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CHAPTER 1:

Introduction

In this chapter ...

1.1 Purpose / 2

1.2 Instrument Handbook Layout / 2

1.3 Two-gyro Guiding / 3

1.4 The FGS as a Science Instrument /5

1.5 Technical Overview / 6

1.6 Planning and Analyzing FGS Observations / 10
1.7 FGS2r / 11

The precision pointing required of the Hubble Space Telescope (HST)
motivated the design of the Fine Guidance Sensors (FGS). These large field
of view (FOV) white light interferometers are able to track the positions of
luminous objects with ~1 millisecond of arc (mas) precision. In addition,
the FGS can scan an object to obtain its interferogram with sub-mas
sampling. These capabilities enable the FGS to perform as a high-precision
astrometer and a high angular resolution science instrument which can be
applied to a variety of objectives, including:

* relative astrometry with an accuracy approaching 0.2 mas for targets
with V < 16.8;

* detection of close binary systems down to ~8 mas, and characteriza-
tion of visual orbits for systems with separations as small as 12 mas;

* measuring the angular size of extended objects;

* 40 Hz relative photometry (e.g., flares, occultations) with milli-mag-
nitude accuracy.

The purpose of this Handbook is to provide information needed to
propose for HST/FGS observations (Phase I), to design Phase II programs



2 |l Chapter 1: Introduction

for accepted FGS proposals (in conjunction with the Phase II Proposal
Instructions), and to describe the FGS in detail.

1.1 Purpose

The FGS Instrument Handbook is the basic reference manual for
observing with the FGS. It describes the FGS design, properties,
performance, operation, and calibration. The Handbook is maintained by
the Observatory Support Group at STScl, who designed this document to
serve three purposes:

* To help potential FGS users decide whether the instrument is suitable
for their goals, and to provide instrument-specific information for
preparing Phase I observing proposals with the FGS.

* To provide instrument-specific information and observing strategies
relevant to the design of Phase II FGS proposals (in conjunction with
the Phase II Proposal Instructions).

* To provide technical information about the FGS and FGS observa-
tions.

The HST Data Handbook provides complementary information about
the analysis and reduction of FGS data, and should be used in conjunction
with this Instrument Handbook. In addition, we recommend visiting the
FGS World Wide Web pages for frequent updates on performance,
calibration results, and methods of data reduction and analysis. These
pages can be found at:

http://www.stsci.edu/hst/fgs/

1.2 Instrument Handbook Layout

To guide the proposer through the FGS’s capabilities and help optimize
the scientific use of the instrument, we have produced the FGS Instrument
Handbook, the layout of which is as follows:

* Chapter 1: Introduction, describes the layout of the FGS Instrument
Handbook and gives a brief overview of the instrument and its capa-
bilities as a science instrument.

* Chapter 2: FGS Instrument Design, details the design of the FGS.
Specific attention is given to the optical path and the effect of optical
misalignments on FGS observations. The interferometric Transfer
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Function is described in detail, along with effects which degrade
Transfer Function morphology. Descriptions of apertures and filters
are also presented here.

» Chapter 3: FGS Science Guide, serves as a guide to the scientific pro-
grams which most effectively exploit FGS capabilities. The advan-
tages offered by the FGS are described together with suitable
strategies to achieve necessary scientific objectives. A representative
list of publications utilizing the FGS for scientific observations is
included for reference.

* Chapter 4: Observing with the FGS, describes the detailed character-
istics of the two FGS observing modes - Position mode and Transfer
mode - as well as the observational configurations and calibration
requirements which maximize the science return for each mode.

e Chapter 5: FGS Calibration Program, describes sources of FGS
errors, associated calibrations, and residual errors for Position and
Transfer mode observations. A discussion of calibration plans for the
upcoming Cycle is also included.

* Chapter 6: Writing a Phase II Proposal, serves as a practical guide to
the preparation of Phase II proposals, and as such is relevant to those
researchers who have been allocated HST observing time.

e Chapter 7: FGS Astrometry Data Processing, briefly describes the
FGS astrometry data processing pipeline and analysis tools. The vari-
ous corrections for both Position and Transfer mode observations are
described along with the sequence in which they are applied.

In addition to the above chapters, we also provide two appendices:

* Appendix 1: Target Acquisition and Tracking, describes the acquisi-
tion of targets in both Position and Transfer modes. The target acqui-
sition scenario may have implications for observations of moving
targets or targets in crowded fields.

* Appendix 2: FGS1r Performance Summary, describes the evolution
of FGS1r during its first three years in orbit and the adjustment of the
AMA to improve performance in this instrument.

1.3 Two-gyro Guiding

This section contains information about the performance of the Fine
Guidance Sensors when HST is guiding in two-gyro mode. Observers
should use the information in this chapter to assess and justify the
feasibility of their proposed FGS observations.
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1.3.1

1.3.2

Fine Guidance Sensors (FGS) Performance

Several FGS science observations were performed as part of the
two-gyro on-orbit test. These observations were used to check the pointing
stability as measured by FGS tracking of guide stars. The FGS POS-mode
data analyzed to date indicates that RMS pointing errors within an orbit are
typically 3.0-3.5 milli-arcseconds for a range of guide star magnitudes.
This performance is similar to that observed in three-gyro mode and is in
good agreement with the jitter estimates from the gyro data. Observers
filling out their Cycle 14 Phase II proposals should consult Chapter 11 of
the HST Two-Gyro Handbook for restrictions on astrometric observations
in two-gyro mode. For information about FGS performance in three-gyro
mode, see the FGS Instrument Handbook.

FGS Science

As a science instrument the FGS is used for high angular resolution
observing in transfer (TRANS) mode and astrometry in positional (POS)
mode. Spacecraft jitter and drift in three-gyro mode introduces a source of
positional error that is typically much larger than the scientific
measurement being pursued. For example, parallaxes can be measured to
an accuracy of 0.2 milli-arcseconds (mas), while the drift of the FGSIr
field of view during the course of an orbit can be as large as 20 mas. For
both POS and TRANS mode data reduction, the FGS calibration pipeline
uses the 40 Hz data from the guiding FGSs to model and remove jitter and
drift over the time scales of a single POS mode exposure (typically 20
seconds) or single TRANS mode scan. Drift over times scales up to the
duration of an orbit can be monitored, modeled, and eliminated during data
analysis provided the proposer employs the appropriate "check star"
strategy for POS mode observations (as described in this Handbook). For
TRANS mode, the cross correlation of individual scans compensates for
the drift.

In two-gyro mode, the pointing jitter displays a ~0.8 Hz periodicity with
an amplitide of about 6 mas (peak-to-peak). Application of routine jitter
and drift removal tools in the FGS calibration pipeline effectively
eliminates this pointing error in the science data just as effectively as is in
three-gyro mode. Therefore, the operation of HST in two-gyro mode is
transparent to observers using the FGS as a science instrument.

Scheduling

The greatest impact to astrometry parallax programs in two-gyro mode,
as shown in Figure 1.1 for an object at (o, 8) = (53°, -28°), will be the
inability to schedule observations over an appreciable part of the object’s
parallactic ellipse, an effect which is more pronounced for low declination
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fields (see the general discussion of scheduling issues in Chapter 6). The
inability to observe an object at both epochs of parallactic extremes in
two-gyro mode will directly reduce the accuracy of the parallax
measurement.

Figure 1.1: A Two-Gyro Mode Parallactic Ellipse
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The above plot shows the schedulability (blue triangles) of observations
in two-gyro mode for a target at (o, &) = (53°, -28°) with observing
windows of at least 30 minutes in length. Additional constraints may apply
that would reduce the range of available roll angles, which in turn may
preclude an observer from using an optimal set of reference field stars for
positional astrometry.

1.4 The FGS as a Science Instrument

The FGS has two modes of operation: Position mode and Transfer
mode. In Position mode the FGS locks onto and tracks a star’s
interferometric fringes to precisely determine its location in the FGS FOV.
By sequentially observing other stars in a similar fashion, the relative
angular positions of luminous objects are measured with a per-observation
precision of about 1 mas over a magnitude range of 3.0 <V < 16.8. This
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mode is used for relative astrometry, i.e., for measuring parallax, proper
motion, and reflex motion. Multi-epoch programs achieve accuracies
approaching 0.2 mas.

In Transfer mode an object is scanned to obtain its interferogram with
sub-mas sampling. Using the fringes of a point source as a reference, the
composite fringe pattern of a non-point source is deconvolved to determine
the angular separation, position angle, and relative brightness of the
components of multiple-star systems or the angular diameters of resolved
targets (Mira variables, asteroids, etc.).

As a science instrument, the FGS is a sub-milliarcsecond astrometer and
a high angular resolution interferometer. Some of the investigations well
suited for the FGS are listed here and discussed in detail in Chapter 3:

* Relative astrometry (position, parallax, proper motion, reflex
motion) with single-measurement accuracies of about 1 milliarcsec-
ond (mas). Multi-epoch observing programs can determine paral-
laxes with accuracies approaching 0.2 mas.

* High-angular resolution observing:

- detect duplicity or structure down to 8 mas
- derive visual orbits for binaries as close as 12 mas.

e Absolute masses and luminosities:

- The absolute masses and luminosities of the components of a mul-
tiple-star system can be determined by measuring the system’s
parallax while deriving visual orbits and the brightnesses of the
stars.

* Measurement of the angular diameters of non-point source objects
down to about 8 mas.

* 40Hz 1-2% long-term relative photometry:
- Long-term studies or detection of variable stars.
* 40Hz milli-magnitude relative photometry over orbital timescales.

- Light curves for stellar occultations, flare stars, etc.

1.5 Technical Overview

1.5.1 The Instrument

The FGS is a white-light shearing interferometer. It differs from the
long-baseline Michelson Stellar Interferometer in that the angle of the
incoming beam with respect to the HST’s optical axis is measured from the
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tilt of the collimated wavefront presented to the “Koesters prism” rather
than from the difference in the path length of fwo individual beams
gathered by separate apertures. Thus, the FGS is a single aperture (single
telescope) interferometer, well suited for operations aboard HST. The FGS
is a two dimensional interferometer; it scans or tracks an object’s fringes in
two orthogonal directions simultaneously. As a science instrument, the
FGS can observe targets as bright as V=3 and as faint as V=17.5 (dark
counts dominate for V>18 targets).

Spectral Response

The FGS employs photomultiplier tubes (PMTs) for detectors. The
PMTs—four per FGS—are an end-illuminated 13-stage venetian blind
dynode design with an S-20 photocathode. The PMT sensitivity is
effectively monotonic over a bandpass from 4000 to 7000A, with an ~18%
efficiency at the blue end which diminishes to ~2% at the red end.

Each FGS contains a filter wheel fitted with 5 slots. FGS1r contains
three wide-band filters, F550W, F583W (sometimes called CLEAR),
F605W, a 5-magnitude Neutral Density attenuator (FSND), and a 2/3 pupil
stop, referred to as the PUPIL. Not all filters are supported by standard
calibrations. Transmission curves of the filters and recommendations for
observing modes are given in Chapter 2 and 4 respectively.

The S-Curve: The FGS’s Interferogram

The FGS interferometer consists of a polarizing orthogonal beam
splitter and two Koesters prisms. The Koesters prism, discussed in Chapter
2, is sensitive to the tilt of the incoming wavefront. Two beams emerge
from each prism with relative intensities correlated to the tilt of the input
wavefront. The relation between the input beam tilt and the normalized
difference of the intensities of the emergent beams, measured by pairs of
photomultiplier tubes, defines the fringe visibility function, referred to as
the “S-Curve”. Figure 1.2 shows the fringe from a point source. To sense
the tilt in two dimensions, each FGS contains two Koesters prisms oriented
orthogonally with respect to one another. A more detailed discussion is
given in Chapter 2.

FGS1r and the AMA

During the Second Servicing Mission in March 1997 the original FGS1
was replaced by FGS1r. This new instrument was improved over the
original design by the re-mounting of a flat mirror onto a mechanism
capable of tip/tilt articulation. This mechanism, referred to as the
Articulated Mirror Assembly, or AMA, allows for precise in-flight
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1.5.5

alignment of the interferometer with respect to HST’s OTA. This assured
optimal performance from FGSIr since the degrading effects of HST’s
spherically aberrated primary mirror would be minimized (the COSTAR
did not correct the aberration for the FGSs). This topic is discussed in detail
in Chapter 2.

Figure 1.2: FGS Interferometric Response (the “S-Curve”)
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Field of View

The total field of view (FOV) of an FGS is a quarter annulus at the outer
perimeter of the HST focal plane with inner and outer radii of 10 and 14
arcmin respectively. The total area (on the sky) subtended by the FOV is
~ 69 square arcmintues. The entire FOV is accessible to the interferometer,
but only a 5 x 5 arcsec aperture, called the Instantaneous Field of View
(IFOV), samples the sky at any one time. A dual component Star Selector
Servo system (called SSA and SSB) in each FGS moves the IFOV to a
desired position in the FOV. The action of the Star Selectors is described in
detail in Chapter 2, along with a more detailed technical description of the
instrument. Figure 1.3 shows a schematic representation of the FGSs
relative to the HST focal plane.
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Figure 1.3: FGSs in the HST Focal Plane (Projected onto the Sky)
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1.5.6

Modes of Operation

The FGS has two modes of operation: Position mode and Transfer
mode.

Position Mode

The FGS Position mode is used for relative astrometry, i.e. parallax,
proper motion, reflex motion and position studies. In Position mode, the
HST pointing is held fixed while selected FGS targets are sequentially
observed (fringes are acquired and tracked, see appendix Al) for a period
of time (2 <t < 120 sec) to measure their relative positions in the FOV.
Two-dimensional positional and photometric data are continuously



10 [l Chapter 1: Introduction

recorded every 25 msec (40 Hz). The raw data are composed of a Star
Selector encoder angles (which are converted to FGS X and Y detector
coordinates during ground processing) and photomultiplier (PMT) counts.
Figure 1.4 is a schematic of the FGS FOV and IFOV. The figure shows how
Star Selectors A and B uniquely position the IFOV anywhere in the FGS
FOV.

Transfer Mode

In Transfer mode, the FGS obtains an object’s interferograms in two
orthogonal directions by scanning the Instantaneous Field of View (IFOV)
across the target (typically in 1" scan lengths). Transfer mode observing is
conceptually equivalent to imaging an object with sub-milliarcsecond
pixels. This allows the FGS to detect and resolve structure on scales
smaller than HST’s diffraction limit, making it ideal for detecting binary
systems with separations as small as 8 mas with ~ 1 mas precision.

Figure 1.4: FGS Star Selector Geometry
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1.6 Planning and Analyzing FGS Observations

1.6.1 Writing an FGS Proposal

Chapter 3 and 6 are of particular use in designing and implementing an
FGS proposal. Chapter 3 provides information on a variety of scientific
programs which exploit the unique astrometric capabilities of the FGS.
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Chapter 6 provides guidelines on how to design the Phase II proposal. In
Chapter 6 we provide examples of observing strategies and identify special
situations where further discussions with STScl are recommended.

Data Reduction

The HST Data Handbook provides a detailed description of the FGS
data and related data reduction. Chapters 5 and 7 in this Instrument
Handbook contain useful summaries of that information. Chapter 5
provides a discussion of the accuracies and sources of errors associated
with FGS data in addition to a detailed description of the calibration
program planned for the upcoming Cycle. Chapter 7 describes the set of
software tools which are available to observers to reduce, analyze and
interpret FGS data. Please check the FGS web pages for details on these
tools.

1.7 FGS2r

1.7.1

HST’s 2"d Replacement FGS

After the second servicing mission (SM2) the original FGS1 was
returned for refurbishment to its manufacturer, Raytheon Optical Systems
Inc. (ROSI, currently BFGoodrich Space Flight Systems). Its (worn out)
star selector shaft bearings were replaced and, like FGS1r, an AMA was
installed. During the December 1999 servicing mission (SM3a) this
repaired unit, redesignated as FGS2r, replaced the original, mechanically
worn FGS2. As part of the orbital verification activities ROSI engineers,
using observations of the standard star Upgren69, adjusted the AMA to
align FGS2r’s internal optics with the OTA to optimize the instrument’s
interferometric response.

With two AMA optimized FGSs now on board HST, the question of
whether FGS1r or FGS2r should be designated as the science instrument
might arise. The amplitude and morphology of both the FGS1r and FGS2r
S-curves vary with location in the FOV due to “beam walk”, for which the
AMA can not compensate (discussed in chapter 2). But FGSIr
demonstrates optimal fringe visibility and morphology along both its x and
y axis simultaneously at the center of its FOV, while FGS2r’s x and y axis
S-curves are not simultaneously optimal anywhere in its FOV. Therefore,
FGSIr has significantly better angular resolution and remains the clear
choice as the science instrument (FGS1r’s performance as an astrometer is
not impaired by the FOV dependent fringes).


http://www.stsci.edu/hst/HST_overview/documents/datahandbook/
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There is also the consideration of the orientation of an FGS’s FOV in
HST’s focal plane. For efficient astrometric determination of parallaxes,
targets and reference stars are observed at times of maximum parallax
factor. Due to HST sun angle constraints, FGS1r’s orientation at such times
is more favorable than that of FGS2r.

STScl does not regard FGS2r as a science instrument and has no plans
to calibrate it as such. It has been calibrated only to the level needed for
reliable performance as a guider. It will be monitored over time to verify
that these calibrations remain within tolerance as the instrument desorbs
water from its graphite epoxy composites.
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2.1 The Optical Train

Each FGS comprises two orthogonal white-light, shearing
interferometers, their associated optical and mechanical elements, and four
S-20 photo-multiplier tubes (PMTs). For clarity, we divide the FGS optical
train into two sections: The Star Selectors and The Interferometer..

2.1.1 The Star Selectors

A schematic view of the FGS optical train is shown in Figure 2.1. Light
from the HST Optical Telescope Assembly (OTA) is intercepted by a plane
pickoff mirror in front of the HST focal plane and directed into the FGS.
The beam is collimated and compressed (by a factor of ~60) by an aspheric
collimating mirror, and guided to the optical elements of the Star Selector
A (SSA) servo assembly. This assembly of two mirrors and a five element
refractive corrector group can be commanded to rotate about the
telescope’s optical axis. The corrector group compensates for designed

13
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optical aberrations induced by both the asphere and the HST Optical
Telescope Assembly (OTA). The asphere contributes astigmatism,
spherical aberration and coma to the incident beam. Aberrations from the
OTA'’s Ritchey-Chretien design include astigmatism and field curvature.

The FGS design does not correct for the unexpected spherical aberra-
tion from the telescope’s misfigured primary mirror.

After the SSA assembly, the beam passes through a field stop (not
shown) to minimize scattered light and narrow the field of view. The four
mirrors of the Star Selector B (SSB) assembly intercept and re-direct the
beam to a fold flat mirror and through the filter wheel assembly. From
there, the Articulating Mirror Assembly (AMA) reflects the beam onto the
Polarizing Beam Splitter. Like the SSA, the SSB assembly rotates about a
vector parallel to the telescope’s optical axis. Together the SSA and SSB
assemblies allow for the transmission to the polarizing beam splitter only
those photons originating from a narrow region in the total FGS field of
view. This area, called the Instantaneous Field of View (IFOV), is a5 x 5
arcsec patch of sky, the position of which is uniquely determined by the
rotation angles of both the SSA and SSB. The IFOV can be brought to any
location in the full FOV and its position can be determined with
sub-milliarcsecond precision (see Figure 1.4).

The AMA is an enhancement to the original FGS design. It allows for
in-flight alignment of the collimated beam onto the polarizing beam splitter
and therefore the Koesters prisms. Given HST’s spherically aberrated OTA,
this is an important capability, the benefits of which will be discussed in
subsequent chapters.



,,,,,,,

Star Selector A
Assembly

Star Selector B
Assembly

The Optical Train [l 15

Figure 2.1: FGS1r Optical Train Schematic
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2.1.2 The Interferometer

The interferometer consists of a polarizing beam splitter followed by
two Koesters prisms. The polarizing beam splitter divides the incoming
unpolarized light into two plane polarized beams with orthogonal
polarizations, each having roughly half the incident intensity. The splitter
then directs each beam to a Koesters prism and its associated optics, field
stops, and photomultiplier tubes. Figure 2.2 illustrates the light path
between the Koesters prism and the PMTs.

The Koesters prisms are constructed of two halves of fused silica joined
together along a coated surface which acts as a dielectric beam splitter. The
dielectric layer performs an equal intensity division of the beam, reflecting
half and transmitting half, imparting a 90 degree phase lag in the
transmitted beam. This division and phase shift gives the Koesters prism its
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interferometric properties: the beam reflected from one side of the prism
interferes constructively or destructively with the beam transmitted from
the other side. The degree of interference between the two beams is directly
related to the angle, or tilt, between the incoming wavefront’s propagation
vector and the plane of the dielectric surface.

Each Koesters prism emits two exit beams whose relative intensities
depend on the tilt of the incident wavefront. Each beam is focussed by a
positive doublet onto a field stop assembly (which narrows the IFOV to 5 x
5 arcsec). The focussed beams are recollimated by field lenses (after the
field stop) and illuminate the photomultiplier tubes (PMT). The PMT
electronics integrate the photon counts over 25 millisecond intervals.

The Koesters prism is sensitive to the angle of the incoming wavefront
as projected onto its dielectric surface. To measure the frue (non-projected)
direction of the source, each FGS has two Koesters prisms oriented
perpendicular to one another (and therefore a total of 4 PMTs).

Figure 2.2: Light Path from Koesters Prisms to the PMTs
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Small rotations of the star selector A and B assemblies alter the
direction of the target’s collimated beam, and hence the tilt of the incident
wavefront with respect to the Koesters prisms. Figure 2.3 is a simplified
illustration of Koesters prism interferometry. As the wavefront rotates
about point b, the relative phase of the transmitted and reflected beams
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change as a function of angle a. When the wavefront’s propagation vector
is parallel to the plane of the dielectric surface (b-d) a condition of
interferometric null results, and the relative intensities of the two emergent
beams will ideally be equal. When a is not zero, the intensities of the left
and right output beams will be unequal and the PMTs will record different
photon counts.
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Figure 2.3: The Koesters Prism: Constructive and Destructive Interference.
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This case shows the interference within the Koesters Prism for a wavefront with a tilt o such that
the ray entering the prism at point a is advanced by A/4 with respect to the ray entering at point c.
The rays a’ and ¢’ are transmitted though the dielectric surface and are retarded by A/4 in the pro-
cess. Rays ¢” and a” are reflected by the dielectric and suffer no change in phase. Rays ¢’ and a”
are interferometrically recombined and exit the prism on the right hand side. Similarly, rays a’ and
c" are recombined and exit to the left. The intensity of each exit ray depends upon the phase dif-
ference of recombined reflected and transmitted rays.

The rays exiting the prism at its apex will always consist of components with 90 degree phase dif-
ference (because the reflected and transmitted components initially had zero phase difference, but
the dielectric retarded the transmitted wave by A/4). Therefore, at the apex, constructive and de-
structive interference occur at the same rate and the two exit rays have equal intensity. In the ex-
ample shown here, the intensity of the rays exiting the left face of the prism increases as one moves
along the face, away from the apex, in the direction of increasing constructive interference (the
recombined beams a’ and ¢" have zero phase difference). On the right face of the prism, destruc-
tive interference increases away from the apex (a" and ¢’ are out of phase by 180 deg), so the in-
tensity of these rays diminishes along the face. Therefore the intensity of the left hand beam is
greater than that of the right hand beam. The tilt o in this example corresponds to a peak of the
S-curve. Rotating the wavefront about point b by 2a. in a clockwise direction would produce the
other peak of the S-curve.
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2.2 FGS Detectors

The FGS PMTs (four per FGS) are end-illuminated, 13 stage venetian
blind dynode S-20 photon-counting detectors with an effective
photocathode area of about 4 mm. The A and B channels for each FGS
interferometric axis operate independently. The PMTs are sensitive over a
bandpass of 4000-7000A, with an efficiency of ~ 18% at the blue and
diminishing linearly to about 2% at the red end.

The FGS1r dark counts for each channel are given in Table 2.1.

Table 2.1: FGS1r Dark Counts

PMT counts/second? stdev
Ay 174.6 +2
By 84.4 +2
Ay 164.0 +2
By 252.0 2

a. Values based on an average of 40Hz PMT
counts and associated standard deviations.

2.3 HST’s Spherical Aberration

The interferometric response of the Koesters prism arises from the
difference in optical path lengths of photons entering one side of the prism
to those entering the other side (and therefore to the tilt of the wavefront).
A photon transmitted by the dielectric surface within the prism is
re-combined with one which has been reflected by the surface. Both of
these photons were incident on the prism’s entrance face at points
equidistant from, but on opposite sides of, the dielectric surface. The
degree to which they constructively or destructively interfere depends
solely on their difference in phase, which by design, should depend only
upon the wavefront tilt. Any optical aberration in the incident beam that
does not alter the phase difference of the recombining beams will not affect
the interferometric performance of the FGS. Such aberrations are
considered to be symmetric.

No correction for the HST’s spherical aberration is incorporated in the
original or refurbished FGSs. Though the Koesters prisms are not sensitive
to symmetric aberrations (e.g., spherical aberration), small misalignments
in the internal FGS optical train shift the location of the beam’s axis of tilt
(“b” in Figure 2.2 and in Figure 2.3) effectively breaking the symmetry of
the OTA’s spherical aberration. This introduces an error in the phase
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difference of the re-combining photons and degrades the interferometric
response.

With HST’s 0.23 microns of spherical aberration, a decentering of the
wavefront by only 0.25 mm will decrease the modulation of the S-Curve to
75% of its perfectly aligned value. If the telescope were not spherically
aberrated (i.e., if the wavefront were planar) misalignments up to five times
this size would hardly be noticeable. The impact of HST spherical
aberration and the improved performance of FGS1r are discussed in the
next sections.

2.4 The FGS Interferometric Response

2.4.1

FGS interferometry relates the wavefront tilt to the normalized difference
of intensity between the two beams emerging from the Koesters prism (see
Figure 2.3). As the tilt varies over small angles (as when the IFOV scans
the target), this normalized intensity difference defines the interferogram,
or “S-Curve”, given by the relation,

S.=(A,-B)/ (A, +B,)),

where A, and B, are the photon counts from PMTx, and PMTxp
respectively accumulated over 25 milliseconds intervals when the IFOV is
at location x. The Y-axis S-Curve is defined in an analogous manner. Figure
1.2 shows an S-Curve resulting from several co-added scans of a point
source.

Because the FGS is a white light, broad bandpass interferometer, its
S-Curve 1s essentially a single fringe interferogram. The spectral
incoherence of white light causes the higher order fringes to be strongly
damped. Because the S-Curve is a normalized function, its amplitude is not
sensitive to the target’s magnitude provided the background and dark
contributions to the input beam are relatively small. However, as fainter
targets are observed (i.e., V =14.5), the S-Curve’s amplitude will be
reduced (background and dark counts contributions are not coherent with
light from the target). Usually the effect of dark + background is easily
calibrated and therefore does not compromise the instrument’s scientific
performance in either Position or Transfer mode.

The Ideal S-Curve

The intensity of each beam exiting the Koesters prism is the integral of
the intensity of each ray along the entire half-face of the prism. When the
IFOV is more than 100 milliarcseconds (mas) from the location of the
interferometric null, the PMTs of a given channel record nearly equal
intensities since the re-combining beams are essentially incoherent over
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such large optical path differences (the photons constructively and
destructively interfere at approximately the same rate). Closer to the
interferometric null (at about +/- 40 mas from the null), a signal emerges as
the Koesters prism produces exit beams of different relative intensities.

Maximum fringe visibility of the ideal S-Curve min/max extremes is
0.7, occurring at about —20 and +20 mas for the positive and negative fringe
maxima, respectively. Thus the “peak-to-peak” amplitude is 1.4. An ideal
S-curve is inverse symmetric about the central “zero point crossing”. This
crossing occurs when the wavefront’s propagation vector is normal to the
Koesters prism entrance face, a condition referred to as interferometric null
(jargon derived from guide star tracking or Position mode observing for
when a target’s fine error signal has been nulled out).

Actual S-Curves

HST’s Spherical Aberration

The characteristics of real S-Curves depend on several factors: the
quality and fabrication of the internal optics, the relative sensitivity of the
PMTs, the alignment of the internal optics, the filter in use, the color of the
target, and the effect of the spherically aberrated HST primary mirror.
Some of the effects can be removed during processing and calibration,
while others limit the performance of the instrument.

Referring back to Figure 2.3, if the tilt axis is of the incident beam is not
at point ‘b,” the beam is said to be decentered with respect to the Koesters
prism. Given the presence of spherical aberration from the HST’s
misfigured primary mirror, the wavefront presented to the Koesters prism is
not flat but has curvature. This greatly amplifies the effects of
misalignments in the FGS optical train. A decentered spherically aberrated
beam introduces a phase error between the re-combining transmitted and
reflected beams, resulting in degraded S-Curve characteristics. The
interferometric response (in filter FS83W) of the 3 original FGSs are shown
in Figure 2.4. Decenter emerges as morphological deformations and
reduced modulation of the fringes. Of the original three FGSs, FGS3 was
the only instrument with sufficient fringe visibility to perform as an
astrometric science instrument.
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Figure 2.4: Full Aperture S-Curves of the Original FGSs
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The degrading effects due to the misalignment of an FGS with the
spherically aberrated OTA can be reduced by masking out the outer
perimeter of the HST primary mirror. This eliminates the photons with the
largest phase error. The 2/3 PUPIL stop accomplishes this and restores the
S-Curves to a level which allows the FGS to track guide stars anywhere in
the FOV. Unfortunately, it also blocks 50% of the target’s photons, so
nearly a magnitude of the HST Guide Star Catalog is lost. Figure 2.5 shows
the improvement of the S-Curve signature with the 2/3 PUPIL in place
relative to the full aperture for the three FGSs. The PUPIL has been used
for HST guiding since launch.
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Figure 2.5: Improved S-Curves for Original FGSs when Pupil is in Place
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Field Dependence and Temporal Stability of the S-Curves

The Star Selectors center the beam on the face of the Koesters prisms
while varying the tilt of the wavefront. Errors in the alignment of either the
SSA or SSB with respect to the Koesters prisms will decenter the beam on
the face of the prisms. Since the servos rotate over large sky angles to bring
the IFOV to different positions in the Field of View, misalignments of these
elements result in field-dependent S-curves. For this reason, Transfer mode
observations should be restricted to the center of the FGS FOV, the only
location supported by observatory calibrations.

The S-Curve measurements in the original three FGSs indicated large
decenters of the Koesters prisms in FGS1 and FGS2 and field dependency
in FGS3. FGS1r also shows field dependence, as can be seen for three
positions across the FGS1r FOV in Figure 2.6 (however, note that its X,y
fringes are near ideal at the FOV center).

Temporal stability of S-Curves is also a concern. Monitoring of the
FGS3 S-Curves along the X-axis showed the instrument suffered from
variability of such amplitude that it could not be used to reliably resolve
binary systems with projected X-axis separations less than ~ 20 mas.
Conversely, FGS1r is far more stable. Its interferometric fringes show
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much less temporal variation, allowing the observer to confidently
distinguish the difference between a point-source and a binary star system
with a separation of 8 mas. This, in part, prompted the switch to FGS1r as
the Astrometer for Cycle 8 and beyond.

Figure 2.6: FGS1r S-Curves in Full Aperture Across the Pickle
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2.5 The FGS1r Articulated Mirror Assembly

FGS1r has been improved over the original FGS design by the insertion
of the articulating mirror assembly (AMA) designed and built by Raytheon
(formerly Hughes Danbury Optical Systems, currently BFGoodrich Space
Flight Systems). A static fold flat mirror (FF3 in Figure 2.1) in FGS1r was
mounted on a mechanism capable of tip/tilt articulation. This Articulating
Mirror Assembly (AMA) allows for in-orbit re-alignment of the wavefront
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at the face of the Koesters prism. An adjustable AMA has proven to be an
important capability since, given HST’s spherical aberration, even a small
misalignment degrades the interferometric performance of the FGS. On
orbit testing and adjustment of the AMA were completed during FGS1r’s
first year in orbit. A high angular resolution performance test executed in
May 1998 demonstrated the superiority of FGS1r over FGS3 as a science
instrument. Therefore, FGS1r has been designated the Astrometer and has
replaced FGS3 in this capacity. Information on the FGS1r calibration
program can be found in Chapter 5 of this handbook.

The AMA has been adjusted to yield near-perfect S-Curves at the center
of the FGS1r FOV, and an optimum compromise results for the remainder
of the FOV. The variation of S-Curve characteristics across the FOV arises
from “beam walk™ at the Koesters prisms as the star selectors rotate to
bring the IFOV to different locations in the FGS FOV. This field
dependence does not necessarily impair FGS1r’s performance as a science
instrument, but it does restrict Transfer mode observations to the center of
the FOV since it is the only location calibrated for that mode (Position
mode is calibrated for the entire FOV).

2.6 FGS Aperture and Filters

2.6.1

N

FOV and Detector Coordinates

Figure 1.3 shows the HST focal plane positions of the FGSs as projected
onto the sky. Figure 2.7 is similar, but includes the addition of two sets of
axes: the FGS detector coordinate axes, and the POSTARG coordinate axes
(used in the Phase II proposal instructions to express target offsets).

The detector reference frame and the POS TARG reference frames dif-
fer from each other and from the Vehicle Coordinates V2,V3 (or
U2,U3).

Each FGS FOV covers approximately 69 square arcmin, extending
radially from 10 arcmin to 14 arcmin from the HST’s boresight and axially
83.3 degrees on the inner arc and 85 on its outer arc. The IFOV determined
by the star selector assemblies and field stops is far smaller, covering only
5 x 5 arcsec. Its location within the pickle depends upon the Star Selector A
and B rotation angles. To observe stars, the star selector assemblies must be
rotated to bring the IFOV to the target. This procedure is called slewing the
IFOV.
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The (X,Y) location of the IFOV in the pickle is calculated from the Star
Selector Encoder Angles using calibrated transformation coefficients. Each
FGS has its own detector space coordinate system, the (X,Y)pgr axes, as
shown in Figure 2.7. FGS2 and FGS3 are nominally oriented at 90 and 180
degrees with respect to FGS1r, but small angular deviations are present
(accounted for in flight software control and data reduction processing).
The FGS detector reference frame is used throughout the pipeline
processing. The POS TARG coordinate axes, (X,Y)pgos, should be used to
express offsets to target positions in the Phase II proposal (Special
Requirements column). See Chapter 5: Writing a Phase II Proposal for
more details.

The approximate U2,U3 coordinates for the aperture reference position
(default placement of a target) for each FGS and the angle from the +U3
axis to the +Y pgr and +Y ppg Axis are given in Table 2.2. The angles are
measured from +U3 to +Y in the direction of +U2 (or counterclockwise in
Figure 2.7). Note that the FGS internal detector coordinate reference frame
and the POS TARG reference frame have opposite parities along their
respective X-axes.

Table 2.2: Approximate Reference Positions of each FGS in the HST Focal Plane

Aperture u2 u3 Angle (from
P (arcsec) (arcsec) +U3 axis)
FGSIr -723 +10 270
FGS2r 0 +729 -0

FGS3 +726 +6 ~90
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Figure 2.7: FGS Proposal System and Detector Coordinate Frames
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2.6.2

Filters and Spectral Coverage

Filter Bandpasses

The filter wheel preceding the dielectric beam splitter in each FGS
contains five 42mm diameter slots. Four of these slots house
filters —F550W, F583W, F605W and FSND—while the fifth slot houses
the PUPIL stop. This stop helps restore the S-Curve morphology
throughout the FOV of each FGS by blocking out the outer 1/3 perimeter of
the spherically aberrated primary mirror. The filter selection for each FGS,
their central wavelengths, and widths are listed in Table 2.3. The
transmission curves (filters and PUPIL) are given in Figure 2.8. The PMT
efficiency is given in Figure 2.9.
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Figure 2.8: FGS1r Filter Transmission
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Table 2.3: Available Filters
Central
Filter Wavelength Spectrax Range FWAHM FGS
A
F583W 5830 4600-7000 2340 1,IR,2,3
F605W 6050 4800-7000 1900 1,IR,2
PUPIL 5830 4600-7000 2340 1,1R,2,3
F550W 5500 5100-5875 750 1,1R,2,3
F650W 6500 6200-6900 750 3
F5ND 5830 4600-7000 2340 1,1R,2,3
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Figure 2.9: PMT Efficiency
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2.7 FGS Calibrations

For the most part, the calibration requirements of the current Cycle’s
GO science programs will be supported by STScl. For Position mode
observations, this includes the optical field angle distortion (OFAD)
calibration, cross-filter effects, lateral color effects, and the routine
monitoring of the changes in distortion and scale across the FOV.

For Transfer mode, STScl will calibrate the interferograms (S-Curves)
as a function of a star’s spectral color. In addition, the S-Curves will be
monitored for temporal stability.

Only the center of the FGSIr FOV will be calibrated for Transfer
mode observations.
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3.1 The Unique Capabilities of the FGS

As a science instrument the FGS offers unique capabilities not presently
available by other means in space or on the ground. Its unique design and
ability to sample large areas of the sky with milliarcescond (mas) accuracy
or better gives the FGS advantages over all current or planned
interferometers.

The FGS has two observing modes, Position and Transfer mode. In
Position mode the FGS measures the relative positions of luminous objects
within its Field of View (FOV) with a per-observation accuracy of ~ 1 mas
for targets with 3.0 <V < 16.8. Multi-epoch programs can achieve relative
astrometric measurements with accuracies approaching to 0.2 mas.

In Transfer mode the FGS is used as a high angular resolution observer,
able to detect structure on scales as small as 8 mas. It can measure the
separation (with ~1 mas accuracy), position angle, and the relative
brightness of the components of a binary system down to ~10 mas for cases
where AV < 1.5. For systems with a component magnitude difference of
2.0 < Am < 4.0, the resolution is limited to 20 mas.

31
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By using a “combined mode” observing strategy, employing both
Position mode (for parallax, proper motion, and reflex motion) and
Transfer mode (for determination of a binary’s visual orbit and relative
brightnesses of the components), it is possible to derive the total and
fractional masses of a binary system, and thus the mass-luminosity
relationship for the components.

Alternatively, if a double lined spectroscopic system is resolvable by the
FGS, then the combination of radial velocity data with Transfer mode
observations can yield the system’s parallax and therefore the physical size
of the orbit, along with the absolute mass and luminosity of each
component.

In this chapter, we offer a brief discussion of some of the science topics
most conducive to investigation with the FGS.

3.2 Position Mode: Precision Astrometry

A Position mode visit consists of sequentially measuring the positions
of stars in the FGS FOV while maintaining a fixed HST pointing. This is
accomplished by slewing the FGS Instantaneous Field of View (IFOV, see
Figure 1.4) from star to star in the reference field. acquiring each in
FineLock (fringe tracking) for a short time (2 to 100 sec.). This yields the
relative positions of the observed stars to a precision of ~1 milli-arcsecond
(mas).

With only three epochs of observations at times of maximum parallax
factor (a total of six HST orbits), the FGS can measure an object’s relative
parallax and proper motion with an accuracy of about 0.5 mas. Several
multi-epoch observing programs have resulted in measurements accurate to
~0.2 mas. Unlike techniques which rely upon photometric centroids, the
accuracy of FGS measurements are not degraded when observing variable
stars or binary systems. And techniques which must accumulate data over
several parallactic epochs would have greater difficulty detecting
comparably high frequency reflex motions (if present).

3.3 Transfer Mode: Binary Stars and Extended
Objects

In Transfer mode, the FGS scans its IFOV across a target to generate a
time-tagged (40 hz) mapping between the position of the IFOV (in both X
and Y) and counts in the four PMTs. These data are used to construct the
interferogram, or transfer function, of the target via the relation
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S.=(A,—B,) /(A +B)

as described in chapter 2. The data from multiple scans are cross correlated
and co-added to obtain a high SNR transfer function.

In essence, Transfer mode observing is conceptually equivalent to
sampling an object’s PSF with milliarcsecond pixels. This enables the FGS
to resolve structure on scales finer than HST’s diffraction limit, making it
ideal for studying close binary systems and/or extended objects.

The transfer function of a multiple star system is a normalized linear
superposition of the S-Curves of the individual stars, with each S-curve
scaled and shifted by the relative brightness and angular separation of the
components. If the components are widely separated (> ~60 mas), two
S-Curves are clearly observed in the transfer function, as illustrated in the
left panel of Figure 3.1. Smaller separations result in merged S-Curves with
modulation and morphology differing significantly from that of a single
star. Figure 4.3 illustrates these points.

By using point source S-curves from the calibration library one can
deconvolve the composite observed transfer function of a binary star into
component S-Curves (done by either Fourier Transforms or
semi-automated model fitting) to determine the separation, position angle,
and relative brightness of the components. If enough epochs of data are
available, the time-tagged position angles and angular separations can be
used to construct the apparent relative orbit, from which one can derive the
parameters P, a, i, ® and Q which define the true relative orbit. Note that
the semi-major axis is an angular quantity; to convert it to a physical
length, one must know the object’s distance (which can be obtained from
parallax measurements).

Observing Binaries: The FGS vs. WFPC2

The FGS, while capable of very-high angular resolution observations, is
not an “imaging” instrument like HST’s cameras. However, the ability to
sample the S-curve with milli-arcsecond resolution allows the FGS to
resolve structure on scales too fine for the cameras. To illustrate, we present
a comparison between binary observations with HST’s Planetary Camera
(PC) and with FGS1r in Figure 3.1. The image at left is a PC snapshot
image of the Wolf-Rayet + OB binary WR 146 (Niemela et al. 1998). To
the right is a simulated FGS1r “image” of this binary shown at the same
scale. With the 0.042" pixels of the PC, the binary pair is clearly resolved.
Based on point-spread function (PSF) photometry, Niemela et al. publish a
separation of 168 +31 mas for this pair. In comparison, an analysis of the
FGS “observation” of the binary yields a separation of 168 +1 mas, a far
more accurate result.
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Figure 3.1: Comparison: PC Observation v. FGS Observation
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The figure on the left is from an observation by Niemela et al. (1998) of the WR+OB
binary WR 146. They measure an angular separation of 168 =31 mas. The figure on the
right is a simulation of an FGS1r observation of the same object. The separation of the
stars could be measured to better than 1 mas.

Though a vigorous PC (or ACS/HRC) observing strategy involving
multiple exposures and image recombination techniques (i.e, “drizzling”)
might improve the resolution of the binary, the accuracy of the measured
separation would not match that achievable with the FGS. In addition, the
total exposure time of such a PC program might exceed that of the FGS
observation. Most importantly, the FGS can just as easily detect the
components and accurately measure their separations for binaries as close
as 12 mas, a feat not possible with HST’s cameras regardless of the
observing strategy.

In Figure 3.2, we show a TinyTIM simulation of a PC image of a 70 mas
binary and an FGS observation of the same simulated pair. Note the PC
image suggests - by it’s shape - that the observed binary is not a point
source. However, it would be difficult to determine an accurate component
separation or brightness ratio from this image. This is not a problem for the
FGS, where both components are easily resolved, and an accurate
separation and mass ratio can be determined.
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Figure 3.2: Simulated PC Observations v. FGS Observations of a 70mas Binary
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The figure on the left is a TinyTIM simulation of a PC image of a 70 mas binary com-
posed of stars of nearly equal brightness (no dithering). The figure to the right is an FGS
simulation of the same observation. Note that the binary structure is far more obvious in
the FGS fringes. The FGS can just as easily resolve binary systems down to 12 mas.
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3.3.2

Transfer Mode Performance

The most relevant way to express the FGS Transfer mode performance
is through its ability to detect and to resolve components of a multiple
component system. Figure 3.3 is a plot of the predicted parameter space
defined by the separation in milli-arcseconds and the relative brightness of
the components of a binary system. The shaded areas are the domains of
success in resolving binary systems for both FGS3 and FGSIr. The
extension of FGSI1r into the smaller separation parameter space is
attributed to an optimized S-Curve achieved by proper adjustment of the
articulating mirror assembly (see Chapter 2 for more details), and to the
fact that its fringes are highly stable in time. (FGS3, by comparison, suffers
a persistent random variability of its x-axis fringe which precludes it from
reliably studying binary systems with separations less than about 20 mas.)
These data originate from simulations and are supported by a special
assessment test run aboard the spacecraft in May 1998 as well as GO
science data (see Appendix 2 for more details).

Figure 3.3: Comparison of FGS1r and FGS3 Transfer Mode Performance
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Table 3.1 contains the expected resolution limits for FGS1r. Columns 1
and 2 show the separation and accuracy for a single measurement, column
3 details the relative brightness limit needed to achieve that precision, and
the last column is the apparent magnitude of the system. For example, a
separation of 10 mas is detectable if the system is ~14 magnitudes or
brighter and the magnitude difference of the components (Am) is less than
1.0. Likewise, the separation of the components of a V=16.6 binary is
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measurable to an accuracy of about 2 mas if their separation is greater than
~15 mas and their magnitudes differ by less than 2.

Table 3.1: FGS1r TRANSFER Mode Performance: Binary Star

Minimum Estimated .
. Maximum .
Separation Accuracy Maximum V
AMag
(mas) (mas)
72 - 1.0 14.0
10* - 1.0 15.0
15 2 2.0 16.6
20 1 25 16.2
20 2 3.0 16.2
50 1 3.5 15.5

a. This represents detection of non-singularity. Reliable measure-
ments of the angular separation might not be achievable.

3.4 Combining FGS Modes: Determining Stellar
Masses

Stellar mass determination is essential for many astronomical studies:
star formation, stellar evolution, calibrating the mass/luminosity function,
determining the incidence of stellar duplicity, and the identification of the
low-mass end of the main sequence, for example.

The combination of Position mode and Transfer mode observations is an
effective means to derive a full orbital solution of a binary system.
Wide-angle astrometry from a multi-epoch Position mode program can be
used to measure the parallax, proper motion and reflex motion of a binary
system. High angular resolution Transfer mode observations can be used to
determine the relative orbit and differential photometry of the components.
Figure 3.4 illustrates the benefit of this technique as applied to the low
mass binary system Wolf 1062 (Benedict et al. 2001). The small inner orbit
of the primary star was determined from Position mode measurements of
the primary’s position relative to reference field stars. The large orbit of the
secondary low mass companion was derived from Transfer mode
observations of the binary, which at each epoch yields the system
separation and position angle. Combining these data allows one to locate
the system barycenter and thereby compute the relative mass of each
component. And with the parallax known (from the Position mode data),
the total system mass, and hence the mass of each component, can be
determined.
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Figure 3.4: Relative Orbit of the Low-Mass Binary System Wolf 1062 AB
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Figure courtesy of G. Fritz Benedict, University of Texas at Austin

Figure 3.4 shows the orbits of the components of Wolf 1062 about the system’s bary-
center. This has been determined from both Transfer mode observations, which yield the
relative orbit, and Position mode observations, which map the orbit of the primary rela-
tive to reference stars distributed about the FGS FOV (in effect establishing the inertial
reference frame). Note that the Position mode data also yield the system’s parallax and
proper motion.
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3.5 Angular Diameters

The FGS has been used (Lattanzi et al. 1997) to determine the angular
diameters of non-point sources. The example given in Figure 3.5 shows the
Transfer Function of a Mira-type variable superposed on the S-Curve of a
point source (both observed with FGS3). The extended source - a disk of
78+2 mas - is clearly distinguishable from a point source. In addition to
stellar discs, other objects which might be (or have been) resolved by the
FGS include galactic nuclei, asteroids, and planetary moons.

Figure 3.5: Mira-type variable with a resolved circumstellar disk
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3.6 Relative Photometry

While observing in Position mode, FGS3 serendipitously observed the
outburst of a flare on the nearby star Proxima Centauri (Figure 3.6, see
Benedict et al. 1998). The FGS has also been used to measure the relative
flux of a star during an occultation of that star by the Neptunian moon
Triton (Figure 3.7), and the data were subsequently used to examine the
thermal structure of Triton’s atmosphere (see Elliot et al. 1998 and Elliot et
al. 2000).
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The absolute FGS photometric response of FGS 3 has been stable at the
2% level over the past eight years (L. Reed, BFGoodrich). FGSIr is
expected to be as stable or better. For relative photometry on time scales of
orbits, the FGS has been shown to be stable at the 1 milli-magnitude level,
thus affording an opportunity for 0.1-0.2% time series photometry.

Figure 3.6: Flare Outburst of Proxima Centauri as Observed with FGS3
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Figure 3.7: Triton Occultation of the Star TR180 as Observed by FGS 3
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3.7 Moving Target Observations

The FGS is suitable for the observation of solar system objects in both
Position and Transfer modes. The technique to acquire the data is not as
straightforward as standard HST moving target observations, but in cases
where the target is not moving too rapidly, the observation is certainly
feasible. We note that the FGS has been used in previous Cycles to observe
Main Belt asteroids, both in Position mode and in Transfer mode. More
detail on moving target observations can be found in Chapter 4.

3.8 Summary of FGS Performance

In Position mode, the FGS offers capabilities not achievable by other
HST instrument or by the current generation of ground-based
interferometers. These capabilities include:

* alarge field of view (69 arcminz).
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e large dynamic range.

* aper-observation precision of ~ 1 mas for V < 16.8.
e multi-epoch astrometry accurate to ~ 0.2 mas.
Similarly, the FGS Transfer mode offers:

e 7 to 10 mas resolution down to V = 14.5, with wider separations
observable to V = 16.8.

* the ability to determine relative separation and position angle of a
binary system’s components, and hence the apparent relative orbit of
the system.

Additionally, mixed-mode observations - employing both Position mode
and Transfer mode - allow the user to combine parallax, proper motion, and
relative orbit information to derive the true orbit of a multiple-star system
and a determination of stellar masses.

The FGS’s two observing modes make it possible for the instrument to
resolve structure in objects too faint for other interferometers and on scales
too small for any imaging device, while simultaneously measuring the
distance to that object. It is anticipated the FGS will be the sole occupant of
this niche until the arrival of the long baseline interferometer in space, such
as the Space Interferometry Mission (SIM), expected to launch in 2009.
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4.1 Position Mode Overview

4.1.1 The Position Mode Visit

A Position mode visit yields measurements of the location of objects in
the FGS’s total field of view (FOV), and hence their relative angular
positions. The objects are observed sequentially according to the sequence
of exposure lines in the proposal. The target list of a typical Position mode
visit consists of the science object(s) and reference stars used to define the
local reference frame. A subset of the targets, referred to as check stars,
should be observed several times during the course of the visit to track any
spurious motion of the FGS’s FOV on the plane of the sky (e.g., thermally
induced drift or OTA focus changes). The changes in the positions of the
check stars are used to model the drift as a function of time so that its
contaminating effect can be eliminated from the astrometry.

An FGS astrometry visit begins when the HST computer - the 486 -
commands the Star Selector Servos to place the IFOV at the predicted
location of the first star specified in the visit (as per Phase II proposal).
Control is transferred to the Fine Guidance Electronics (FGE)

45
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4.1.2

microprocessor, which commands the FGS to acquire and track the target
(Search, CoarseTrack, and FineLock). Later, at a specific spacecraft clock
time, after the exposure time + overhead has expired, the 486 resumes
control of the FGS, terminates the FineLock tracking of the object and
slews the IFOV to the expected location of the next star in the sequence.
This process repeats until the FGS has completed all exposures in the visit.
The spacecraft’s pointing is held fixed on the sky under the control of the
guiding FGSs for the entire visit unless otherwise instructed by the Phase 11
proposal. The status flags, photometry and instantaneous location of the
IFOV is recorded every 25 msec (40 Hz).

The Position Mode Exposure

During a Position mode exposure the object is tracked in FineLock (see
Appendix1). After the target is acquired by the Search and CoarseTrack
procedures, FineLock begins with a WalkDown, a series of steps of the
IFOV toward the CoarseTrack photocenter. At each step, the IFOV is held
fixed for a period defined by FESTIME (Fine Error Signal averaging time)
while the PMT data are integrated to compute the Fine Error Signal (FES,
the instantaneous value of the S-Curve) on each axis. Once the FES on both
axes have exceeded a pre-set threshold, FineLock tracking begins. The star
selectors are continuously adjusted after every FESTIME to re-position the
IFOV in an attempt to zero out the FES during the next integration period.
The objective is to present the Koesters prism a wavefront with zero tilt.

The defining parameters of an exposure are the target magnitude, the
filter, the FESTIME and the exposure time. These topics are discussed in
the following sections.

4.2 Planning Position Mode Observations

4.2.1

Target Selection Criteria

When targets are selected for FGS Position mode observations, several
options and requirements should be considered. These options are
described below.

Brightness

The bright limit for FGS1r is V = 8.0 without the neutral density filter in
place. With the F5ND filter, objects of V = 3.0 or fainter can be observed.
The faint limitis V ~ 17.0.
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Near Neighbors

FGS target acquisition in Position mode will be unreliable if the target
has a neighbor of comparable or greater brightness within a radius of 10
arcseconds. In essence, the FGS’s IFOV - a 5" x 5" box - expects to
encounter the target star within the search radius. Companions of similar
brightness within this search radius may be mistakenly acquired instead of
the target. However, for magnitude differences Am > 1, companions within
~ 6" will not affect the acquisition of the brighter target. Note that binary
stars with component separations less than about 0.5" can be successfully
acquired in Position mode, regardless of the Am. Refer to the discussion
under Section 4.2.5 for further details regarding the acquisition of binary
systems in Position mode.

Target Field

The target field consists of the science target and reference stars.
Observations of the reference stars will be used to define the local reference
frame for relative astrometry. Since the optical field angle distortions are
calibrated most accurately in the central region of the FOV, the pointing of
the spacecraft (via POS_TARG commands - Chapter 6 for more details)
should be specified to place the target field (as much as possible) in this
area.

If the visit also includes Transfer mode observations of an object, the
spacecraft pointing should be chosen to place the object at the FOV center,
as this is the only location calibrated for Transfer mode. If the target field
geometry requires the Transfer mode observations be executed at other
locations in the FOV, special calibrations will be needed. Proposers should
consult STScI’s Help Desk for assistance.
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4.2.2

Reference Stars
Ideally, reference stars should have the following characteristics:

* Have magnitudes in the range 8 <V < 15 to avoid the need for an
F5ND cross-filter calibration and to minimize exposure times.

* Be geometrically distributed around the target.

e Have at least 10 arcsec distance between one another and from the
science target to avoid acquisition of the wrong object.

* Should fall within the FOV for all HST orientations specified in the
proposal.

Check Stars

Check stars, which are a subset of the target list, are observed several
times over the course of an orbit (visit). Two or more check stars,
distributed across the field, provide the information needed to characterize
the drift of the FGS’s FOV on the sky (which is typically about 4 mas over
the course of the visit). Each check star should be observed at least three
times. The best check stars are brighter than 14th magnitude to minimize
exposure time, and should include the science object for the highest
accuracy astrometry.

Filters

Table 4.1 is a listing of the FGSIr filters, their calibration status and
applicable brightness restrictions. (Refer back to Figure 2.8 for the filter
transmissions as a function of wavelength.)

Table 4.1: Filters for which FGS1r will be Calibrated

Filter Calibration Comments Targe_t B_rlghtness
Status Restrictions
F583W Full “Clear” filter; OFAD calibration filter; V=8.0

Position Mode Stability Monitor

F5ND Limited Pos Mode Cross Filter calibration Required for targets w/
with FS83W; limited to selected loca- 3.0<V <8.0;
tions within the FOV.

PUPIL No Not calibrated V>175

F605W No Not calibrated V>80

F550W No Not calibrated V>175
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Only the F583W filter will be calibrated for Position mode for the full
FGS FOV. Filter FSND will be calibrated only at selected locations
within the FOV

PUPIL Not Recommended for Position Mode

Occupying the fifth slot on the wheel is the PUPIL. It is not a filter but
rather a 2/3 pupil stop. Use of the PUPIL significantly reduces the
degrading effect of spherical aberration (which does not necessarily
improve Position mode performance) but collaterally alters the field
dependence of the distortions. Consequently, the OFAD calibration for the
F583W filter cannot be applied to PUPIL observations. In addition, PUPIL
observing attenuates the object’s apparent brightness by nearly a full
magnitude, which sets the faint limiting magnitude at about V=16 while
making observations of stars fainter than V = 14.5 excessively time
consuming.

FESTIME and Signal-to-Noise

Photon statistics dominates the noise in the measured position of stars
fainter than V ~ 13.0. To track fainter objects, the Fine Error Signal must be
integrated for longer periods. Table 4.1 lists the default FESTIMES for
various target magnitudes. The default FESTIMES, determined from the
Phase II target magnitude, are appropriate for most observations, and are
set to ensure that photon noise, when converted into the Noise Equivalent
Angle (NEA), does not exceed a predefined angular error threshold. The
NEA is given by the relation

NEA:( 1 7)_A/0.5-C+B.
151x107 05-C- .t

The NEA is used by the proposal processing tool (APT) to set the default
FESTIME time. The parameter C is the total count rate expected from the
target summed over all four PMTs, B is the background count rate, and ¢ is
the FESTIME. The NEA is plotted as a function of magnitude and
FESTIME in Figure 4.1. C as a function of filter and magnitude for FGS1r
is given by:

C = 20776 x f-factor x 10 "*V 1)

The constant f-factor is a function of the filter and the target’s spectral
color. Table 4.3 provides the f-factor for each combination of filter and
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color. The default FES times used by the proposal processing software for
Position mode measurements are listed in Table 4.1.

Table 4.2: Default FES Times

V Magnitude (ZE(S:;':‘I\CI‘IE)
812 0.025
13 0.050
14 0.1
15 0.4
16 1.6
17 32

Figure 4.1: Default FESTIME as a Function of V Magnitude for F583W FGS1r:
NEA as a Function of Magnitude and FESTIME

NEA in arcsec

0.01

V Magnitude
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Table 4.3: F-factor Transmission Estimator for Combination of Filter and Color

B-V

Filter

+1.78 +0.60 +0.040 -0.24
F583W 1.000 1.000 1.000 1.000
PUPIL 0.491 0.491 0.491 0.491
F5ND 0.010 0.010 0.010 0.010
F550W 0.356 0.354 0.331 0.331
F605W 0.860 0.700 0.624 0.575

Background

Background noise includes cosmic ray events, particle bombardment
during passages through the South Atlantic Anomaly (SAA), and scattered
light falling in the 5 x 5” IFOV. Cosmic ray events are suppressed by
special circuitry and the FGS is prohibited from operating while transiting
regions of heaviest impact from the SAA. Table 4.4 gives the typical dark +
background counts for FGS1r in 0.025 seconds. Typically these values
appear to be valid for all observations of isolated targets (suggesting that
the dark counts dominate the background contribution). If the background
counts for a specific observation are needed for the analysis of the
observation, such as when the source is embedded in significant nebulosity
or in a crowded star field, it can be obtained from the photometry gathered
during the slew of the IFOV to (or away from) the target position. These
data extracted by the FGS pipeline package CALFGSA from the FITS files
that input are cleaned of spikes from “interloping stars” and can be used to
estimate the background levels during post-observation data reduction.

Table 4.4 lists the average dark+background counts/25 msec for each of
the FGS1r PMTs. These data were serendipitously gathered over a 45
minute interval from a failed science observation (the target was not
acquired due to a guide star problem). These data have proved invaluable
for the analysis of Transfer mode observation of faint stars (V>15).
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4.2.4

4.2.5

Table 4.4: FGS1r: Dark Counts

Average
FGS1r PMT Background + Dark
Counts per 0.025 sec
Ax 3.623
Ay 1.566
Bx 3.658
By 5.893

Position Mode Exposure Time Calculations

The exposure time is the minimum time that an object will be tracked in
FineLock. Based the rate at which the measured location (or centroid) of a
star converges (from analysis of FGSIr data) Table 4.5 lists the
recommended exposure times as a function of target magnitude. We note
that:

* Exposures should be as short as possible to allow for more individual
observations during the visit, but should be longer than HST’s
mid-frequency oscillations (~10 seconds).

* Usually, Position mode observations yield an additional 10 to 20 sec-
onds of FineLock data in excess of the exposure time specified in the
phase?2 proposal (a result of unused overheads). Hence, specifying a
10 second exposure results in 20 to 30 seconds of FineLLock data.

Table 4.5: Recommended FGS1r Exposure Times

phase2 exposure time

Magnitude (in sec)
8-14 10
15-17 25

Exposure Strategies for Special Cases

Observing Binaries and Extended Sources in Position Mode

Multiple or extended sources in the FGS’s IFOV will result in a
reduction of the amplitude of the observed interferometric fringes (relative
to that of a point source). This occurs because light from multiple sources
in the IFOV do not interact coherently (the observed rays originate from
different angles on the sky). Therefore, multiple point source fringes will
be superimposed upon one another, each scaled by the relative brightness
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of the source and shifted by its relative angular displacement on the sky.
The result is a composite Transfer Function with reduced fringe visibility.
The fringe visibility reduction for the brighter component of a binary
system with an angular separation along the X orY axis greater than about
80 mas (i.e., when the individual S-Curves are fully separate) is given by:

fa

Fr = (fa"'fb)

where f, and f, are the intensities of the brighter and fainter components,
respectively. A similar expression, but with /;, in the numerator, is appropri-
ate for the faint star S-curve (see Figure 4.3 for examples).

For projected angular separations less that 80 mas, the Transfer Function
will be a blend of the merged point source S-Curves. The resultant fringe
visibility will depend on the relative brightness and the angular separation
of the components (i.e., F. 1s more difficult to predict).

Even significant loss of fringe visibility does not pre-dispose the object
from being successfully observed in Position mode. To be acquired in
FineLock, an object’s Fine Error Signal (see Appendix A) must exceed a
fringe detection threshold (see Figure A.2). The threshold is set on the basis
of the target’s V magnitude, as entered in the proposal, to accommodate the
acquisition of faint targets. (The fainter the target the more effectively the
background and dark counts reduce the fringe amplitude, hence lower
detection thresholds must be applied.) If the GO were to state the V
magnitude of a binary system or extended source to be sufficiently faint,
(regardless of its true value), then the observed fringes will exceed the
(lower) detection threshold, and the FGS will successfully acquire the
object. However, if a false magnitude is specified, one should also
manually set the FESTIME (an optional parameter) to the value
appropriate to the object’s true magnitude. Otherwise, the observation’s
overheads will be excessively long.

Some binary systems are not reliably observed in Position mode, even
with the adjustment to the fringe detection threshold. Objects in this
category include those with components exhibiting small magnitude
differences (Am < 1) and angular separations greater than 60 mas but less
than 800 mas (as projected along an interferometric axis). In these cases,
either star may be acquired. There have been cases where one component
was acquired on the X-axis while the other was acquired on the Y-axis.
Such data are still useful, but care must be applied in the post- observation
data processing.

There is a class of binary stars which cannot be observed in Position
mode. In a FineLock acquisition (see Appendix Al), the WalkDown to
FineLock is a finite length path (approximately 0.810") beginning at a
point which is “backed off” a fixed distance from the object’s photocenter.
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4.2.6

4.2.7

If the fringes of both stars lie outside this path, then neither will be
encountered and the FineLLock acquisition will fail. The condition for such
a failure is the following,

T T
1M a__ | > X - b > M,
b
I X | Iy >X; - X
laTa =1y Ty %y — Ip > X,

where X is the location of the system’s photocenter, r, and r;, are the
distances from the photocenter to the fringes of the components “a” and
“b” respectively, [, and [, are the flux from each component, x; is the
starting position of the WalkDown, and x; is the length of the WalkDown. If
the position of the binary along either the X or Y axis is known to meet this
failure requirement, Position mode observations of this system should not
be attempted.

It is recommended that a proposer contact the STScl Help Desk for
assistance with Position mode observations of binary systems.

Sources Against a Bright Background

For sources against bright backgrounds, the fringe visibility function is
reduced by I / (I + B) where I is the point source flux and B is the
background flux. The proposer should contact the STScl Help Desk for
assistance with such observations.

Crowded Field Sources

Crowded fields create two problems for FGS observations:

* A nearby star (< 10 arcsec away) of similar magnitude could be
acquired during the search phase.

* The background brightness in the 5 x 5 arcsec aperture may be
increased by the presence of numerous faint stars or nebulosity.

The proposer should consult the STScl Help Desk for assistance with
such observations.

Proposers should document—in the proposal—the logic for selecting
a FESTIME or entering a false apparent magnitude of a target.
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4.3 Position Mode Observing Strategies

4.3.1

Measurement errors can be minimized by carefully structuring the order
of exposures in a visit. This section describes strategies which maximize
science return.

Summary of Position Mode Error Sources

The reduction of a Position mode data set requires several corrections
and calibrations:

* Exposure Level:

- Background determination.

- Star Selector encoder positions (7 LSB).

- PMT response.

- Optical Field Angle Distortion calibration.
- Differential velocity aberration.

- Lateral color aberration.

o Visit Level:

- Vehicle jitter.
- Drift of FGS’s FOV.
- Cross filter (FS83W v. F5ND, if used).

e Program Level:

- Plate solutions (4 or 6 parameter fits).
- Plate scale.

Each of the corrections and calibrations are briefly discussed in
Chapter 5, and are thoroughly reviewed in the HST Data Handbook Many
of the corrections specified on the list are determined by analysis of
individual observations and removed later in the data reduction processing,
(e.g., jitter data is retrieved from the guide star telemetry and removed from
the target data). Calibrations, such as the plate scale, the OFAD, lateral
color, and cross filter effect are derived from STScI calibration programs. A
potentially dominant source of error, the FOV drift (time scale of several
minutes), must be measured during the visit, and to that end, the sequence
of exposures must be carefully arranged.


http://www.stsci.edu/hst/HST_overview/documents/datahandbook/
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4.3.2

Drift and Exposure Sequencing

Stars observed more than once per visit (“check stars”) are typically
seen to drift across the FGS by ~ 2 to 6 mas when two FGSs guide the
telescope (or ~5 to 20 mas with only one FGS guiding). Because
astrometry observations execute sequentially, the errors in the measured
angular separations between objects increase as the time between the
measurements lengthens. If uncorrected, this drift will overwhelm the
astrometry error budget.

Whatever causes the position of an object to “drift” in the astrometer’s
FOV affects the guiding FGSs as well. The apparent motion of the guide
stars are interpreted as “errors” by the pointing control system and are
“corrected” by a small vehicle maneuver. The astrometry FGS witnesses
the pointing change. Therefore, the check star motion will have a
contribution from all three FGSs.

When only one FGS is used for guiding, the telescope is not
roll-constrained, and large motions in the astrometric FGS - up to 10 mas -
are not uncommon. Nevertheless, this drift can be successfully removed
from the astrometry data, provided the proposal specifies an adequate
check star sequence. The more check star observations, the more precise
the drift correction. Check stars can be reference or science targets. Ideally,
both rotation and translation corrections should be applied to the data,
implying the use of at least two check stars with at least three
measurements each.

The need to observe check stars can be in conflict with other aspects
defining an optimal observing strategy, so compromises will be necessary.
Overall an optimal Position mode visit is scripted to:

* Define a check star strategy which will be robust against FOV drift.
* Maximize the number of reference stars observed.
* Maximize the number of observations of each object.

For example, a visit could contain 10-35 exposures, provided the
overheads are minimized and exposure times are less than 20 seconds. A
sample geometry is given in Figure 4.2, where the science target is
represented by the central object.
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Figure 4.2: A Sample Visit Geometry

For the geometry specified above, the exposures may be sequenced as
follows:
1 -2 - target - 3 -2 - 4 - target - 3 - 5 - 4 - target -->
--> 2 -1 - target - 3 - 5 - 4 - target - 2 - 1 - target.

Additional examples expressed in proposal logsheet syntax are given in
Section 6.5.

Cross Filter Observations

Targets brighter than V 