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5. Further References

Appendices

Note: These appendices were taken from earlier versions of the FUSE Observer's Guide, and contain some dated material. However, they do contain more detailed dis:
items and issues, and are linked here for reference. In any cases of overlapping information, the material in the main document takes precedence.

Appendix A: Signal-to-noise Calculations and Examples

Appendix B: Acquisition Types Discussion

1. Introduction and Overview

The FUSE Observer's Guide is intended as the primary source of information regarding the FUSE satellite, instrument and data for current and prospective users of the
While this document should provide the necessary background and information for most users additional information, on specific topics, is available in the following doci

* The FUSE Data Handbook - describes the FUSE data, including instrumental effects
* The CalFUSE Pipeline Reference Guide - details the CalFUSE data reduction pipeline
* The FUSE Data Analysis Cookbook - for an introduction to manipulating post-pipeline FUSE data

Additional documentation, FUSE specific software, and interactive tools observation planning, can be found on the FUSE/JHU web site at:

http://fuse.pha.jhu.edu

For proposal specific issues, further information can be found at the NASA Guest Investigator web site:

http://fuseqi.pha.jhu.edu

Documents at this site include the NASA Research Announcement (NRA) for the current cycle, Phase 1 and 2 proposal instructions, template files as well as lists of pre
observed and pending targets. For further details, technical questions or general help, please contact FUSE UsefuSeppagmirt@pha.jhu.edu

Version 8.0 of the FUSE Observer's Guide was updated in the summer of 2006 in preparation for the cycle 8 and contains the most up-to-date information available at t
writing. However, as several operational issues and procedures are still in a state of flux, please consult the FUSE web site for updates and additional information.

Secions 1.1 & 1.2 of th8uideare intended to provide an overview of the mission and its practical implementation. This is followed by an overview of the FUSE instrumen
2. Section 3 provides additional information to assist in designing and preparing for FUSE observations. Detailed discussions of selected topics can be found in the app
Guide

1.1 The FUSE Mission

The Far Ultraviolet Spectroscopic Explorer (FUSE) mission provides access to the 905-1187 A spectral region with a resolving power of ~20,000 and is the only current
mission to provide access to this spectral range. In the 197@ppleenicusmission opened the far-ultraviolet (FUV) universe by obtaining spectra of bright, hot stars within ~
of the Sun. Two telescopes, thidopkins Ultraviolet Telescop@lUT) and theOrbiting Retrievable Far and Extreme Ultraviolet Spectromet®RFEUS), flown on Space Shuttle
missions in the 1990s, have also provided brief glimpses at lower spectral resolution into the FUSE wavelength range. FUSE is able to observe sources more than 10,0
thanCopernicusat a resolution many times better than that obtainable with either HUT or ORFEUS. This increase in sensitivity enables FUSE to explore the outer reacht
Milky Way and also makes it possible to use quasars and active galactic nuclei as continuum sources for absorption line studies of distant gas clouds.

FUSE is a "Principal Investigator-class" mission, and as such was developed to carry out several primary scientific objectives proposed by the Pl science team and sele
The satellite was launched on June 24, 1999 into a 768 km (101 min.) circular orbit, with a 25 degree inclination to the equator. In the prime mission (cycles 1-3) about
available observing time was allocated to the PI team to accomplish the goals associated with these objectives. The main goals included:

* Determining the abundance of deuterium in a wide range of Galactic environments having different metallicities and evolutionary histories.
¢ Conducting a survey of OVI absorption in the Milky Way disk and halo and the Magellanic clouds, in order to determine the physical properties and distribution of
* Exploring the nature and distribution of the hot intergalactic medium (IGM).

Several medium and small Pl team projects were also undertaken addressing a range of topics such asaAGtifferent kinds of stars. Listings of, and abstracts for, these
programs can be found on the FUSEGI website (/fusegi.pha.jhu.equ

Many results from these programs have already been published in the literature. A survey of the ADS database will provide the current status of FUSE based research.
draw your attention to the three special issues of the Astrophysical Journal; ApJL vol. 538, No. 1, Part 2, containing results from the Early Release Observations, ApJS
containing the initial results from the FUSE study of the D/H ratio and ApJS vol. 146, No. 1. containing results from FUSE surveys of OVI in the Galactic halo and high-v
clouds.

Cycle 8 marks the fifth year of the FUSE extended mission. As in cycles 4-7, all of the available observing time will be allocated through the NRA process to Guest Inve
programs. Details of the satellite capabilities and rules and constraints for the proposal cycle can be found below in this document and in documents posted on the FUS
(http://fusegi.pha.jhu.edu

1.2 Mission Operations

Science and mission operations are conducted from the FUSE Science Center on the Homewood Campus of the Johns Hopkins University (JHU). Functions include ple
scheduling of observations, generation of command loads, communication with the satellite through an autonomous ground station, receipt and processing of science a
data, monitoring of the health and safety of the satellite and instrument, computation of the FUSE orbital elements, off-line analyses of science and engineering data, ar
of flight software.

In this section we provide an overview of the procedures and main constraints of the planning and scheduling process. This is intended to provide the prospective user
background to understand when and why FUSE observations can and cannot be made and under what circumstances special justification of observational proceedures
Further detail can be found in section 3 this document and on the FUSE web site.

Based on the target database, scientific and spacecraft constraints, FUSE Mission Planning (MP) generates Long Range Plans (LRP) and Mission Planning Schedules
LRP covers a year's worth of observations and permits tracking of time critical observations and facilitates producing efficient timelines. However, many of the details in
optimum observing sequences cannot be fully coded into the LRP. Hence, the actual target selections are done at the time of the MPS generation. Observations in the

not included into a given MPS are returned to the target pool and the LRP is regenerated. The LRP is on average regenerated once a week. Therefore, the FUSE LRP

dynamical document (not comparable to the HST version) and thus, while invaluable to the FUSE project, is of very limited direct use to the user community. The Missic
Schedules (MPS) typically covers a few days to a week's worth of observations and is the input for the command loads sent to the spacecraft. The MPS is generated to
maximum efficiency of science observations, while taking spacecraft and scientific constraints into account. The main spacecraft constraints are:

* Availability of magnetic torque authority (see sec. 3.6.9)

¢ Reaction wheel momentum management (see sec 3.6.10)
* Allowed range of beta (anti-Sun) angle and minimization of short term variation in beta angle (see sec. 3.6.7)
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* Avoidance of the orbital RAM zone (see sec. 3.6.8)

Each of these will be briefly discussed below. Because of the dynamical nature of the reaction wheel momentum management, a reliable prediction of target availability
of time is difficult. While the current attitude control system is being optimized, tools to accomplish this are also under development. For this reason only very limited tim
are allowed in cycle 8 programs. Users may consultts& Slit Position Angle/Beta Angle Calculator , available at the FUSE web site to estimate the rough availabil
of a target over the course of the year.

With the transition t@xtended mission operationseveral additionale factoconstraints come into play. The FUSE operations staff is shrinking, and in particular, in the Spa
Control Center which is transitioning from a 24/7 schedule to a 16 hour M-F (no holiday) schedule. This has the potential of significantly impacting such things as anom:
and target-of-opportunity response times. Also on the Science Operations side, similar restrictions come into play. While we strive to minimize the impact on the FUSE |
impacts are unavoidable.

1.2.1 Scheduling Constraints

The instant and time-averaged scheduling availability of a given target depends on several factors. Two constraints originated already in the mission design and additiol
considerations have arisen due to spacecraft anomalies. In order to maintain the required power-positive configuration of the spacecraft and its solar panels with respec
well as safeguarding the detectors from direct sunlight, FUSE must point only within a limited range of anti-sun angles ("beta angle"; sec 3.6.7). In addition, as the optict
prone to degradation if exposed to the residual terrestrial atmosphere at the FUSE orbit altitude (primarily atomic oxygen), the FUSE project has been careful to minimiz
degradation by keeping the spacecraft from pointing in the direction of the orbital plane ("RAM avoidance"; sec. 3.6.8). This strategy has proven highly successful yieldii
slower sensitivity degradation over time than earlier FUV missions. With the shrinkage of the Earth's atmosphere, following the lowered Solar activity as we enter the Sc
minimum, the RAM avoidance constraint has now been dropped.

The attitude control of the spacecraft is accomplished through a combination of reaction wheels and magnetic torquer bars (MTB). In the original spacecraft configuratic
control was fully accomplished by the four on-board reaction wheels, with the MTBs serving to keep the reaction wheels from spinning up to unacceptably large rotation
the loss of the first two reaction wheels in December 2001, a hybrid attitude control scheme was designed with the MTBs serving both their original purpose as well as t
directly for attitude control, but with the remaining two reaction wheels still the primary control mechanism. Following the loss of the third reaction wheel in December 2C
further modification of the attitude control scheme has now been implemented. However, with this latest anomaly, the planning constraints on the observatory have cha
significantly.

While the restrictions in beta angle are still in effect, the main planning constraints for the current spacecraft configuration consist of the requirement for instantaneous
torque-authority (i.e. the need for sufficient control torque to counter-balance the external disturbances on the spacecraft) and the requirement to keep the remaining re:
from spinning up to saturation speeds. These two requirements limit both the short-time sky availability and the duration and cadence of allowable pointings.

The primary area of instantaneous torque-authority consists of an irregularly shaped and quite dynamic region in the vicinity of the FUSE orbital poles (at declination +6
the 60 day precession cycle these regions combine to cover the equatorial polar caps down to about |Dec.|=50 degrees. Combined over a year, this recurring pattern ce
substantial amounts of potential observing time for targets at high declination. Localized areas of torque authority exist also at low declinations. The FUSE project expec
to access these in a limited fashion during Cycle 8.

The requirement to manage the rotation speed on the remaining reaction wheel imposes further planning and scheduling constraints, which limit the length and absolute
individual observations. Therefore, ephemerid specific observations will not be considered in cycle 8 and while substantial total exposure times can be achieved, long ol
will likely consist of multiple, moderate length, individual integrations.

2. The Instrument
2.1 Optical Design

The FUSE instrument (Figure 2.1-1) is based on a Rowland circle design and consists of four separate optical paths or channels. A channel consists of a mirror, a Foca
Assembly (FPA, which includes the spectrograph apertures), a diffraction grating, and a portion of an FUV detector. The channels are co-aligned so that light from a sin
properly enters the apertures on all four channels, thereby maximizing the throughput of the instrument. This is accomplished with actuators on the mirror assemblies ai
As noted above in section 1.2, the alignment of these channels has become a major driver in the way FUSE observations are accomplished.

Figure 2.1-1.0ptical layout of FUSE instrument showing the four-channel design.

This multi-channel design allowed the coatings on the mirrors and gratings to be selected to maximize reflectivity in the wavelength ranges above and below ~1020 A. 1
and two gratings are coated with Silicon Carbide (SiC) to provide wavelength coverage below 1020 A, while the other two mirrors and gratings are coated with aluminur
Lithium Flouride (LiF) overcoat. The Al+LiF coating provides about twice the reflectivity of SiC at wavelengths > 1050 A, but has very little reflectivity below 1020 A. We
refer to "the SiC channels" and the "LiF channels" below.

The four channels can be thought of as comprising two nearly identical "sides" of the instrument. A side consists of one LiF and one SiC channel, each of which produc
that falls onto a single detector. Each channel has a bandpass of about 200 A. Thus, at least two channels, one LiF and one SiC, are required to cover the entire ~290
range of the instrument. All four channels cover the 1015-1075 A region.

Figure 2.1-1 also shows the orientation of the instrument prime coordinate system (X,Y,Z). The two LiF channels are on the +X side of the instrument, which is nominall
shade (i.e., the -X side always points toward the sun). This orientation minimizes the amount of sunlight that can make its way down the baffles surrounding the LiF cha
Minimizing stray light in the LiF channels is crucial to the operation of the Fine Error Sensor (FES) guidance camera which operates at visible wavelengths. The oriental
satellite is actually biased by 2.5° (in roll around the Z axis) in order to keep the radiator of the operational FES in the shade.

During initial checkout, it was determined that FES-A performed better and it was hence designated the prime FES. This was true for all observations up until Decembe
intermittent problems with FES-A, initially encountered in the spring of 2005, the FUSE project switched to FES-B as the default Guide Camera in July 2005. As FES-B
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Focal Plane Assembly (FPA) in the LiF2 channel, the most reliable (and well centered) data will now occur in LiF2(A & B), rather than in LiF1.

After the FUV focus in LiF2 was optimized early in the mission, the image quality in FES-B was marginal for guiding purposes. In order to improve the image quality in F
LiF2 FPA has been moved to a position that is offset from the focal plane of the LiF2 primary mirror. The spectral resolution in LiF2 is unaffected for observations of poil
but the throughput of the narrow apertures will be reduced. The effective transmission of the apertures has not yet been characterized in detail, but it is expected to be ¢
70% for MDRS and 15% for HIRS. These factors have been incorporated into the on-line Exposure Time Calculator (ETC). The resolution for observations of diffuse so
is expected to degrade slightly.

2.2 Telescope Mirrors

The four telescope mirrors are identical off-axis paraboloids except that the off-axis angle of the SiC mirrors and the LiF mirrors differ slightly. This angle is defined by a
placed over the surfaces of the mirrors. The mirror coatings also vary, with two mirrors being coated with silicon carbide, SiC, and two being coated with aluminum with
overcoat of lithium fluoride (LiF). Three stepper-motor actuators are attached to the rear of each mirror, which allow tip-tilt-focus adjustments. The tip-tilt mechanism is L
provide rough alignment of the mirrors to the Focal Plane Assembly entrance apertures (see next section). The point spread function (PSF) at the focal plane places 90
within a diameter of 1.5 arcsec. More details are provided in Appendix A, and some of the specifications of the mirror assemblies are given in Table A.2-1.

2.3 Focal Plane Assemblies

At the focus of each telescope mirror is a Focal Plane Assembly (FPA) that acts as the optical entrance aperture for each spectrograph channel. An FPA consists of an
mirror mounted on a two-axis flight-adjustable stage. As summarized in Table 2.3-1, four apertures are cut into the flat. The apertures are not shuttered, and always allc
it is only from the sky) to fall on the grating, which is then dispersed onto the detector.

The front surface of the FPAs on the two LiF channels are reflective in visible light. Light not passing through the apertures is reflected into one of two visible light CCD
(FES). Only one camera is in use at a given time and guiding is slaved to this channel. Images of stars in the field of view (FOV) around the apertures are used for acqt
guiding by the camera system. Further information on the FES cameras is contSieetbin 2.6.

In the summer of 2004 the default aperture for bright target observations (HIST) was changed to MDRS in order to conserve the sensitivity of the detectors in the areas
to LWRS. However, with the increased difficulties associated with channel alignment in the one reaction wheel attitude control mode, LWRS is as of the Cycle 8 proposi
the default aperture for all observations. For HIST mode observations where high precision data is required close to one of the brighter terrestrial air-glow lines, MDRS
used. (see section 2.5.3)

The four apertures are:

* A large square aperture (LWRS: 30 x 30 arcsec; DEFAULT APERTURE), which can be used for observations of faint extended objects, producing a filled-apertul

of about (~100 km'%), or for point source observing. In principle, in the limit where telescope PSF and pointing stability are at the specs, this aperture provides a s
resolution for point sources comparable to that obtained in the HIRS and MDRS apertures, except for any airglow lines. In practice, differential thermally-induced
motions produce a smearing effect that compromises spectral resolution somewhat. For TTAG mode observations, the thermal motions can be modeled and rem
order, gaining most resolution back. However, this procedure does not work for HIST mode observations, and is only partially successful for the SiC channels wh
thermal motions are less well-behaved.

* The medium resolution aperture (MDRS: 4 x 20 arcsec) provides high throughput while minimizing airglow contamination. However, thermal drifts of the separate
and in particular of the SiC channels with respect to the LiF2 channel. For observations of bright targets, place in MDRS due to the above rule, the exposure time
proposal should be doubled compared to the nominal results of the FUSE Exposure Time Calculator, in order to account for alignment shift. This does not apply t
observations for which only LiF2 data are required.Note, however, that with the switch to FES-B, the throughput for MDRS and HIRS in LiF2 have degraded (see
above).

* The high resolution aperture (HIRS: 1.25 x 20 arcsec), to ensure that maximum resolution is maintainable even if the telescope imaging or pointing stability degre
specifications. (This is not a problem to date.) This aperture does not allow all of the light from a point source into the spectrograph, however, and maintaining ali¢
four channels with these apertures is not practical currently due to thermally-induced mirror motions (sek&dxt@hservations using only the LiF2 channel are possil
with this aperture size, however.

A pinhole aperture (PINH: approximately 0.5 arcsec in diameter) The pinhole was designed for possible use in observations of very bright targets, for which FUSE
been optimizedUsing extensive data sets from co-added exposures of airglow emission we have performed a search for signals from the pinhole apertures. Base
known relative areas of the four apertures and the lack of any detected signal associated with the pinhole apertures, we have concluded that the pinholes must hi
blocked. The use of this aperture is therefore not possible.

Table 2.3-1: Apertures

ppertre | keywors | Dimensons | Thvougtiut | Throughiut L2
‘ large square ‘ LWRS ‘ 30 x 30 ‘ 1.00 1.0
medium rectangle MDRS 4.0x 20 0.98 0.7
narrow rectangle HIRS 1.25 % 20 0.85 0.15
‘ pinholeNot Avalable ‘ PINH ‘ ~0.5 (diameter)‘ ~0.10

Notes to Table 2.3-Trhe aperture throughputs are computed assuming nominal PSF (90% encircled energy in 1.5 arcsec diameter), no pointing jitter, and source
centered in the aperture. The lower throughput in LiF2 is only valid for observations performed with FES-B being used for acquisition and guiding. FES-B was ma
the default guide camera in July 2005.

However effectivethroughputs in MDRS and HIRS apertures can be considerably lower due to thermally-induced image motions, which vary on an individual poin
basis.

The pinhole aperture is not in use and is shown only for completeness.

The lower throughput in LiF2 is only valid for observations performed with FES-B being used for acquisition and guiding.

The geometrical arrangement of the apertures, drawn to scale, is shown below in Figure 2.3-1.
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Figure 2.3-1.The locations of the FUSE apertures on the sky for an aperture 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. The so-called "reference point,” used in some acquisition modes, is located at (X,Y) = (+6!
approximately an arcminute to the right of the HIRS aperture center. In these coordinates, the center of the slits are located at Y=-90.18 (MDRS), Y=10.27 (HIRS
Y=118.07 (LWRS). (This figure does NOT represent the entire field of view of the FES camera.)

Each FPA can be moved independently in two directions. Motion tangential to the Rowland circle, which is roughly in the dispersion direction and perpendicular to the a
allows co-alignment of the channels and permits "focal plane splits” for high signal/noise ratio observations of bright targets. Motion in "Z" (perpendicular to the plane of
mirror) enables focusing of the apertures with respect to the mirrors and the detector. The FPAs have no Y adjustment. Any Y corrections to alignment must be correcte
the appropriate mirror.

2.4 Spectrograph

The spectrograph has a Rowland circle design, with a diameter of 1652 mm. Light entering the spectrograph through an FPA aperture illuminates one of four diffraction
gratings are holographically ruled on spherical substrates made of fused silica. See Table A.4-1 for some of the design parameters of the spectrograph and diffraction g

2.4.1 Wavelength Coverage and Dispersion

FUSE obtains spectra from about 905 A to 1187 A. The spectra from the four channels are imaged onto two microchannel plate detectors. Each detector has one SiC s
LiF spectrum imaged onto it, and therefore covers the entire wavelength range. Therefore, each detector covers the entire wavelength range. The two channels are offs
detector perpendicular to the dispersion direction to prevent the spectra from overlapping, and the diBpetiinis opposite for SiC and LiF spectra. (Zggure 2.4.1-1 Each
detector is divided into two functionally independent segments (A and B) separated by a small gap. To ensure that the gaps do not fall at the same wavelength region ir
they are offset slightly with respect to each otfiable 2.4.1-1lists 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 A range is covered by all four, providing the highest effective area and the greate

Figure 2.4.1-1Wavelength coverage, dispersion directions, and image locations for the FUSE detectors. In this figure, the coordinate system as used for the detec
shown, where X is the dispersion axis.

The SiC channels have a dispersive plate scale of 1.03 A/mm while the LiF channels have a scale of 1.12 A/mm. Coupled with the size of the detector pixels, this result
~6.7 mA/pixel in the LiF channel and ~6.2 mA/pixel in the SiC channel (in the X or dispersion direction). (Note: one spectrograph resolution element is 6 - 10 detector pi

As FUSE does not carry a wavelength calibration lamp, we have used a number of astronomical sources to establish the dispersion solution of the spectrograph. We us
lines of molecular hydrogen in combination with low ionization atomic lines (particularly at wavelengths longward of 1108 A). The relative dispersion solution has a scatt
pixels, except for a few regions where localized distortions of up to twice this value exist. At the edges of each detector the dispersion solution also deteriorates. Howev
wavelength scale for a given observation has a variable 0-point offset, due to the location of the target within the slit, as well as effects caused by the grating motion. Wt
way to characterize these offsets and correct the effects due to them, to the extent possible, in the absolute wavelength scale in FUSE data. In figure 2.4.1-1 we show &
residuals in the dispersion solution for detector segment 2B. Similar plots for all the detector segments can be found in the on-line "white paper" on the FUSE waveleng
(http://fuse.pha.jhu.edu/analysis/calfuse_wp1.html), which also contains further discussion and details of the wavelength calibration. Note that recent results, based on ¢
observations (Bowen et al., 2006, in preparation) shows that observations of the same target taken at different times have an internal dispersion in the 0-point less than
resolution element (on LIF1; c.f. taeavelength white paper

5 of 22 08/04/06 06:03 PN



Observer's Guide for the FUSE Satellite http://fuse.pha.jhu.edu/support/guide/guide8 1.

6 of 22

Figure 2.4.2-1The in-flight derived dispersions solution - here for detector 2B. The (non-linear part of the) measured positions of interstellar absorption lines for a |
number of sources, through the three main apertures, are plotted with a best fit. The residual around the fit is about 5 pixels or 2/3 of a resolution element (see se
2.4.3 below). Larger, localized, high frequency distortions do exist. Also, near the edges of each detector the wavelenght solution deteriorates.

Table 2.4.1-1. Wavelength Ranges for Detector Segments
‘ Channel ‘ Segment A ‘ Segment B

SiC1 1090.9 - 1003.7 992.7 - 905.0

LiF 1 987.1-1082.3 | 1094.0 - 1187.7

[e¢)

‘ SiC 2 ‘ 916.6 - 1005.5 ‘ 1016.4 - 1103.

‘ LiF 2 ‘ 1181.9 - 1086.4 1075.0 - 979.2

Note to Table 2.4.1-TEhe listed wavelength ranges cover the well characterized portion of the spectrum. The actual edge of the detector is as much as 1 A differel
however, the detector distortions are quite severe beyond the listed limits and have not been characterized. The dispersion direction of the two SiC channels is o)
that of the LiF channels. Both SiC1A and LiF1A refer to the same physical detector segment.

2.4.2 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. Since the refleci
drops rapidly below approximately 1020 A, the effective area changes significantly with wavelength. In addition, the gaps between the detector segments creates narrou
(typically 10'A wide) where the total effective area drops by as much as a factdaii®2.4.2-ists the derived on-orbit effective area at 10 A intervals for each chéigete
2.4.2-1plots the effective areas as a function of wavelength for the individual detector segments.

Table 2.4.2-1: In-flight Effective Area vs. Wavelength

Wavelength ‘ Effective Area (cn12) Wavelength ‘ Effective Area (cn12)
® " sicifsiczuriurz P [sicisics LFl LF2
910 4.6 0 0 0 1050 45 3.6 231 160
‘ 920 ‘ 4.9 ‘ 5.8‘ 0 ‘ 0 ‘ 1060 ‘ 4.q 3.q 22{2 14.4
‘ 930 ‘ 4.9 ‘ 6.2‘ 0 ‘ 0 ‘ 1070 ‘ 3.7] 2.'{ 20{7 12.9
‘ 940 ‘ 4.5 ‘ 6.2‘ 0 ‘ 0 ‘ 1080 ‘ 3.:1 2..‘? 17{6 o
‘ 950 ‘ 4.3 ‘ 6.4‘ 0 ‘ 0 ‘ 1090 ‘ Z.q 2.§ 0‘ 20i7
960 4.8 | 6.7 0 0 1100 0 23 192 213
970 46 | 6.8 0 0 1110 0 0 201 215
‘ 980 ‘ 4.0 ‘ 6.5‘ 0 ‘ 2.2‘ 1120 ‘ 0| Ol 19.‘7 211
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‘ 990 ‘ 2.8 ‘ 6.6‘ 3.4‘ 3.0‘ 1130 ‘ Ol 0‘ 18{7 21.3
‘ 1000 ‘ 0 ‘ 5.6 ‘ 8.5‘ 5.8‘ 1140 ‘ l 0‘ 17{1 205
‘ 1010 ‘ 4.5 ‘ 0 ‘ 17.7‘ 9.4‘ 1150 ‘ Ol 0‘ 15‘1 19.3
1020 51| 38| 229 121 1160 0 0 138 17.9
1030 49| 40| 232 13. 1170 0 0 123 156
‘ 1040 ‘ 4.8 ‘ 4.0‘ 24.4% 15.$ 1180 ‘ OI q 1q.6 13.6

Note to Table 2.4.2-1n order to avoid small scale variations, the effective areas quoted here are the averages of the valuses for three consecutive wavelengths, ¢
on the quoted one.

Figure 2.4.2-1The in-flight derived effective area as a function of wavelength. Curves are shown for the individual detector segments. The effective area will chany
with time on orbit. (see text for details).

2.4.3 Spectroscopic Resolving Power

It has turned out to be difficult to assess the true spectral resolution of FUSE on-orbit for several reasons. It has been difficult to remove the smearing effects of the ther
image and spectral motions, and these motions affect HIST and TTAG data differently. Also, high signal to noise data are required, but uncertainties in the detector flat
their effect on measured line widths, need to be assessed. Finally, most real sources do not have intrinsically narrow lines across the bandpass, making a thorough ass

To date, the most quantitative assessment of resolving power is the following: The spectral resolving power was estimated by observing WD0439+466, a nearby white (
exhibiting numerous narrowjbsorption lines in its spectrum. We obtained 15 histogram exposures. Each exposure was individually cross-correlated to remove the zer

offsets due to image and spectral shifts, then co-added, resulting in a single, high S/N spectrum for each segment of each channel. Next, an astigmatism correction was
straighten the spectral line curvature (see next section), and the resulting image was collapsed in the spatial direction to form a 1-D spectrum.

We used the LiF1 data to construct a curve of growth for gﬂé"lbls. This allowed us to measure the thermal velocity parameter, b = 3 11 Rnisswas deconvolved from the

measured line widths to determine the intrinsic resolving power of the instrument. The result is R = 20,000 + 2000, and is nearly flat across the entire bandpass. This is
monochromatic resolving power. An observed line width will be the intrinsic line width convolved with the instrumental width, lambda/R.

The data for this resolution estimate were obtained in the LWRS aperture in HIST mode. No detailed correction for image or spectral motion was therefore possible with
histogram, although the cross-correlation of the separate histograms removed the smearing that would otherwise be present in separate exposures. In addition, the 1 x

of histograms gives rise to a ~5-10% reduction in resolving power compared to time-tagged data. Thus, time-tagged exposures with good S/N may yield spectra with sa
resolving power if care is taken in the data analysis.

2.4.4 Spectral Astigmatism

Although the FUSE gratings were created specifically to reduce astigmatism to a managable level, the astigmatic height of FUSE spectra perpendicular to the dispersio
significant and variable as a function of wavelength. To recover the full spectral resolution, this astigmatism must be carefully characterized and removed from the data
collapsing it into a 1-D spectrum.

Two portions of an on-orbit spectrum recorded by flight detector segment 1A are stémmwé?2.4.4-1The top half of the figure shows x pixels 5800 to 7800, while the botton
half shows x pixels 11000 to 13000. Each of these regions covers about 12 &Aring. The target spectrum is visible in the LWRS aperture in both channels, and Lyman b
seen in both LiF (top figure) and SiC (bottom figure) channels through the HIRS and MDRS slits.

This image shows the variation in astigmatism as a function of both channel and wavelength, and also the tilt and curvature of the spectral lines. A dead spot is also visi
edge of the LiF spectrum near x=950 in the lower panel.
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Figure 2.4.4-1Two sections of an on-orbit spectrum on detector segment 1A. These regions were chosen to show Lyman beta airglow in the LiF (top panel) and ¢
(bottom panel) channels.

The spectra discussed above are from side 1 of the instrument. For side 2, the order of the apertures is reversed from what is shown in Figure 2.4.4-1. The LWRS aper
of the image and the MDRS aperture is below the HIRS aperture. The LiF spectra are still imaged in the upper half of the segment, with the SiC spectra in the lower hal
the y pixel sizes are larger than on side 1.

Although the holographic rulings allow for partial correction of astigmatic optical aberrations, the image of a point source still has a vertical extent of 200 to 900 pm (14 t
on the detector. (Full extent of sources that fill the apertures can be as high as 1200 um (100 arcsec). This vertical astigmatic height is a function of both wavelength an
segment being considered. This means that virtually no spatial imaging capability is available, since the HIRS and MDRS apertures are only 20 arcsec in length (which
um on the detector). Only in the limited spectral regions near the minimum astigmatic heights in each spectrum will marginal spatial information (>10 arcsec) be derivab
then only with careful hand processing of the data sets.

Further information on astigmatic heights as a function of wavelength can be derivéddtwen2.5.1-1
2.5 Detectors

Two microchannel plate (MCP), double-delay line detectors are used in the FUSE instrument. The MCPs and delay line anodes are curved to match the Rowland circle
area of a detector must be approximately 170 x 10 mm in order to capture the full spectral range from a pair of gratings. This requires the use of two MCP stacks ("segr
detector. Each segment is 88.5 x 10 mm, and they are placed end-to-end in the long (dispersion) direction, with a ~7 mm gap between the stacks. Due to edge effects,
size is ~10 mm. The two detectors are displaced slightly in the dispersion direction so that no wavelength interval falls in the gaps of both detectors. Throughout this dot
detector segments are labeled 1A and 1B (segments A and B on side 1), and 2A and 2B (segments A and B on side 2).

The photon event locations in each detector MCP segment are accomplished electronically and are digitized into 16,384 x 1024 pixels. On all segments, the X pixel sizt
However, the Y pixel size is slightly different for the different detector segments. For segments 1A and 1B, the Y pixel size is 9.1 pm. For segments 2A and 2B, the Y pi:
14.8 and 16.3 pm, respectively. The detector resolution, however, is ~25 x 80 um (i.e., the detector resolution is oversampled by ~4). The full instrumental resolution, in
optics and pointing jitter is about 50 pm (corresponding to R = 20,00@eg®n 2.4.8

Information for every photon event is packaged into a 4-byte packet and sent to the Instrument Data System (IDS) computer. Information in this packet includes the dett
segment number of the event, the X,Y location on the segment, and the pulse height of the event.

If the total count rate from the two detectors exceeds 32,000 counts/second, the bus between the detectors and the IDS cannot keep up, and events are randomly disce
detector. Spectral integrity is maintained, but photometric accuracy is compromised. The total number of photons detected (before discarding photons above the 32,00C
limit) is telemetered to the IDS from the detector. For count rates higher than ~15-20,000 per segment, the dead-time correction begins to become important (> 20%).

The total charge that can be extracted from the MCPs is a limited resource. High S/N observations of any target, bright or faint, deplete this resource and cause gain sa
illuminated region of the detector, similar to that seen due to airglonSawion 3.5.2lescribes the bright object limitations in greater detail.

Two sets of wire grids lie above the MCPs. A "QE grid", which improves the quantum efficiency of the detector by collecting photoelectrons generated by the MCP web,
"plasma gr