle (>90 degrees) were not well modeled an the 
consequently observations requiring LiF2 data were not executed at high beta angles 
without a dedicated alignment activity.  Due to the paucity of data at high beta angles, 
we were not able to improve the predictive model in this regime.  Pole angle was a 
less important consideration than beta angle for maintaining alignment.  Observations 
at a single beta angle for a large range of pole angles supported this conclusion.   

Later in the mission, planning constraints necessitated by operational changes arising 
from failures of the FUSE reaction wheels and associated with spacecraft safety took 
precedence over alignment constraints. This periodically resulted in either increased 
re-baselining activities to achieve mirror co-alignment, which was operationally 
inefficient, or acceptance of limited spectral coverage as a result of mis-aligned 
channels.  To ensure that observations were acquired with the necessary spectral 
coverage, Guest Investigators were required to specify the channels essential for their 
science program. This information was propagated through the MP database and 
factored into the scheduling and detailed sequencing of observations. 

6.7.3.4 Orbital Motion 
Image motion was also found to have several time dependencies.  A very repeatable 
orbital motion was found, and was well mapped for CVZ targets (Figure 6-14).  This 
source of this motion was attributed to the thermal cycle of the orbit.  For some 
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targets, a 24-hour period motion of as much of 8 arcsec full amplitude was observed.  
This motion appeared to be roughly sinusoidal in shape. There were also apparent 
long-term time dependences for some of the motions, but a paucity of continuous data 
inhibited characterizing this temporal dependence.  

SiC 2 CVZ Data
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Figure 6-14: Orbital Dependency of Image Motion for Selected Targets 

6.7.3.5 Impact and Evolution of Image Motion Corrections 
Image motion impacted FUSE science data in several ways.  (1) Channels were 
misaligned for targets at beta and pole angles near the edge of the range of nominal 
operations.  To mitigate this, the predictor set was continually expanded and 
improved.  As a result, channel loss decreased over time.  (2) Re-alignment activities 
reduced the time available for science data collection.  Thus, realignment activities 
were streamlined to use significantly less time than required early in the mission. (3) 
Motions of the spectral image could result in the loss of spectral resolution, especially 
for long exposures at high and low beta angles.  Consequently, short histogram 
exposures (<500 s) were used for bright targets. Time-tag data is corrected for this 
motion in data processing using an empirically derived correction.  A more detailed 
discussion is presented in the the CalFUSE pipeline paper (Dixon, et. al 2007). The 
bright limit for time-tag data was increased to allow more targets to use this mode.  
(4) Tracking orbital motion for medium and high resolution aperture observations 
required additional FPA motions, and impacted efficiency.   
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6.7.3.6 Target Peak-up Strategy for MDRS and HIRS Observations  
To maintain co-alignment of the channels at the arcsecond level required for the 
MDRS and HIRS apertures, an on-board peak-up procedure was employed.  This 
procedure slewed the telescope in small steps to move the images across the narrow 
aperture.  The FUV count rate at each point was used to calculate the position of the 
image centroid for each channel.  Next, FUSE was slewed to the peak position for the 
guiding channel.  Then, each of the other three FPAs were moved to the calculated 
location for each of their peak count rates.  In performing this operation, it was 
quickly determined that the images moved over an orbit while pointing at a single 
target.  Consequently, procedures were developed and implemented to perform 
peakups twice per orbit to maintain alignment when using the narrow apertures. The 
inclusion of mid-orbit peakups resulted in reduced observing efficiency, but enabled 
full spectral coverage using the MDRS and HIRS apertures.  

6.7.4 Channel Alignment: Observations and Analysis 
As discussed in Section 4.2.3.1, the real-time channel alignment process was time 
consuming. Large overheads were incurred as a result of the time required to 
thermalize at the target attitude, execute the scans, wait for ground station passes to 
downlink the data, perform the scan analysis, generate the mirror motion scripts, and 
then uplink the corrective mirror motions at the next available pass opportunity. This 
need for ground station communications for data downlink was both a time and a 
scheduling constraint. To eliminate overheads and streamline this process as much as 
possible, on-board detector counter data was acquired instead of science exposures.  
Figure 6-15 depicts  xy-scan counter data used to analyze an observation.  The first 
peak in the counts/second (occurring at between 400-100 seconds) is the y-scan; the 
second peak is the x-scan. The four channels are each graphed using a different color. 
From inspection of the graph, all channels are aligned in the y-direction.  However for 
the x-scans, the SiC data (blue peaks) are offset from the LiF1 guide channel data 
indicating a  misalignment of the SiC1 and SiC2 mirrors. 
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Figure 6-15: xy alignment  scans as depicted using the Alignment Tool Graphical Analysis.  
These data are discussed in Section 6.7.4. 

With the loss of reactions wheels, the pointing jitter increased. Now, one of the 
primary observation scheduling constraints was the availability of torque authority, 
and, in one-wheel mode, using target sequencing to manage the spacecraft 
momentum. Minimizing the changes in beta angle and pole angle between subsequent 
observations became a secondary consideration. This change in planning strategy 
resulted in larger predictive mirror motions and larger deviations of the mirror 
position from the predicted position.  As a result of the larger alignment errors and the 
increased difficulty in executing maneuvers in one-wheel mode, the alignment scan 
pattern was changed both in its spatial coverage and from a step and dwell pattern to a 
series of continuous scans. This in turn necessitated a new alignment assessment tool, 
the Channel Alignment Tool (ChAT) shown in Figure 6-16. In addition to the xy-scan 
pattern, diagonal scans were also executed to increase the diagnostic capability in 
one-wheel mode where the amplitude of pointing excursions was much larger than 
previously experienced when pointing was controlled using three reaction wheels.  
The erratic scan trajectories in Figure 6-17 and  Figure 6-18 exemplify the difficulty 
of fine-pointing with only a single wheel. 

The graphical interface provided by ChAT for interaction with the alignment scan 
data greatly facilitated analysis of the scans.  Regions of pointing excursions and high 
background were now easily identified and excised from the alignment analysis.   
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 Figure 6-16: Example of Channel Alignment Tool (ChAT) Results 
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Figure 6-17: (Revised) One Wheel Mode Alignment Scan Pattern 

 
 Figure 6-18: One Wheel Mode Alignment Scan Pattern Results 
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Figure 6-19: Additional ChAT Sample Results 
 
Confirmation of the successful execution of the commanded mirror motions was 
inferred by one of four methods: examination of the command sequence to verify that 
it had completed properly, execution of another set of X- and Y-scans, analysis of a 
follow-on peak-up activity, and/or analysis of the count rate of the next sufficiently 
bright target at a comparable attitude. Depending upon the availability of ground 
station contacts, addition scans or peak-ups could require several hours or more to 
perform the scans and downlink the data. Consequently, a confirmation of mirror 
motion execution was rarely performed.  In practice, confirmation of the count rate 
from the next bright target was the primary method used to confirm that the mirrors 
had been moved to their desired positions. 

Examination of the telemetry over the eight year lifetime of the mission never 
revealed an instance where the mirror motion command only partially executed.  
With one exception, the infrequent instances where the mirror motion did not appear 
to execute could be traced to a manual tracking error somewhere in the alignment 
maintenance process. Consequently, steps were taken to automate the procedure as 
much as possible. 

For the first five years of the mission, LiF1 was the guide star channel and the LiF1 
mirror actuators were not moved.  In 2005 due to anomalies with FES-A (see Section 
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3.2.3.1) LiF2 became the guide star channel.  The restriction on moving the LiF1 
mirror was then lifted, and LiF1, SiC1 and SiC2 mirrors were moved to align with 
LiF2.  

6.7.5 Mirror Motion Accuracy  
There was no explicit test of the accuracy of the mirror motions and the mirror 
motions were not telemetered.  It could be inferred from multiple realignments that 
the inaccuracies of the motions are small compared to both the requirements and 
measured orbital motions.  Peakup test data showed motion accuracy about Ry for the 
SiC 1, LiF 2, and SiC 2 mirrors of better than 2 arcsec for small (< 6 arcsec) motions.  
Moderate size motions (<30 arcsec) have been shown to have accuracies of better 
than 4 arcsec. This had significant positive impact on operations after the loss of the 
reaction wheels, when prioritized scheduling as a function of spacecraft momentum 
management was needed.  This required additional mirror motions for a greater 
number of observations and hence, greater flexibility in the mirror motion scripts. 

6.7.5.1 Mirror Motion Tracking and Actuator Performance 
Due to the thermally-induced relative motions of the four telescope mirrors (LiF1, 
LiF2, SiC1, and SiC2) with respect to one another (Sections 4.1.1, 6.6.1.1, and 6.7.2 -
6.7.4) the total number of mirror motions executed was much higher than the ~900 
motions per actuator that was predicted before launch. 

The actuators were designed for 1.0 x 106 motions, far more than could reasonably be 
done in even a very long extended mission. As a result, although the number of 
actuator motions for each mirror were tracked, there was no cause for concern in their 
usage for channel alignment.  Furthermore, any loss of a single actuator on any 
number of mirrors is a soft failure that will cause a minimal loss of data.   
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Figure 6-20: Time series of individual mirror motions executed to maintain co-alignment of 
the LiF channels. 
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Figure 6-21: Time series of individual mirror motions executed to maintain co-alignment of 
the SiC channels. 
 

The mirror actuators were not run over their entire range of motion in flight.  
However, the defocus tests, which were performed to assess the feasibility of 
executing bright target observing programs, did move the actuators to within 20% of 
their full range of travel for the LiF2, SiC1, and SiC2 mirrors.  The LiF1 mirror was 
not defocused, since as the guide channel at that time, the risk was not justified.  No 
adverse effects were noticed and the mirrors returned to their nominal in-focus 
positions as commanded.  

The secular  drifts of the actuator position associated with mirror co-alignment over 
the lifetime of the mission is shown in Figure 6-22 and Figure 6-23.  The position of 
the actuators for each mirror, the overall repeatability of the system, and the ability of 
the model to keep the mirror motions within a well defined range is illustrated. The 
use of LiF2, rather than LiF1, as the guide channel in early 2006 is evident from the 
plots.  In April 2006, the predictive model became less robust as is indicated in the 
frequent use of larger actuator motions to obtain co-alignment.  
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Figure 6-22: The range of motion for each of the Lif1 (top) and LiF2 (bottom) mirrors 
illustrating that although to co-alignment position for each actuator exhibits a secular drift 
with time, this change is small and well within the range of travel for each of the actuators.  
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Figure 6-23: The range of motion for each of the SiC1 and SiC2  mirror 
actuators. 
 

6.7.6 Spectral Motion Anomaly: Thermal & Mechanical Analysis 
During IOC an investigation team was assembled to determine the cause of the 
observed spectral motion. The functional form of the motion with orbital phase was 
suggestive of differential thermal heating of the instrument.  A full FUSE thermal 
math model was correlated to the thermal balance test data obtained during thermal 
vacuum test at GSFC (November 1998, January 1999) and input into a structural 
Finite Element Model (FEM).  This model was then used to infer temperature induced 
image motions.  Results of the analysis showed that, as expected, the temperature of 
SiC side of the instrument and spectrograph increased as beta angle increased.  These 
results were in agreement with flight data depicting the SiC mirror bench and 
spectrograph heater duty cycles decreasing by 11% and 7% respectively as the 
instrument's exposure to the sun increased.  LiF mirror bench duty cycles were only 
minimally affected by sun angle changes.  SiC baffle temperatures at the upper 
attachment flexure changed as much as 28 degrees Celsius when the beta angle 
changed from 70 to 105 degrees.  The corresponding change to the LiF side was only 
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about 1 degree Celsius.  Quasi-steady-state temperature variations at these points, 
caused by orbital influences, were 1 degree Celsius. 

Since the spectral motion was first discovered using airglow lines, the possible 
sources of the motion were isolated to the gratings, FPAs, and detectors.  Because the 
SiC and LiF lines incident on a common detector behaved differently, the detector 
was exonorated as the cause of the observed motions. The grating bench was 
eliminated as the cause of the spectral motion because the amplitude and 
directionality of the spectral motions are larger in X than in Y and it was expected 
that any motions caused by the grating bencyh would be larger in Y than in X. 
Neither were the FPAs regarded as a significant contributor to the spectral motion 
since observations using the LWRS slit, which is much larger than the image of a 
typical astronomical source, show similar motions in the spectrum of a point source 
and in airglow lines that fill the slit. 

The FUSE Grating Mount Assemblies (GMA) were also investigated for any 
potential contribution to the in-flight spectral motions.  The existing thermal 
distortion analysis was reviewed for orbital variation for the GMAs.  A overview of 
the design was also performed.  The review of the GMAs was limited to the mount 
assembly since the FUSE on-orbit performance shows no evidence that the grating 
glass itself could be distorting.  During the instrument design phase, a thermal model 
of the GMA was constructed and coupled to the satellite model to predict an on-orbit 
temperature map for the grating assembly components.  That analysis predicted that 
for each individual piece part of the GMA, the orbital temperature change laterally in 
IPCS X and Y was negligible (< 0.02 Celsius).  The orbital temperature change in the 
mount in the IPCS Z is ~0.2 degrees Celsius, and the worst case orbital temperature 
change between the inner and outer tube temperatures is 0.2 degrees Celsius.  The 
FEM distortion analysis showed that translations of the center of the grating are 
within short-term stability requirements. 

However, the model analysis was not regarded as conclusive given the large size of 
the mount and the relative flexibility of titanium, the primary material of construction. 
A test simulating the on-orbit environment was regarded as the best verification of the 
mount's thermal stability. 

Consequently, pre-launch tests were conducted to determine if the gratings distorted 
with temperature.  The gratings were heated using their shrouds while monitoring 
their spectral images for changes.  The glass temperature was raised from 21 to 28 
degrees Celsius while the shroud temperature peaked at ~40 degrees Celsius.  A post-
launch re-examination of this data found that the image moved 19 pixels on the 
detector (~114 microns) for this temperature change in the direction of IPCS +X for 
the SIC1 channel.  Concurrent observations using the LiF1 channel, without heating 
its shroud, exhibit only a ~3 pixel motion.  These results and the magnitudes of the 
motions are supported by a FEM/thermal analysis done for FUSE by the University 
of Arizona. 
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The resulting hypothesis was that the direct conductive path from the shroud to the 
grating mount hardware was heating the "wedge" non-uniformly, possibly leading to 
a grating rotation.  While not conclusive, this test data illustrates the potential 
sensitivity of the grating mount assembly to temperature change. 

Subsequently, an on-orbit test was conducted to test the hypothesis that the heaters 
may have been thermo-electrically coupled to the spectrograph GMA. 

To evaluate this hypothesis, the two grating shrouds (LiF2 and SiC2) on the +y 
spectrograph axis were permitted to drift to a lower temperature while the other two 
grating shrouds (LiF1 and SiC1) were held at their nominal set point of 23 C. A 
temporary set point of 19 C was chosen for the heaters. This temperature was chosen 
to permit acquisition of Lyman beta airglow spectra for 2 orbits without the heaters 
cycling while keeping the gratings at or above the spectrograph temperature, a 
contamination related issue albeit not a severe concern after ~15 months in orbit. 

Although the time required for the GMA shrouds to reach their test thermal set-point 
was significantly faster than expected, a few conclusions could be drawn. The motion 
of the spectrum in the dispersion direction was not alleviated by operating with the 
GMA shroud heaters off.  Changing the temperature results in an offset in the zero 
point position of the spectrum on the detector in the dispersion direction.  And, the 
functional form of the relative motion of the spectrum was the same at the lower 
grating temperature as it is at the nominal temperature. The spectral motion exhibited 
after the GMA shrouds were returned to their nominal temperature was the same as it 
was before the temperature was lowered.  
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Figure 6-24: LiF2B data over an orbital period illustrating that the spectral motion observed 
with the GMA shroud at 19 C (top) is shifted/offset by ~5-6 pixels from the data acquired 
with the GMA shroud at the nominal 23 C (bottom). 
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6.8 �Optical Design Specifications 
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Figure 6-25 Optical element layout for LiF1, SiC1 channels. 
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Figure 6-26 Optical element layout for LiF2, SiC2 channels. 
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Figure 6-27 Optical element layout, top view. 
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Figure 6-28 Line drawing of an FPA mechanism, showing the two-axis stage and 
aperture plate. 
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Figure 6-29 Details of optics layout at detector surfaces. 
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Figure 6-30 Positions of optical elements. 
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Figure 6-31 Side views of instrument, showing the structure, optics, baffles, 
electronics, and radiators. Left: Y-Z view, Right: X-Z view. 
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Figure 6-32 Section views of a primary mirror. Top: "pie-pan" enclosure, 
intermediate plate and bench are shown, with positions of the actuators. Bottom: 
mirror dimensions and vertex position are shown. 
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Figure 6-33 Close-up view of light paths at the FPA-FES interface. 
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Figure 6-34 A section view of a grating mount assembly and grating are shown. 
 

6.9 �Dead Time 
 
There were multiple effects which caused photons that reached one of the detectors to 
be lost before they could be properly recorded. We refer to these collectively as “dead 
time.” Corrections for these effects, which are a function of count rate, are made in 
the CalFUSE pipeline. Figure 6-35 and Figure 6-36 show the flow of data through the 
detector places in the data flow where dead time effects occur. Information on the 
treatment of dead time effects by CalFUSE can be found in Dixon et al. 2007. 
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Figure 6-35 Functional block diagram showing the flow of events through the detector 
electronics (1 of 2). Counts incident on the detector can be lost (1) at the digitizer; (2) due to 
counts falling outside the Active Image Mask; and (3) in the Round Robin, which combines 
the data from two segments on one detector. 

1 

2 

2 

3 
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Figure 6-36 Functional block diagram showing the flow of events through the detector 
electronics (2 of 2). Counts can be lost (4) in the IDS if the count rate is above 32,000 cps 
(HIST only); (5) due to screening by the SIA table (HIST only); (6) in the IDS if the count 
rate is above 8,000 cps (TTAG); (7) if the FIFO fills (TTAG); or (8) between the spacecraft 
and the ground system. 
 
 
The following effects, numbered to match the figures, are potential contributors to the 
dead time. 
 
0  MCP response time: The first of these effects is the response time of 

the MCPs themselves. If the count rate is too high in a particular region 
of the plate, local gain sag may occur and subsequent photons may not 
generate enough charge to be detected by the electronics. The count 
rates for this to occur, however, are well above the count rates seen 
during the FUSE mission, so this has a negligible effect on the data. 
 

1  Detector Electronics Dead Time: The inability of the detector front 
end electronics to process two events that arrive within a very short 
time interval leads to the electronics dead time. Analysis of the 
electronics design by UC Berkeley [memo reference] showed that this 
effect could be characterized by the following equation: 
 

Plive = exp(-R ta )/ (1+R tism –x10 + x6 +4x2 – 4x), 
 

X = exp(-R tclk), 
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where Plive = (1 – Dead time); R is the input count rate, as given by the 
FEC; and ta, tclk, and tism are constants related to the design of the Input 
State Machine in the DPU ACTEL. 
 
Analysis of science data for each segment was used to calculate the 
best-fit values of ta, tclk, and tism in the above equation so that they 
could be used by the pipeline. The correction applied could then be 
calculated for each segment of each exposure based on the measured 
FEC rate.  
The parameter values in CalFUSE are given in Table 6.9-1, which were 
based on data obtained early in the mission. A reanalysis using all the 
data from the mission resulted in updated parameters, given in Table 
6.9-2. The differences between th two fits are negligible for most 
FUSE observations, but can reach a few percent for targets at or above 
the bright limit. Live-time curves computed from these parameters are 
plotted in Figure 6-38 and Figure 6-39. 
 

Segment ta tism tclk 
1A 2.76 11.68 1.50 
1B 4.66 10.28 1.66 
2A 5.23 8.37 1.27 
2B 4.23 6.31 0.00 

Table 6.9-1 Detector deadtime parameter values used by CalFUSE. 
 

Segment ta tism tclk 
1A 5.53 9.94 2.25 
1B 4.28 14.31 3.11 
2A 4.85 8.89 1.08 
2B 4.90 11.30 3.45 

Table 6.9-2 Updated detector deadtime parameters 
 

2  Active Image Mask: An Active Image Mask (Section 6.3.1.2.2.3) 
which excluded part of the detector would result in a loss of counts. 
Since these masks were left wide open for the entire mission, this had 
no effect. 
  

3  Round Robin: The “Round Robin” combined the events from two 
segments on a single detector into a single data stream for passing to 
the IDS.  
 

4 (HIST) Data Bus Limit (IDS Dead Time): A maximum of 32,000 counts per 
second could be passed on the data bus in HIST mode. If the sum of 
the Active Image Counter rates on all four segments exceeded this 
value, CalFUSE scaled the counts appropriately. Stim lamp exposures 
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were the most common causes of exceeding this limit. 
  

5 (HIST) SIA Table Screening: Use of an SIA table limits event storage to 
specified regions of the detector. 
  

6 (TTAG) Data Bus Limit (IDS Dead Time): In TTAG mode, the maximum 
throughput is 8,000 counts per second. 
 

7 (TTAG) FIFO Size and Drain Rate: A 9 MB (default) region of memory acted 
as a FIFO to buffer the data stream on the way to the spacecraft 
recorder. Once this FIFO was full, it could be drained at only ~3500 
counts per second.  Thus long TTAG exposures at high count rates had 
regular data droputs (Figure 6-37). As a result, TTAG exposures were 
typically limited to count rates of less than ~2500 counts per second.  
  

8  Transmission to the Ground: Data could be lost between the 
spacecraft recorder and the building of the raw data files. 
 

 

 
Figure 6-37 Apparent count rate as a function of time for exposure Q11401001, 
which was obtained in TTAG mode, despite having a count rate of more than 100,000 
counts per second. For the first ~520 seconds the count rates on all four segments 
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were constant, with their sum limited to the 8,000 cps TTAG data bus limit. For the 
remainder of the exposure, regular data dropouts appeared as the FIFO filled.  

 
All of these effects have been considered to be independent of time in CalFUSE. 
There were suggestions in the data that the electronics dead time may have changed 
during the mission, but the effect, if present at all, is small. 
 

 
Figure 6-38 Detector live-time calibration used by CalFUSE. 
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Figure 6-39 Updated live-time calibration curves. 
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7  Attitude Control System Technical Appendix 

7.1 �In-flight ACS Performance Summary 
Over the first two and a half years of the FUSE mission, the satellite attitude control 
system design using the FES and IDS to provide fine guidance data to the ACS 
worked as intended. Many parameters were tuned-up during in-orbit checkout: FES to 
S/C alignment, FES optical distortion calibration, IDS image processing parameters, 
IDS Star-identification parameters, and FES timing and subarray sizes. Most 
parameters needed only one adjustment; the image processing parameters needed 
several iterations over the first year of the mission, however, as various (e.g. crowded, 
high/extended nebulosity, extremely bright star) star-fields were encountered.  
Specific star field tables were generated and loaded for particular observations that 
needed them. Pointing stability was typically a half-arcsecond or better, and slews 
and target acquisitions were efficient and reliable. 
 

Over the subsequent years of the FUSE mission, however, the ACS subsystem 
experienced the lion’s share of the mission-critical hardware anomalies. Four of the 
six gyro channels failed, and each of the four RWAs failed, ultimately resulting in the 
termination of the mission. The flight software in the FES, IDS, and ACS was 
rewritten to accommodate the loss of gyros. Subsequent to each wheel failure, the  
ACS software was further rewritten to compensate for the reduction in attitude 
control. The target acquisition scripts in the IDS were rewritten on a nearly 
continuous basis to improve the robustness of operations.   

However, in other respects, performance of the ACS remained nominal throughout 
the mission.  

The Tri-axial Magnetometers (TAMs) performance exceeded pre-launch 
expectations. They were calibrated to better than 0.2 degree, whereas the pre-launch 
expectation was 2 degrees. 

The performance of the Coarse Sun Sensor (CSS) assemblies was similar to other 
Explorer Platform missions using similar assemblies.  Apart from the additional 
signal from the Earth’s albedo corrupting the CSS readings, there were no anomalies 
in the CSS subsystem during the mission. 

Prior to the advent of one-wheel operations, the solar arrays were typically moved 
only during slews to new targets. Typically the slews were much smaller than 90 
degrees with an average of three slews per day.  After one wheel operations began, 
the Solar Array Drive (SAD) mechanisms were in use for much more time than 
envisioned pre-launch.  Nevertheless, there were no anomalies of the SAD hardware 
during the mission.   



187 

fuse_ihb_090616_final.doc  6/16/09 187 

The “gyroless” attitude determination software worked quite well, so the gyro failures 
had no direct impact on FUSE science data beyond increased overheads needed for 
target acquisitions. If anything, pointing stability improved because the angular rates 
determined from FES data had lower noise than those of the gyros. 

The loss of reaction wheels, however, did have an impact on the quality of the science 
data. Pointing of the FUSE spacecraft was originally controlled with all four reaction 
wheels, which typically maintained a pointing stability of 0.2"-0.3".  After the failure 
of the yaw and pitch reaction wheels, it became necessary to control the spacecraft 
orientation along the A axis (see Figure 3-1) with MTBs. Spacecraft drift increased 
along this axis: typical values were 1-2 arcsec, but drifts of many arcsec occurred 
occasionally.  Without correction, such motions of a target within the LWRS aperture 
(the default aperture in this mode) could degrade the resolution of the spectra, so the 
CalFUSE pipeline was modified to correct the data for spacecraft motion during each 
exposure. For time-tag observations of point sources,  individual photon events were 
repositioned based on fine pointing data (FPD) in the telemetry. For histogram 
observations, it was only possible to correct for the exposure time lost to large 
excursions of the target outside the aperture. 

Following the failure of the roll-axis wheel, the frequency of large pointing drifts 
increased significantly. However, the transition between stable pointing and unstable 
pointing was rather abrupt. If the magnetic torque available exceeded the gravity 
gradient, then the pointing often remained stable to a few arcsec, though excursions 
of 5-10 arcsec were more common than before. If the gravity gradient exceeded the 
available magnetic torque, however, then the resulting excursion would move the 
source far out of the aperture. Thus, the main impact of one-wheel operations was on 
observing efficiency and limitations on target availability, rather than on spectral 
resolution. 

7.2 �Inertial Reference Unit  Failures 
The chronology of the major events associated with the IRUs over the course of the 
mission are listed in Table 7.2-1. Two of the low-intensity flags were set in IRU-A 
roughly six months after launch, and the third was set three months later. This rapid 
drop in laser intensity prompted initial thinking about how to operate with reduced or 
without gyros; with the failure of the first channel in May 2001, planning for gyroless 
operations began in earnest. The ACS switched autonomously to IRU-B when the 
first channel failed in IRU-A. The first version of “gyroless” attitude determination 
and control software was uplinked the week of April 16, 2003. When the first channel 
(Z) in IRU-B failed in July 2003, the software began using the new rate estimator 
logic in place of the failed gyro channel. In May 2004, noise in the IRU-B pitch axis 
began to increase.  This was first noticed in August, and reached the point of 
significantly degrading performance in September.  This gyro channel was manually 
removed from use on September 24, 2004. This failure mode differs from that of the 
other channels, in that the gyro continued to provide data. Data from this channel 
might have been usable with suitable filtering, but this possibility was never pursued. 
When the roll wheel failed in December 2004, IRU-A was powered back on so that 
there would be gyro data on all axes while trying to get one-wheel control to work. 
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The roll axis in IRU-B failed on April 17, 2005, which ended the use of IRU-B for 
guiding.  It was occasionally powered on thereafter, for thermal or other ancillary 
reasons.  The pitch and yaw channels in IRU-A continued to operate normally until 
the satellite was decommissioned in October 2007. The failures of the IRU-A Y and 
IRU-B Y,Z channels were similar in nature: the measured rate dropped abruptly to 
zero and remained exactly zero. There was no apparent change in performance prior 
to the failure.  This behavior is consistent with cessation of lasing as a result of 
declining intensity.  

 

DATE EVENT 
mm-dd-yyyy  
06-24-1999 Launch – IRU A ON 
01-06-2000 IRU A Z low intensity 
01-18-2000 IRU A X low intensity 
04-19-2000 IRU A Y low intensity 
05-30-2001 IRU A Y fails 

Switch to IRU B 
08-31-2001 IRU B X low intensity 
10-06-2001 IRU B Y low intensity 
12-10-2002 IRU B Z low intensity 
07-31-2003 IRU B Z Fails 

Begin 2-gyro ops 
09-28-2004 IRU B X too noisy 

Begin 1-gyro ops 
12-27-2004 Roll RWA Fails - Power ON IRU 

A&B 
04-17-2005 IRU B Y axis fails 
10-18-2007 Decommission FUSE 

Table 7.2-1: IRU (gyro) Chronology of Events  
 
 

7.3 �Reaction Wheel Failures 
 
FUSE had four reaction wheels to control the attitude and perform slews.  Three of 
the wheels were mounted along the body axes, while the fourth (called “skew”) was 
mounted at 54.7° to each of the body axes.  All of the wheels ultimately experienced 
failures, with the failure of the fourth wheel leading to the end of the mission.  Each 
wheel suffered two failures:  an initial failure after which the wheel could be 
restarted, and a final failure from which recovery was not possible.  Table 7.3-1 
summarizes the major wheel events, listed by wheel.  

 



189 

fuse_ihb_090616_final.doc  6/16/09 189 

Wheel Axis Date Description 
2001:047:13:15 Stopped due to torque 

checks.  Restarted on day 
2001:054. 

1  Yaw (X) 

2001:329:23:24 Final failure 
2000:217:10:04 Did not respond to torque 

commands. Restarted on day 
2000:258 

2 Pitch (Y) 

2001:344:06:50 Final failure 
2002:351:13:19 Stopped for 2 hours and then 

autonomously restarted 
3 Roll (Z) 

2004:362:14:16 Final failure 
2007:128:16:27 Wheel stopped. Restarted on 

day 2007:134, stopped again, 
restarted on day 2007:144. 

4 Skew (S) 

2007:193:20:46 Final failure 

Table 7.3-1:  FUSE Reaction Wheel events. 

 
 

7.3.1 Pitch & Yaw Reaction Wheel Failures: ~December 2001 
In late 2001, the FUSE project was hit with a near-mission-ending failure of two out 
of the original four reaction wheel assemblies (RWAs).  The yaw wheel failed on 
Nov. 25, 2001, but normal operations continued with three RWAs.  Two weeks later, 
on Dec. 10, 2001, the pitch RWA also terminated operations.  Each wheel had 
recovered from one previous stiction event.  However,  the Nov/Dec 2001 events 
were hard failures and these wheels never worked again. The initial attitude control 
system required three wheels to maintain three-axis stability for science operations.   

After establishing a safe mode for the satellite, the team put its efforts into assessing 
and implementing a two-wheel control system, using the magnetic torquer bars 
(MTBs) to replace the missing axis.  The gyroless software design was already well 
underway at this point, but several aspects of the software had to be redesigned to 
accommodate the interactions of the loss of controlability with the loss of continuous 
rate information. The safe-modes in particular had to be completely redesigned. 

Seven weeks after the loss of the yaw and pitch reaction wheels in November-
December 2001, a new ACS control mode was implemented in the flight software to 
control the satellite in all three axes, using a hybrid of the remaining reaction wheels 
and the MTBs, acting against the geomagnetic field to control the third axis. A new 
coordinate system was adopted (SAZ) where the Z-axis is roll, the S-axis is the 
projection of the skew wheel onto the XY plane, and the A-axis is orthogonal to both 
the S and Z axis (Figure 3-1). The S and Z axes were controlled by the remaining 
wheels (skew and roll) but the A-axis was totally controlled with magnetic torque 
generated by the MTBs. 
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7.3.2 Roll Reaction Wheel Failure: December 2004 
On December 27, 2004, telemetry was received indicating that the Roll RWA had 
stopped.  Recovery attempts were unsuccessful.  As with the other wheels, this RWA 
also had one previous stiction event but had been recovered to service for an 
additional period before the failure.  This left only the skew-mounted RWA 
operational, and once again the ability to perform science operations was threatened.  
During the first month after this failure, it was difficult to maintain the satellite in a 
safe configuration while software responses were designed and implemented.  

The loss of the roll wheel necessitated another software overhaul, beginning with the 
need for a new safe pointing mode for the satellite. The control authority with a single 
wheel was so limited that the satellite would easily fall into regimes where the 
attitude could not be controlled and a slew to the orbit pole was not possible. The 
orbit pole itself was often only marginally stable, and the need to use the MTBs to 
control two axes often resulted in loading the remaining skew wheel with excess 
momentum even when the gravity gradient itself was small. A non-inertial safe mode 
was developed where the satellite would be nadir pointed. This mode was largely 
gravity-gradient-stabilized: once the satellite had settled into this mode, only small 
additional control torques were needed to maintain control. Settling into this mode 
was often difficult, and many refinements of the control gains were made before this 
process was well-behaved. Management of the solar arrays in this mode was likewise 
refined several times. 

The response to this failure followed the general direction of the two-wheel mode, 
only now the MTBs needed to control two axes while the remaining (skew) reaction 
wheel controlled the S-axis.  In most circumstances the MTBs could not 
simultaneously provide pointing control while performing momentum unloading; the 
one-wheel mode operations workaround demanded the use of proper target 
sequencing as the principal strategy for managing the wheel momentum – momentum 
build up at one target could be counterbalanced at a succeeding target by torque in the 
other direction.  
In order to accurately predict the wheel momentum in an MPS and avoid wheel 
saturations or on-the-fly replanning of the timeline (“momentum interventions”), it 
became necessary to include dynamic simulation capabilities in the Mission Planning 
MP tools. The final baselined MP operational tool included the modeling of the on-
board controller, the torque distribution algorithm, the unloading algorithm, the slew 
generation algorithm as well as simulation models for attitude dynamics and 
kinematics. 

 After uploading revised ACS software and subsequent modifications based upon on-
orbit operations, the observatory was finally declared operational again in November 
2005, ~10 months after the roll RWA failed. As a result of project expertise gained 
during the first two months of difficult operations, significant improvements were 
seen in observing success and efficiency and many fewer trips into various safe 
modes were made. 
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7.3.3 Skew Reaction Wheel Failure: May 2007 & Observatory 
Decommissioning 

The skew RWA had an initial stoppage on May 8, 2007, but did not appear to fail 
hard.  It was restarted temporarily  on May 8, within a few days of the stoppage.  
After making modifications to the safe mode control scheme, the wheel was restarted 
and over a two week period the excess friction in the wheel decreased to a level 
similar to that before the anomaly.  Operations picked up again on June 12, 2007. 

FUSE was operated in a revised single wheel mode for one month before the final 
wheel failure on July 12, 2007. After one month of wheel restart attempts (including 
all four wheels), the operational science mission was terminated by NASA on August 
17, 2007.  After end-of-mission tests, the satellite was decommissioned  on Oct. 17, 
2007.  

 

7.4 �Gyroless Attitude Determination  

7.4.1 Basic Considerations 
In the original conceptual design for FUSE operations, the ACS held the spacecraft 
inertially-fixed by applying torques to the RWAs so as to keep the angular rates 
measured by the gyros at zero. The attitude was determined from the TAMs in the 
absence of FES data.. The TAM data are noisy, and provide instantaneous 
information only for the two axes perpendicular to the B-field direction. Over a 
period of many minutes, however, the satellite moves far enough along the path of the 
orbit that the orientation of the B-field shifts enough for the Kalman filter to 
accumulate knowledge about all three axes. As the filtered attitude estimate was 
updated, the ACS applied control torques accordingly to maintain the commanded 
attitude. When performing science observations, the data from the FES is used to 
provide absolute attitude information with sub-arcsecond accuracy. The target 
acquisition sequence employed with this system is described in Section 6.5.2. 

Almost every aspect of the original attitude determination and target acquisition  
operations flow was redesigned to work in the absence of gyroscopes. The critical 
design considerations for the new system were as follows:    

• FES data would replace gyro data for rate estimation, when available.  
• FES data were not available during slews or during Earth occultations, so the 

ACS had to maintain at least a coarse attitude without it. In particular, the 
ACS had to estimate angular rates based on: TAM data, a detailed model of 
the external torques and satellite dynamics, and integration of the equations of 
motion. 

• Prior to acquisition of guide stars by the FES, attitude drift rates were in the 
range 10” /sec to 20” /sec (sometimes higher). This is far higher than the 
typical rate of ≈ 0.025” /sec achieved with gyroscopes, and required that guide 
stars be located and tracking initiated within 2-3 seconds of an FES full FOV 



192 

fuse_ihb_090616_final.doc  6/16/09 192 

exposure, rather than the 30-60 seconds needed for this process by the original 
system. 

• Once guide stars were acquired in the FES, accurate rate estimation was 
possible and pointing performance would be similar to what was achieved 
with gyroscopes.   

• Because TAM data permitted attitude determination accurate to better than 1° 
only for directions perpendicular to the B-field, the overall attitude estimate 
accuracy could be 2° or greater prior to acquisition of FES data. 

• Once tracking on guide stars was achieved, the ACS had to be able to control 
to the IDS-supplied attitude estimate rather than its internal attitude estimate, 
until commanded otherwise by the IDS. This would permit the use of FES 
data to hold a fixed attitude and provide accurate rate information while 
enough TAM data were accumulated to estimate an accurate 3-axis attitude, 
which occurred within 2–3 minutes. This required a new control mode in the 
ACS: the original modes would always attempt to remove attitude errors, 
which in this case would cause the FES to lose track of the guide stars. 

• Because the initial attitude uncertainty was as large as 2°, the star table loaded 
to the IDS had to be increased in size to cover a region roughly 2° in radius, or 
about 16 times as large as the area that was covered by the original star table.   

• The attitude errors after an occultation or after a large slew were limited by 
the accuracy of the TAMs, and were often on the order of 2o. Removing this 
error had to be performed in a time short with respect to the typical target 
visibility of 2000 seconds per orbit. In order to accomplish this, two additional 
types of slews were developed: “dead-reckoning” slews and guided slews. 
The dead-reckoning slews were used for slew lengths of about 12 arcmin up 
to several degrees, and were performed without attitude input from the TAMs. 
These slews were used for initial attitude correction maneuvers. The guided 
slews were used for slew lengths below about 12 arcmin; they are much 
slower (< 10” /sec) than normal slews in order to permit tracking of guide 
stars by the FES during the slew. The guided slews were used for the final 
approach to the target.  

• Any gyro channels that continued to function would be used for rate 
measurement. 

 

7.4.2 Flight Software Modifications 
The ACS, IDS, and FES flight software all required major modifications, the 
highlights of which are summarized briefly here. 

The FES had two major new functional requirements: 

• Identify guide stars autonomously from a full field of view image, and begin 
centroiding of those stars within 2 to 3 seconds of the full FOV exposure. 

• Autonomously reposition the subimages used for centroiding to follow the 
motion of the guide stars. 
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The major new functions added to the IDS software to support gyroless operations 
were: 

• Accommodate the new FES auto-tracking mode. 
• Perform star-field identification with a catalog that encompassed an area 2o in 

radius. 
• Perform tracking during slews. 
• Select guide stars autonomously from the star catalog, and be able to change 

stars during slews. 
 
The major updates to the ACS software were: 

• Modified Kalman filter to estimate rates from TAMs and a non-linear 
dynamical model of FUSE. 

• New “1 Hz” control law – controls directly to ‘unknown’ FPD updates rather 
than to the ACS attitue estimate. 

• Dead-reckon slews – propagate open-loop on the dynamical model. 
• Correction slews – exit from 1 Hz controller and slew to remove attitude error. 
• Multiple levels of attitude estimate convergence and attitude control 

computed:  
o ACS status message packet sent to IDS modified to contain state 

information on both estimate and control:  coarse (> 2o), medium (< 
2o), and Fine (<12 arcmin). 

• New command interface from IDS:  spare bits in FPD now used to send 
commands: 

o Set slew rate high or low (large target slews, or slow guided slews); 
o Enable/Disable TAM inputs to Kalman filter; 
o Perform correction slew. 

 
As experience was gained with on-orbit gyroless operations, and with the 
idiosyncracies of two and one-wheel control, the interface between the IDS and ACS 
was augmented further. The ACS status message was modified to contain information 
on the status of the Kalman filter, the estimated angular rates, and the control law in 
use. The FPD command codes were expanded to include setting 5 different slew 
rates, setting the slew algorithm, enabling/disabling momentum unloading, resetting 
the Kalman filter covariances, setting the momentum bias for the wheel(s), and 
selecting control law gains. 
 
The combined failure of reaction wheels as well as gyros was particularly 
challenging, as uncertainties in the propagated rates occasionally resulted in rates that 
were too high for the FES to acquire stars. Overall, however, the system did work and 
provided acceptable observing efficiency. Once guide stars were acquired, the low 
measurement noise of the FES resulted in better pointing stability than with gyros, for 
axes controlled by reaction wheels. For axes controlled by MTBs, the low bandwidth 
of the controller  limited performance. 
 
The IDS flight scripts that controlled target acquisitions were completely redesigned 
for the gyroless system. The previous linear sequence of acquisition steps was 
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replaced with a state machine. Autonomous rules operating in the IDS would monitor 
both the desired acquisition state and the actual state, and would trigger activation of 
the appropriate script when necessary. This design allowed for steps to be repeated as 
necessary, and for the system to respond gracefully if tracking was lost at any point. 
The ability to reacquire guiding autonomously greatly expanded the regions of the 
sky accessible for observations, as it was no longer necessary to require that a given 
spacecraft attitude be perfectly stable 100% of the time.  
 
The basic flow of a target acquisition with the gyroless software was as follows: 
 

1) Complete large slew or exit occultation. 
2) Wait for angular rates to settle below ~12 arcsec/sec. 
3) Do a fast FES autotrack. ACS uses “1Hz” control law. ‘fast autotrack’ means 

bin the FES image 4x4 and use 0.4 sec image exposure time to obtain 
centroids as quickly as possible. Request only two guide stars, allowing the 
subarray size to be 20x20 pixels, increasing the likelihood that stars could be 
acquired while the attitude drift rates were high. 

4) Wait for ACS to report that the attitude estimate has converged to <2°. 
5) If pointing error > 2°, command ACS to do a correction slew to remove the 

error; go back to step 2. 
6) Once error is < 2°, repeat FES autotrack to get an image usable for Star_ID: 

FES image is binned only 2x2 and full FOV exposure time is 1 sec. 
7) Process image, identify stars in image, compute pointing error (dq). 
8) If pointing error > 12′, do a dead-reckoning unknown-to-known slew, go back 

to step 2. 
9) If pointing  error < 12′, do a guided slew to target Q . 
10) Change to guide stars selected by Mission Planning. 
11) If doing a moving target, do rendezvous slew and begin moving target track. 
12) Proceed with the observation. 

 
If pointing control were lost during an exposure, this acquisition sequence would be 
triggered automatically. The impact on the science data would be a gap in the midst 
of a time-tag exposure, and a reduction in the effective exposure time for a histogram 
exposure. CalFUSE corrections for such instances are discussed in the FUSE Data 
Handbook 2009. 
 
Papers describing gyroless attitude determination and control with only one or two 
reactions wheels are listed in Sections 12.3 and 12.4. 
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8 Satellite to Target Coordinate Transformation  

8.1 �Basic Definitions 
 
The attitude control system (ACS) for FUSE used a quaternion representation for 
telescope pointing. Although most astronomers are not familiar with quaternions, 
their advantages for spacecraft control are numerous. Once a target position is 
parameterized this way, rotational transformations are vastly simplified, particularly 
because trigonometric functions are not needed. The FUSE archival user does not 
need to know the details of this system, but will encounter quaternions yielding 
attitude information from the satellite in the housekeeping file for each exposure 
(FUSE Data Handbook, Sec. 5.2). This section explains how they can be used to 
determine telescope pointing during an exposure. 
 
For each fixed target, an observer provided the J2000 right ascension (α) and 
declination (δ) of the object and selected a science aperture at which to place it 
(LWRS, MDRS, HIRS, or RFPT). A particular position angle on the sky for the 
apertures could be requested as well. For moving targets, Mission Planners would use 
Percy (reference) to generate a table of FUSE-centered (α, δ) vs. time. See Sections 
2.4 and 2.7.2, and Figure 2-10 for a discussion of the FUSE field of view and aperture 
orientation definitions.  
 
When scheduling an observation, the Mission Planning system calculated the nominal 
spacecraft roll angle to keep the –X axis of FUSE facing the Sun, with a 2.5° offset to 
place the radiator of the guiding FES slightly in the shade. For the two-wheel and 
one-wheel phases of the mission, the roll angle would often be offset further to 
provide better attitude control with the magnetic torquer bars or to minimize wheel 
momentum accumulation. For moving targets, the roll angle was determined at the 
beginning of the exposure and remained fixed along the path.  
 
The planned pointing information is available in the primary header of the FITS files 
as RA_TARG, DEC_TARG and APER_PA, where the aperture position angle 
(APER_PA) and spacecraft roll angle are related by 
 
APER_PA = 270° – Roll. 
 
A useful way of visualizing the resultant orientation on the sky is to look at the guide 
star plot in the MAST archive for the observation. A sample plot is shown below in 
Figure 8-1. For this observation, the roll angle was 157.86 degrees and the position 
angle was 112.14 degrees. The +XIPCS axis points down in these plots. 
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Figure 8-1 This typical FUSE guide star plot shows the usable guide stars and 
aperture positions. The pixel coordinate scale is for FES-A. The orientation of North 
and East is shown in the lower left corner. 
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The target coordinates, roll angle, and aperture location were transformed in the SCC 
into a reference quaternion and aperture offset for uplink to the FUSE IDS. The 
quaternion product of these values define the location on the sky where the telescope 
reference point (RFPT, Figure 2-10) is placed so that the target would be centered in 
the aperture selected for the exposure. In the housekeeping file, this location is 
defined by the commanded quaternion values (AQECI2BDYCMD_[1,2,3], FUSE 
Data Handbook, App. D). These change with time when the spacecraft was slewing, 
e.g., positioning the target after an acquisition to the aperture or following a moving 
object, but otherwise remain constant during the exposure of a fixed target. The 
commanded quaternion is the position the attitude control system was trying to 
maintain at any time. In addition to the desired pointing, the housekeeping file 
contains two estimates of the actual pointing. One is the fine pointing data of 
measured quaternions calculated by the IDS from the guide stars 
(I_FPD_Q_ECI2BDY_[1,2,3]). The other is the ACS estimate using not only the 
guide stars, but also vehicle modeling and data from the gyroscopes, magnetometers, 
and coarse sun sensors (AATTECI2BDY_[1,2,3]). The ACS quaternions are not as 
accurate without guide star data, such as when tracking was lost. The commanded and 
measured quaternions were used by CalFUSE to create the jitter file for each 
exposure, yielding the difference between commanded and actual positions in the X 
and Y directions usually for every 1or 2 seconds of time, depending on the guiding 
mode. 
 
The following transformations can be used to convert from quaternions to (α, δ, Roll) 
of the reference point (RFPT). First note, to conserve space, the housekeeping files 
only contain three of the four components of the quaternions. In the FUSE 
convention, the fourth component is the pure rotational one and was forced to be 
positive by the ACS. Thus, since the quaternion is normalized to one, it can be 
calculated from the other three components: 
 
q4 = √(1 -q1

2-q2
2-q3

2) 
 
The IDS did not explicitly impose positivity of the fourth component, but because the 
reference quaternion was generated that way, the full FPD quaternion can be 
recovered as above for the ACS, except when the fourth component is nearly zero. In 
that case, if the signs of the other three components are opposite to that of the 
commanded quaternion, the fourth component needs to be made negative. 
 
The conversion to celestial coordinates of the RFPT is  
 
αJ2000 = atan (q2q3-q1q4, q1q3+q2q4) 
 
δJ2000 = asin (-q1

2 –q2
2+q3

2+q4
2) 

 
Roll = atan (q2q3+q1q4, -q1q3+q2q4) 
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where we use a two-argument convention for atan such that atan(y,x) is the arc-
tangent of y/x. 
 

8.2 �Conversion of Raw FES Pixel Coordinates to Celestial 
Coordinates 

The conversion of FES pixel coordinates to celestial coordinates is a multi-step 
process. The previous section described how to compute the location of the Reference 
Point (RFPT) on the sky and how to determine the orientation of the IPCS axes 
relative to North and East. This section provides a prescription for converting raw 
pixel coordinates to IPCS coordinates. 
 
The first step is to remove the optical distortions in the FES cameras and to flip the 
FES CCD coordinate axess to match the IPCS coordinate axes. These corrections are 
applied via third-order polynomials: 

 
xc = a00 + a10x + a01y + a20x2 + a11xy + a02y2 + a30x3 + a21x2y + a12xy2 + a03y3 + 

 fpa_shift_scale * (fpa_xpos – fpa_xrefpos) 
yc = b00 + b10x + b01y + b20x2 + b11xy +b02y2 + b30x3 + b21x2y + b12xy2 + b03y3 . 

 
Note that the formula for xc includes a term to correct for the FPA position: the 
projected positions of the stars shift relative to the telescope boresight by an amount 
that depends on the FPA position. The FPA x position can be obtained from the 
FPALXPOS keyword in the FITS headers of FUSE data files; use one of the LiF1 
files to obtain the LiF1 FPA position for FES-A images, and a LiF2 file to obtain the 
LiF2 FPA position for FES-B images. The value of fpa_shift_scale is -0.0127 
pix/micron, and fpa_xrefpos is 117 microns for LiF1 and 175 microns for LiF2. 
 
For the sake of completeness, polynomials for converting in the other direction are: 
 

x = c00 + c10xc' + c01yc + c20xc'2 + c11xc'yc + c02yc
2 + c30xc'3 + c21xc'2yc + c12xc'ycc2 + 

 c03yc
3 

y = d00 + d10xc' + d01yc + d20xc'2 + d11xc'yc + d02yc
2 + d30xc'3 + d21xc'2yc + d12xc'yc

2 + 
 d03yc

3 
where:  

xc' = xc - fpa_shift_scale * (fpa_xpos - fpa_xrefpos). 
 
The polynomial coefficients for FES-A and FES-B are given in Table 8.2-1 and Table 
8.2-2, respectively. 
 
The second step is to shift the origin from the corner of the FES to the Reference 
Point, and to convert from pixels to arcseconds: 
 

XIPCS = (xc – xcRFPT) * 2.5505 arcsec/pixel, 
YIPCS = (yc – ycRFPT) * 2.5505 arcsec/pixel. 
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The position of the Reference Point in corrected pixel coordinates is given in Table 
8.2-3. Differences in the mean pixel scale between FES-A and FES-B are absorbed 
into the distortion coefficients. Note that the RFPT positions in Table 2.7-3 are given 
in raw FES coordinates, not corrected coordinates. 

X Correction  
coefficients  

Y Correction  
coefficients  

X Distortion 
coefficients  

Y Distortion  
coefficients  

a00 = 5.045641e+02  b00 = 5.048150e+02  c00 = 5.110495e+02  d00 = 5.112370e+02  
a10 = 7.284088e-03  b10 = -9.744564e-01  c10 = 1.065623e-03  d10 = -9.973576e-01  
a01 = -9.596945e-01  b01 = 1.688152e-02  c01 = -1.007200e+00  d01 = -5.505270e-03  
a20 = -9.771181e-06  b20 = -2.338553e-05  c20 = 1.816278e-05  d20 = 5.992910e-07  
a11 = -2.035237e-05  b11 = -6.424274e-05  c11 = -3.936880e-06  d11 = 2.357754e-05  
a02 = -8.442830e-05  b02 = -1.812183e-05  c02 = 2.239781e-05  d02 = 5.003854e-06  
a30 = -3.878807e-09  b30 = 2.880021e-08  c30 = -4.315068e-09  d30 = -5.786698e-08  
a21 = 4.020260e-08  b21 = 2.085710e-09  c21 = -6.028321e-08  d21 = -2.144882e-09  
a12 = 2.167710e-09  b12 = 5.577110e-08  c12 = -2.114705e-09  d12 = -4.187747e-08  
a03 = 5.331478e-08  b03 = 4.392894e-09  c03 = -2.969829e-08  d03 = 3.984476e-09  

Table 8.2-1 Optical distortion coefficients for FES-A.
X Correction 
coefficients  

Y Correction  
coefficients  

X Distortion  
coefficients  

Y Distortion  
coefficients  

a00 = 5.043866e+02  b00 = -3.322859e+00  c00 = -2.828305e+00  d00 = 5.090221e+02  
a10 = 1.486478e-02  b10 = 1.019272e+00  c10 = 1.105978e-02  d10 = -9.911953e-01  
a01 = -9.732869e-01  b01 = 2.834617e-02  c01 = 1.013356e+00  d01 = 2.141076e-02  
a20 = -6.119336e-05  b20 = -4.949496e-05  c20 = -2.834457e-05  d20 = -3.637001e-05  
a11 = 1.617153e-05  b11 = -5.698157e-05  c11 = -7.355215e-05  d11 = -7.469583e-06  
a02 = -3.435449e-05  b02 = -4.949496e-05  c02 = -3.756898e-05  d02 = -7.815734e-05  
a30 = 8.220668e-08  b30 = -2.633433e-08  c30 = 6.115820e-08  d30 = 2.006463e-09  
a21 = -2.730496e-08  b21 = 1.694823e-07  c21 = 1.589610e-08  d21 = -8.888482e-09  
a12 = -9.476450e-09  b12 = -1.291730e-08  c12 = 1.742133e-07  d12 = 2.916069e-08  
a03 = 3.136447e-10  b03 = 5.579320e-08  c03 = 2.686495e-08  d03 = 8.575316e-08  

Table 8.2-2 Optical distortion coefficients for FES-B. 
 

FES-A FES-B 
XcRFPT YcRFPT XcRFPT YcRFPT 
136.02 266.36 107.73 257.20 

Table 8.2-3 Reference Point positions in corrected pixel coordinates. 
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9  Airglow Appendix 
Geocoronal emission, or airglow, was always present. Excitation mechanisms include 
resonant scattering of Solar emission lines, fluorescence, and electron impact. For 
species other than hydrogen, the gas is all local to the upper atmosphere. The scale 
heights vary with the Solar cycle, and the strengths of the emission lines vary 
accordingly. FUSE launched close to the maximum of the Solar cycle, and ended the 
mission during the minimum, so the airglow lines were stronger early in the mission 
than at the end. The distribution of hydrogen extends farther than the other species, 
and there is a non-negligible density of HI throughout inter-planetary space. The 
extended distribution of HI means that the telescope line of sight always encounters 
sunlit HI, and thus resonantly-scattered Ly β is present even during orbital night. 
 

9.1 �Upward-Looking Airglow 
During normal science exposures, the line of sight was pointed away from the Earth, 
through the upper atmosphere. Emission was seen primarily from neutral atomic 
hydrogen, helium, nitrogen, and oxygen. During orbital night, emission was usually 
seen only from HI. Ordinarily, only Ly β was present, but other HI Lyman lines may 
be present when viewing at low Earth-limb angles. Emission from HeI 584 Å was 
also occasionally seen (in second order at 1168 Å) during orbital night. Emission 
lines present during orbital day are listed in Table 9.2-1. Emission from O I and H I 
shortward of 918 Å is also present, but is faint and the lines are often blended.  See 
Morton (2003) for wavelengths of these features. The strongest lines of H I and O I 
are Ly β and 988.773 Å, respectively; line strengths decrease with wavelength 
shortward of these two lines. Emission to the low-lying excited states of the O I 
ground state also decreases with wavelength, and may not be seen for the multiplets 
shortward of 936.630 Å. 
 

9.2 �Downward-Looking Airglow 
The emission spectrum seen when looking downwards towards the Earth is much 
richer than that seen looking up. Some spectra were obtained while pointed 
downwards, but the main impact of this emission for the FUSE project was excessive 
exposure of the detector at spots illuminated by this emission. These effects are 
described in Section 4.4.2.1, and changes to operations procedures to limit these 
effects are described in Section 6.3.2.2. The brightest lines are listed in Table 9.2-2; 
for additional information on downward-looking airglow, see Feldman et al. (2001). 
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Species Wavelength (Å) 
He I 584.334 (1168.668 in 2nd order) 
N I 1134.163, 1134.415, 1134.980 
N II 1083.997, 1084.584, 1085.710 
He I 537.030 (1074.06 in 2nd order) 
O I 1039.230, 1040.942, 1041.688 
O I 1025.762, 1027.431, 1028.157 
H I 1025.722 
O I 988.773, 990.204, 990.801 
O I 976.448, 977.959, 978.617 
H I 972.537 
O I 971.737, 973.234, 973.885 
H I 949.743 
O I 948.686, 950.112, 950.733 
H I 937.803 
O I 936.630, 938.020, 938.625 
H I 930.748 
O I 929.517, 930.886, 930.482 
H I 926.226 
O I 924.950, 926.306, 926.896 
H I 923.150 
O I 921.857, 923.204, 923.790 
H I 920.963 
O I 919.658, 920.998, 921.581 
H I 919.351 
H I 918.129 
O I 918.044, 919.380, 919.961 

Table 9.2-1  Airglow emission lines seen during orbital day when looking up. 
 

Species Wavelength (Å) 
O I 1172.504, 1172.612, 1172.779 
O I 1152.151 
N I 1134.163, 1134.415, 1134.980 
N II 1083.997, 1084.584, 1085.710 
O I 1039.230, 1040.942, 1041.688 
O I 1025.762, 1027.431, 1028.157 
H I 1025.722 
O I 988.773, 990.204, 990.801 

Table 9.2-2 Strongest airglow emission lines seen looking down during orbital 
day. 
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10 FUSE Development and Operations Teams 
 
The success of the FUSE mission was rooted in the expertise of the development and 
operations teams.  The University of California Berkeley provided the MCP detectors.  
The spectrographs were built and integrated by  the University of Colorado Boulder.  The 
French Space Agency (Centre National d'Etudes Spatiale, or CNES) provided the 
diffraction gratings for the spectrograph and assistance for science operations throughout 
the mission.  The Canadian Space Agency provided the two FES guide cameras for FUSE 
and science operations personnel.  The telescope mirrors and grating blanks were 
manufactured by Tinsley Associates. Swales Aerospace was responsible for the 
instrument thermal design, the instrument structure, the baffles, and the baffle doors. The 
JHU Applied Physics Laboratory provided the mirror mounts and actuators, the 
Instrument Data System, the instrument power distribution unit, mission systems 
engineering, and managed the spacecraft procurement. The spacecraft bus was provided 
by Orbital Sciences Corp., and the Mission Operations Team were from Honeywell 
Technical Services Inc. The Space Telescope Science Institute provided portions of the 
FUSE mission planning and data pipeline software, and hosts the FUSE science data 
archive at MAST. Overall management of the mission development, mission planning, 
science data processing, and operations of the FUSE satellite were conducted at Johns 
Hopkins University. Project oversight and technical support was provided by Goddard 
Space Flight Center. 

10.1 Team List 
The following table lists the people who participated in the development and operation of 
the FUSE mission, beginning with Phase C/D in 1995. Many of the people on this list 
served in many capacities, and the space available for a description of their roles does not 
do them justice. We have attempted to make this list complete, but we know that there 
must be some whom we have overlooked, and many more who labored behind the scenes. 
We apologize for any omissions, and we thank everyone for their help in making FUSE a 
success. 

 
Last Name  First Name  Institution  Role 
Abate Matt OSC Attitude Control S/W Testing 
Abney Faith STScI MAST Operations 
Ajluni  Tom  SAI ELV & Launch Site Interfaces  
Ake  Tom  CSC  Operations Scientist  
Alexander Russ CSA CSA FUSE FES Project Manager 
Allison  Gregg  CU  Spectrograph I&T S/W Support  
Andersen Harry HTSI Mission Operations Team 
Anderson  Julia HTSI  MOT Mission Planning Engineer 
Anderson Nancy SAI Procurement & Scheduling 
Anderson Sara STScI MAST Operations 
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Andersson B-G JHU  Guest Investigator Support Lead 
Andre  Martial  IAP  Science Data Calibration  
Andrews  John  CU   FUVS Project Manager 
Androh Aaron  JHU  Administrative & Logistics Support 
Artis  David  JHU/APL  Instrument S/W Systems Engineer 
Austin Adam HTSI Mission Operations Team 
Bachtell Neal JHU/APL Mechanical Technician  
Bailey Leon NSI Contamination Technician 
Bair Tom  JHU  Mission Operations Team 
Ballard Ben JHU/APL IDS Software 
Barkhouser  Robert  JHU  Mirror Subsystem Optical Engineer 
Barrett Paul STScI Science Data Calibration Software 
Bell Andrew ComDev FES Systems Engineer 
Berman  Alice JHU  Mission Planning Lead 
Bertini  Alice  CU  FUSE Spectrograph I&T S/W  
Bianchi  Luciana  STScI  E/PO Coordinator  
Billings Ron JHU Project Schedules 
Blackman Daniel UCB Detector Software 
Blair  Bill JHU Observatory Operations Lead 
Blevins Bill HTSI Ground Station Support 
Bogart Dave HEI Safety 
Boisvert Chantal JHU Budget Analyst, Admin. Support 
Bouloubasis Matt HTSI Mission Operations Team 
Bowers  Mike  ICS  SCC Development Team  
Boyer Robert CSC Science Operations Support 
Bremmer Hal JHU Deputy Project Manager for Resources 
Brown Marty OSC Satellite I&T Support 
Brownsberger  Ken  CU  Spectrograph, Satellite I&T Support  
Buchheit  Jim  SAI Comtamination Cover Design 
Burchett Diane ComDev FES Contamination Control Engineer 
Burns Rich GSFC Deputy Project Manager 
Busse Jon  Standing Review Committee 
Calk  Howard  ICS  SCC Development Team  
Calvani  Humberto JHU  Mission Planner 
Caplinger Jim CSC  IT support, Mission Planning 
Cappelaere  Pat  ICS  SCC/GS/IDS Software Development  
Cash  Webster  CU  Science Team  
Cha  Alexandra JHU  Science Data Calibration  
Chayer  Pierre  CSA  FES & Science Operations  
Christian  Damian  JHU  Science Operations Support 
Civeit Thomas IAP/JHU Mission Planning Software 
Claffy  Rick GSFC Explorers Flight Assurance Manager 
Class  Brian  OSC  Spacecraft ACS Lead Engineer  
Coffelt Ross OSC ACS S/W testing 
Colley Roger CSA FES Program Manager 
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Conard  Steve  JHU  Integration and Test Lead  
Connelly  Doug OSC  Satellite I&T Quality Assurance  
Coopersmith Jon SAI Contamination Control 
Cowie  Lennox  U. Hawaii  Science Team  
Crew  Keith HTSI Mission Operations Team 
Cross Aaron OSC ACS S/W testing 
Crouse Pat GSFC SSMO Project Manager 
Dakermanji  George  JHU/APL  Power Systems  
Davidsen  Arthur  JHU  Science Team  
Davis Jim ICS  C&T Database Support 
Davis Mark HEI Safety 
Dequae Philip ComDev FES Software 
Diaz Javier UPRM Ground Station Operations 
Dickson  Charles  ICS  SCC Development Team  
Dion Shirley HEI Safety 
Dixon Van JHU  Science Data Calibration S/W Lead 
Dolbow Annette OSC  Satellite I&T 
Donakowski  William  UCB  Detector Mechanical Engineer 
Dorsey George OSC ACS H/W, Satellite I&T 
Dupree  Andrea  SAO  Science Team 
Dupuis Jean JHU Science Data Calibration  
England Martin  CSC  Mission Planning 
Englar Tom JHU/APL IDS Guidance Software 
Ehrenreich David IAP  Science Data Calibration  
Errigo  Therese  SAI Lead Contamination Engineer 
Evans  Jordan  SAI Lead I&T Mechanical Engineer 
Ewing  Randy  JHU  Deputy Project Manager - Resources 
Farzinpay  Farzin OSC Attitude Control S/W testing 
Feldman  Paul  JHU Science Team  
Fernandez-Sein  Rafael  UPRM  Ground Station Ops Director 
Fisher  Landis  JHU/APL  IDS Guidance Software 
Forness  Paul HTSI Mission Operations Team 
Fragomeni Tony SAI Standing Review Committee 
Frank  Larry  JHU/APL  Mission Systems Engineer  
Friedman  Scott  JHU JHU Project Scientist 
Fullerton Alex JHU Science Data Calibration 
Gaines Geoff UCB  FUV Detector I&T Support 
Gardner Lisa STScI FUSE OPUS/DADS S/W 
Gardner Michael HTSI Mission Operations Team  
Garner Calvin HTSI Mission Operations Team 
Gawne  Bill  HTSI  Mission Operations Team 
Glubke Scott GSFC GSFC S/C Engineering Lead 
Godard Bernard IAP  Science Data Calibration Software 
Graham Rob OSC ACS Software 
Green  James  CU  Spectrograph PI 
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Green  Richard  KPNO Science Team  
Gregory  Brian  ICS  I&T SCL script developer  
Gresser Ruth ICS  I&T SCL script developer  
Gummin  Mark  MAG Sys. Detector Scientist 
Hammond Norma ComDev FES Project Manager 
Hammond Randy JHU Satellite I&T Optical GSE 
Hardy Tim DAO FES I&T Support 
Harmon Rick GSFC ACS S/W Consulting 
Harrison Keith HTSI Ground Station Engineer 
Hart  Helen  JHU  Science Operations Support 
Hawkins Rob STScI Mission Planning Software 
Heatwole Scott GSFC/WFF 1-wheel Obs Planning Software 
Hebenton Darren HTSI Mission Operations Team 
Hebrard Guillaume IAP Science Operations  
Heefner  Kris  HTSI Mission Operations Team 
Heffernan Kevin JHU/APL Standing Review Committee 
Heggestad  Brian  JHU/APL  IDS Software Lead Engineer 
Heller Chris STScI FUSE OPUS/DADS S/W 
Hill  Mark  JHU/APL  IDS Software Engineer  
Hitzman Bill HTSI Ground Station Support 
Holmes Chuck JHU Ground System Lead 
Horner Tim SAI I&T Mechanical Engineer 
Hsu Jin-Chung STScI Science Data Calibration S/W Support 
Hueber John OSC S/C Flight S/W 
Hurley Chris ICS SCC Software 
Hutchings  John DAO Canadian Project Scientist 
Hynes Shane SAI Standing Review Committee 
Ing Frank ComDev FES Software 
Irvine Ron U. Toronto FES Software 
Jeffries Alan ICS SCC Software Development 
Jelinsky  Patrick  UCB  Detector Project Scientist 
Jenkins  Edward  Princeton U. Science Team  
Jennings  Tom  HTSI  Mission Operations Team  
Jeyasunder  David  OSC  Spacecraft Electrical Systems Engineer  
Johnson Joel CU Alignment & Integration Support 
Johnson  Timothy  HTSI  Mission Operations Team  
Johnson  Carl A.  STScI  Planning S/W coordination 
Joyce JB JHU  Program Manager (Phase E) 
Kain  Shari JHU  Budget Analyst 
Kaiser  Mary Beth JHU  Science Operations 
Kenny Debbie STScI MAST Operations 
Kennedy Herb STScI MAST Operations 
Kennedy Michael JHU/APL Mirror System Engineer 
King  Thomas  KSC Launch Site Support Engineer 
Kochte Mark CSC Mission Planning 
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Kong Augustine ComDev FES Thermal Engineer 
Kriss Jerry JHU Science Data Calibration Software 
Krueger Tim HTSI Test Conductor 
Kruk  Jeffrey  JHU  Observatory Scientist  
Kushner Gary CU         Alignment, I&T Support 
La Jim GSFC Project Mission Engineer 
Lanzi Jim GSFC/WFF 1-wheel Obs Planning Software 
LaCour  Sylvestre IAP  Science Data S/W, Calibration  
Laronde  Terry ComDev IDS Project Manager 
Lavender  Eric  ComDev  FES Project Manager 
Lecavelier Alain  IAP  Science Operations 
Lees  Jeffrey  CU BOS, FPA Mechanical Design 
Lemoine Martin IAP Science Data Analysis Software 
Lennard Mike CU FPA Electrical Design 
Leoutsakos  Ted HTSI Mission Operations Team 
Lepak Mark HTSI Mission Operations Team 
Lepore Al SAI Harness Support 
Levay Karen STScI Science Data Archive  
Li Hsin OSC S/C Systems Engineering 
Lindler Don SSC Science Data Analysis Software 
Linsky  Jeffrey  CU  Science Team  
Lloyd  Carmela CU QA Engineer/Inspector 
Lloyd Les OSC Harness Support 
Loregio Paul ComDev FES Alignment Support 
Lowles Rob ComDev FES Systems Engineer 
Mahmot Ron GSFC SSMO Project Manager 
Makowski Joseph OSC S/C ACS Project Manager 
Malina  Roger  UCB  Science Team 
Mangus Dave GSFC ACS S/W Consultant 
Mark  Daniel  SAI Instrument Manager, I&T Manager  
Marshall Madeleine ICS Standing Review Committee 
Martinez Mel JHU SCC – Mission Planning S/W interface 
Massa  Derck  Hughes/STX Science Data Calibration  
Mattheiss Augie JHU/APL IDS Engineer 
McCarthy Dennis JHU Program Manager (Phase C/D) 
McGlochin  Sherry  CU  CU FUSE Deputy Project Manager  
McGuffey  Doug  SAI Swales FUSE Project Manager 
Meadows Gary SAI Electrical Integration Engineer 
Mehalick Kim SAI Stray Light Analysis 
Mengers  David GSFC FUSE Mission Manager 
Miller  Mike  OSC  Satellite I&T Deputy Project Manager 
Miller Warren STScI FUSE OPUS/DADS S/W 
Miller William OSC ACS S/W Testing 
Miner Mike ICS  SCC Software Development 
Mirantes Annette OSC  S/C Flight Software 
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Mitchell  Bill  OSC  S/C Flight Software  
Mitchell  Karen HTSI Mission Operations Team 
Moore  Robert  JHU/APL IDS Lead Engineer 
Moos  Warren  JHU  Principal Investigator 
Morbey  Chris DAO FES Optical Designer 
Morrison Daniel JHU/APL Standing Review Committee 
Moyer  Earl  SAI Instrument Electrical Systems  
Mueller  Ted JHU/APL APL S/C Manager  
Murino  Marce CU Spectrograph Contamination Control 
Murowinski  Rick DAO FES CCD Detector Support 
Murphy Edward JHU  Science Data Calibration S/W Lead 
Murphy Gerry CU BOS Design & Testing 
Murphy Patricia JHU/APL IDS Software 
Murthy Jayant JHU Science Data S/W, Calibration  
Nelson  Ken  OSC  Spacecraft Mechanical Engineer 
Newman  Miles  SAI Instrument Thermal Engineer 
Noah Karl OSC  S/C Electrical Systems 
Oegerle  William  JHU  Observatory Operations Lead 
Offut Jay ICS  IDS, SCC Software  
Ohl  Raymond JHU  Mirror characterization 
Oliveira Cristina JHU  Mirror characterization 
Ooghe-Tabanou Benjamin IAP  Science Data Calibration  
Ormond  Susanna  JHU  Contract Compliance Officer 
Orndorff Joe JHU  Electrical I&T Engineer 
Osterman Steve CU   BOS, FUVS I&T Support 
Packard Ed GSFC  General support 
Paradis Tom Boeing  Launch Site Support 
Pedraja Jose JHU Electrical Systems Engineer 
Perry Mark SAI Instrument Manager 
Peterson  Don  CSA  Fine Error Sensor Project Manager  
Pitts  Patricia  JHU  Science Operations Support 
Pontius  Jim  SAI Instrument Structure Design 
Posner Allan ICS  SCC Development Team 
Powell Albert HEI Safety 
Prouty Kenneth ComDev FES Software  
Pulliam  Don  OSC  Spacecraft Project Manager  
Ramadas Krishnan HTSI Mission Operations Team 
Randell Jerrold ComDev FES Electronics Engineer 
Ravotta Marino Kelly Temps Logistics Support  
Redman  Kevin GSFC I&T Optical Alignment 
Rerko Bob OSC  Satellite I&T Support 
Richardson Cathy  SAI Instrument Structure & Baffle Engineer 
Ridgaway Michael HTSI Mission Operations Team 
Roberts Bryce JHU  Mission Planner, Planning S/W 
Roberts Vicki NSI Alignment Technician 
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Robinson Richard CSC  Science Data Calibration  
Romelfanger  Mary JHU  Software System Specialist 
Rosado Ricardo UPRM Ground Station Operations Support 
Rose  Jim  STScI  FUSE OPUS Development 
Roth Kathy JHU  Science Data Calibration 
Roufberg Lew OSC  S/C Systems Engineering 
Rovner Dan OSC ACS Flight Software 
Rowe John CSC Science Operations Support 
Rucci Tom KSC  Launch Site Support Manager 
Ruth Michael OSC ACS Flight Software 
Sahnow  David  JHU  Detector Scientist, Science Data Calib. 
Sankrit Ravi JHU  Guest Investigator Support 
Savage  Blair  U. Wisc  Science Team 
Scherzinger Bruce JHU/APL IDS Software 
Sembach Ken JHU  Science Ops - Science Team Liaison 
Seylar George JHU/APL EMI/EMC Support 
Sherbert Lisa STScI FUSE OPUS/DADS S/W 
Shiblie  George  Microtemps  I&T Electronics Support 
Shipley  Ann  CU Grating Mount Ass’y Mech. Engineer 
Shippey  Ed  GSFC  General support 
Shull  Michael  CU  Science Team 
Siegmund  Oswald  UCB  Science Team, Detector PI 
Silva  Chris HTSI Mission Operations Team Manager 
Simmons Jeff HTSI Mission Operations Team 
Slowinski Steve STScI FUSE OPUS/DADS S/W 
Smee Steve JHU Satellite I&T Optical GSE  
Smith Caine HTSI Mission Operations Team 
Smith  Chuck  OSC  Spacecraft I&T Manager 
Smith  Jann ICS  SCC Software Support  
Smith Myron STScI MAST Interface Development 
Snow  Theodore  CU  Science Team  
Sodano Bob GSFC Mission Director 
Sonneborn George GSFC GSFC Project Scientist 
Sonnentrucker Paule JHU  Science Data Calibration  
Sontag Chris STScI FUSE OPUS/DADS S/W 
Spangler Tom JHU I&T Support 
Stakem  Pat  ICS  SCC Software Support  
Stock Joe UCB Detector Development Support 
Stott Dave JHU/APL Instrument Electrical GSE Design 
Suchkov Anatoly JHU Mission Planning 
Swade Daryl STScI FUSE OPUS/DADS S/W 
Swam Mike STScI FUSE OPUS/DADS S/W 
Thaler Romani JHU Configuration Control 
Thienel Julie GSFC ACS S/W Consulting 
Thompson Randy STScI MAST Interface Development 
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Thorpe Bill ComDev FES Project Manager 
Tiebert  Sharon JHU  Administrative Support 
Tiernan  Liam  ComDev FES Lead Mechanical Engineer 
Tompkins  Steve  GSFC  System Engineer 
Vaclavik  Steve HTSI Mission Ops Team, Systems Engineer 
Van Gaasbeck Jim ICS IDS Flight Software 
Van Steenberg Michael GSFC GSFC Deputy Project Scientist 
Vernot Robert SAI Instrument Electrical Sys. Engineer 
Vidal-Madjar Alfred IAP Science Team 
Wasson Dave OSC  Spacecraft Thermal Engineer 
Weaver Hal JHU Science Operations Support 
Webb John SAI Standing Review Committee 
Weber Laura KSC General support 
Weinberger Pete SAI Baffle Design 
Welch Ray Welch &Co. Standing Review Committee 
Welsh  Barry  UCB  Detector Project Manager 
Westfall Jim  CU FPA Electronics Design 
White Michael JHU/APL IDS Software 
Wilkinson  Erik  CU  Spectrograph Scientist 
Witmer Kurt OSC  Satellite I&T Support 
Woodard David ICS SCC Software Development 
Woodgate  Bruce  GSFC  Science Team 
Yienger Judy SAI Instrument Mechanical Engineer 
York  Donald  U. Chicago  Science Team  
Zhang Jingyun ComDev FES Optical Design Engineer 
Zsoldos Jennifer OSC ACS S/W, Satellite I&T 

Table 10.1-1 FUSE development and operations personnel. 
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11 Acronym List 
 
ACS Attitude Control System 
ADU Analog to Digital converter Unit (=1LSB) 
AIC Active Image Counter 
APL Applied Physics Laboratory 
ASC Autonomous Shutdown Counter 
ASIC Application-Specific Integrated Circuit 
AUX Auxiliary power supply (Detector) 
AUXI AUX power supply current 
 
BOS Bright Object Sensor 
bps Bits Per Second 
 
CalFUSE FUSE data reduction and calibration pipeline 
CCSDS Consultative Committee on Space Data Systems 
CCD Charge Coupled Device 
C&DH Command and Data Handling 
CDC Charge to Digital Converter 
CEU Central Electronics Unit 
CNES Centre National d’Etudes Spatiale 
COTS Commercial Off the Shelf 
CPU Central Processing Unit 
CRC Cyclic Redundant Checksum 
CSA Canadian Space Agency 
CSS Coarse Sun Sensor 
CTE Coefficient of Thermal Expansion 
CU University of Colorado at Boulder 
CVZ Continuous Viewing Zone 
 
DADS Data Archive and Distribution System 
DAO Dominion Astrophysical Observatory 
DDL Double Delay Line 
DEC Digitized Event Counter 
DLT Digital Linear Tape 
DPU Detector Processing Unit 
DQ Delta Quaternion 
 
EEPROM Electronically Erasable Programmable Read-Only Memory 
EPV Extended Precision Vector 
 
FARF Flight Alignment Reference Frame 
FEC Fast Event Counter 
FES Fine Error Sensor 
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FIFO First In First Out 
FITS Flexible Image Transport System 
FOV Field of View 
FPA Focal Plane Assembly 
FPAE FPA Electronics 
FPD Fine Pointing Data (packet) 
FUV Far Ultraviolet 
FUSE Far Ultraviolet Spectroscopic Explorer 
FUVS Far UltraViolet Spectrograph 
 
GMA Grating Mount Assemblies 
GSFC Goddard Space Flight Center 
 
HIRS High Resolution Aperture 
H/K Housekeeping (telemetry) 
HOP High Output Paraffin 
HTSI Honeywell Technology Solutions Incorporated (formerly Allied Signal) 
HV High Voltage 
HVIA High Voltage current in detector segment A 
HVIB High Voltage current in detector segment B 
H/W Hardware 
 
IAP Institut d’Astrophysique de Paris 
ICS Interface and Control Systems, Inc. 
IDS Instrument Data System 
IOC In-Orbit Checkout 
IPCS Instrument Prime Coordinate System 
IPSDU Instrument Power Switching and Distribution Unit 
IRU Inertial Reference Unit 
IT Information Technology 
I&T Integration and Test 
 
JHU the Johns Hopkins University 
 
kbps kilobits per second 
KSC  Kennedy Space Center 
 
LC Lower Core 
L&IOC Launch and In-Orbit Checkout 
LiF Lithium Flouride 
LWRS Low Resolution Aperture 
 
MAE Mirror Assembly Electronics 
MAST Multi-mission Archive at Space Telescope 
Mbps Megabits Per Second 
MCP Micro Channel Plate 
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MDRS Medium Resolution Aperture 
MOT Mission Operations Team 
MPA Mirror Positioning Assembly 
MPS Mission Planning Schedule 
MTB Magnetic Torquer Bar 
MTBE Magnetic Torquer Bar Electronics 
 
NASA National Aeronautics and Space Administration 
NEA Noise Equivalent Angle 
 
OPUS Operational Pipeline Unified System 
OSC Orbital Sciences Corporation 
OSI Observation Specific Inertial  
 
PHA Pulse Height Amplitude 
PI Principal Investigator 
PROM  Programmable Read-Only Memory 
PSF Point Spread Function 
 
RAM Random Access Memory 
RFPT Reference Point – position of OSI on FPA 
ROM Read Only Memory 
 
RWA Reaction Wheel Assembly 
 
SAA South Atlantic Anomaly 
SAD Solar Array Drive 
SADE Solar Array Drive Electronics 
SAI Swales Aerospace Inc. 
SAMA Small Angle Maneuver Activity 
SCC Satellite Control Center 
SEU Single Event Upset 
S/C Spacecraft 
SIA Spectral Image Allocation (tables) 
SiC Silicon Carbide 
SSC Sigma Space Corp. 
SSMO Space Science Mission Operations 
STScI Space Telescope Science Institute 
S/W Software 
 
TAM Three Axis Magnetometer 
TDC Time to Digital Converter 
TEC Thermo-Electric Cooler 
TTAG Time-Tagged -  science data storage mode 
 
UC Upper Core or University of California 
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UCB University of California at Berkeley 
UPRM University of Puerto Rico Mayaguez 
UTC Universal Time Coordinated  
 
WFF Wallops Flight Facility 
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12 References and Further Reading 
This section provides a bibliography of papers describing various aspects of the 
FUSE instrument and in-orbit performance. The papers are sorted into rough 
categories, and are listed in inverse-chronological order within each category. 

12.1  Pre-launch Instrument Design and Testing 

12.1.1 Optics 
 
“Performance of the Far Ultraviolet Spectroscopic Explorer Mirror Assemblies,” R.G. 
Ohl, R.H. Barkhouser, S.J. Conard, S.D. Friedman, J. Hampton, H.W. Moos, P. 
Nikulla, C.M. Oliveira, T.T. Saha, 2000a, Proc. SPIE 4139 137 
 
“Imaging performance of telescope mirrors for far-ultraviolet astronomy,” R.G. Ohl, 
T.T. Saha, S.D. Friedman, R.H. Barkhouser, H.W. Moos, 2000b, Appl. Opt. 39 4513. 
 
“Optical alignment of the Far Ultraviolet Spectroscopic Explorer,” S. J. Conard, K. 
W. Redman, R. H. Barkhouser, & J. A.  Johnson, 1999, Proc. SPIE 3765 495. 
 
“Aging studies of LiF coated optics for use in the far ultraviolet,” C. Oliveira, K. 
Retherford, S. J. Conard, R.H. Barkhouser, & S. D. Friedman, 1999, Proc. SPIE 3765 
52 
 
"Interferometric alignment and figure testing of large (0.5 m) off-axis parabolic 
mirrors in a challenging cleanroom environment," R. H. Barkhouser and R. G. Ohl, 
1999, Proc SPIE, vol. 3782, page  
 
"Assembly and Test-induced Distortions of the FUSE Mirrors - Lessons Learned," R. 
G. Ohl et al., 1998, Proc SPIE, vol. 3356, page 854. 
 
"Integration, Alignment, and Initial Performance Results of the Far Ultraviolet 
Spectroscopic Explorer (FUSE) Spectrograph," E. Wilkinson et al., 1998 Proc SPIE, 
vol. 3356, page 18. 
 
"Unique Method of Micropositioning as Implemented in the FUSE Focal Plane 
Assemblies," J. Lees, G. Allison, J. P. Andrews, J. C. Green, J. Westfall, 1997 Proc. 
SPIE, vol. 3132, pp. 135-145. 
 
"Final Flight Grating Mount Design for the Far Ultraviolet Spectroscopic Explorer," 
A. Shipley, J. C. Green, J. P. Andrews, E. Wilkinson, and S.N. Osterman, 1997 Proc. 
SPIE, vol. 3132, pp. 98-109. 
 
“Holographic gratings for the Far Ultraviolet Spectroscopic Explorer: development, 
imaging, and efficiency tests of two prototypes,” S. Chambord, R. Grange, J. 
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Flamand, M. Saisse, J-L Reynaud, 1996 Appl.Opt. 35 3653. 
 
 “Design of the Far Ultraviolet Spectroscopic Explorer Mirror Assemblies,” M. J. 
Kennedy, S. D. Friedman, R. H. Barkhouser, J. Hampton, & P. Nikulla, in Space 
Telescopes and Instruments IV, P. Y. Bely and J. B. Breckinridge, eds., Proc. SPIE 
2807, 172–183 1996.  
 
"Optical Performance Budget for the Far Ultraviolet Spectroscopic Explorer," D. J. 
Sahnow et al., 1996, Proc. SPIE, vol. 2863, page 27. 
 
"Design and Predicted Performance of the Far Ultraviolet Spectroscopic Explorer 
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