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Abstract. Servicing Mission Four (SM4) include the installation of a refurbished
FGS, designated FGS2r2. The commissioning and calibration of this FGS for guide
duty is outlined in this paper. Prior to SM4, the FGS1r interference fringes were
re-optimized for the first time since 1999 by an adjustment of the instrument’s articu-
lated mirror assembly. While this adjustment improved the FGS1r angular resolution
when operated as a science instrument in Transfer mode, it also changed the FGS1r
geometric distortion by a su!cient amount to render the instrument inoperable as
a astrometric science instrument. An interim calibration was performed that has
restored the FGS to nearly its previously well calibrated configuration, but addi-
tional on orbit calibration observations may be required to fully restore the FGS1r
astrometric performance.

1. Introduction

The HST pointing control system (PCS) relies upon the Fine Guidance Sensors (FGSs) to
provide line of sight measurements of the direction to guide stars to fine point and stabilize
the observatory to better than 7 mas, allowing the science instrument to achieve exquisite
image quality. The ability to accurately measure a guide star’s position also enables the
FGS to serve as a very accurate astrometric science instrument. This paper has two parts.
First we discuss the commissioning and partial calibration of FGS2r2 following its insertion
into HST during Servicing Mission 4 (SM4). Second we discuss the re-optimization of the
FGS1r interference fringes (or S-curves) prior to SM4, and the resultant changes in its
geometric distortions, and the re-calibration that was needed to restore its performance as
an astrometric science instrument. Background information on the design, operations, and
performance of the FGS as an HST guider and as a science instrument can be found in the
FGS Instrument Handbook (Nelan, E., et al., 2010).

2. FGS2r2

During SM4, on EVA5 FGS2r was replaced by the refurbished FGS2r2. This was the
third time a new FGS was installed in HST. (FGS1r was installed in SM2. FGS2r had been
installed in HST during SM3A, but the intensities of several LEDs on its star selector shafts
were declining to the point that guide star acquisition failures were expected to become
increasingly more prevalent in the future.) The first step to commission an FGS is the
optimization of its interference fringes via adjustment of the instrument’s articulated mirror
assembly, or AMA (figure 1) to align the FGS interferometric optical elements with the
optical axis of the HST, thereby mitigating the otherwise degrading a"ect of the spherically
aberrated primary mirror on FGS performance (figure 2). This involves observations of a
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Figure 1: FGS Optical Train with the AMA (fold flat mirror 3)

point source (single star) with the FGS in Transfer mode to measure the interference fringes
at several (typically 5) widely separated locations in the FGS field of view. These data are
used to inform the adjustment of the AMA. Four iterations of the observation-adjustment
cycle were planned and executed to achieve the optimal interferometric performance of
FGS2r2.

Following the AMA interferometric optimization, the plate scale of FGS2r2 and its
alignment relative to FGS1r and FGS3 was measured. FGS2r2 observed seven stars dis-
tributed across its field of view in Position mode, while FGS1r and FGS3 acquired guide
stars. This was repeated for a total of six orbits, with FGS2r2 observing the same seven
stars while FGS1r and FGS3 acquired a di!erent guide star pair for each orbit. The co-
ordinates of the FGS2r2 target stars and the FGS1r & FGS3 guide stars are known to an
accuracy of about 30 milli-arcseconds from the US Naval Observatory CCD Astrometric
Catalog (UCAC-III). This calibration enabled subsequent use of FGS2r2 for guiding HST.
However, the instrument’s geometric distortion was not calibration on-orbit since it was
expected (based upon experience with FGS1r and FGS2r) that its early on-orbit evolution
(out gassing of water vapor from its graphite epoxy composites) would quickly render early
calibrations invalid; STScI decided to defer this calibration until such time that FGS2r2
demonstrated adequate stability (and if needed, after a re-optimization of the S-curves by
an AMA adjustment). In the interim, the FGS2r2 design prescription for the geometric
distortion has been used. To avoid imprinting FGS2r2 calibration errors on to the HST
science products while its geometric distortion is not accurately calibrated, FGS2r2 is not
used as the “dominant guider” if possible, rather it is used only to stabilize the roll angle
of the observatory.

Since completing its early commissioning in the summer of 2009, FGS2r2 continues
to successfully guide HST. Monitoring programs are tracking the relative changes in the
FGS2r2 geometric distortion and the evolution of its interferometric fringes. Surprisingly,
the changes have been much smaller than expected when compared to the evolution of
FGS1r and FGS2r in their first years on orbit (figure 3). This suggests that a second AMA
re-optimization will not be needed and the five orbit geometric calibration test can proceed.
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Figure 2: Aligning FGS Interferometric Elements with Telescope Optics mitigates the im-
pact of HST’s spherically aberrated primary mirror on FGS performance. Left, the optical
axis of the telescope (orange line) is not aligned with the shear line (blue line) of the
Koesters prism; the spherically aberrated wavefront produces additional aberrations (coma
& astigmatism) that result in a degraded interferometric response (S-curve). Right, af-
ter adjustment of the AMA, the FGS is properly aligned w.r.t the telescope and optimal
performance is achieved.

Figure 3: FGS2r2 S-curve Stability During First Year On Orbit observed with “full aper-
ture” (F583W) element. This is remarkable stability compared to the observed changes in
FGS1r and FGS2r during their first years on orbit. Note, the change in the vertical “bias”
along the X-axis may be due to small field stop migration in the X-channel. This is being
monitored over time.
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Figure 4: FGS1r Y-axis S-curve Evolution. Left, early evolution from 1998 to 2005. Right,
lack of change since 2005 indicates FGS1r has full stabized. The X-axis S-curve changed
little since 2000.

3. FGS1r

FGS1r has been used as a science instrument for high angular resolution studies of binary
star systems, and for high precision astrometry to determine the distance to astrophysically
interesting objects, or to measure the reflex of a star’s hosting planets. FGS1r was installed
in HST during SM2 in 1997, and was the first FGS outfitted with the AMA to mitigate
the deleterious a!ects of spherical aberration on its interferometric performance. After two
years on orbit it was found to have stabilized su"ciently to warrant a re-optimaization of
its S-curves via an AMA adjustment (the interference fringes had degraded significantly,
but had stabilized). In early 2000 FGS1r was re-optimized and fully calibrated to served
as a high precision astrometric and ultra-high angular resolution science instrument. But
alas, the evolution of FGS1r continued for another five years, but in such a way to impact
primarily the interferometric response along its y-axis; however, after 2005, no further
evolution is evident (figure 4). This prompted a request by the STScI FGS team to restore
the instrument to its 2000 performance via an AMA adjustment. This request was approved
and the adjustment was carried out on January 22, 2009 (figure 5).

Movement of the AMA also causes a shift (of about 5”) of the a!ected FGS relative to
the other apertures in the HST focal plane. It was also expected that the AMA move would
a!ect the optical distortion across the FGS FOV by an amount that is significant relative
to the desired accuracy of the astrometric measurements being carried out by ongoing Gen-
eral Observer programs (but this change would be insignificant for the guide function).To
search for possible changes in the distortion, and to acquire the data needed to restore the
knowledge of the alignment of FGS1r relative to the other HST apertures, a field of stars
with UCAC-III coordinates was observed in four HST orbits before the AMA move, and
four orbits after the move. Comparison of the before/after data strongly indicated that the
FGS1r optical distortion had changed, with errors approaching 10 mas when the pre-AMA
moved distortion coe"cients are applied to post-AMA move data (figure 6). Moreover, the
distortion change appears to have a radial structure.

To restore the FGS1r geometric distortion calibration, a special 6-orbit calibration test
was carried out in March 2010 to observe stars in the M35 open cluster that have relative
positions known to an accuracy of 1mas from previous FGS1r (and FGS3) calibrations.
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Figure 5: FGS1r Y-axis S-curve after AMA adjustment on Jan 22, 2009. The X-axis
interference fringe was not changed.

Figure 6: Change in FGS1r Geometric Distortion after AMA move. The 10 mas residuals
reflect the error introduced into the calibration. Note the apparent radial structure in the
residuals.

Figure 7: March 22, 2010 FSG1r Geometric Distortion Calibration using M35. The tele-
scope roll angle was constrained to be within +/- 25 deg of nominal roll for that date.
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Figure 8: Preferred method for calibrating the FGS1r Geometric Distortion. Here the target
field M35 is in the anti-Sun direction, for which the HST roll angle is unrestricted.

Figure 9: Updated geometric distortion calibration derived from the March 22, 2010 obser-
vations. The residuals from comparison of the pre and post AMA-adjustment observations
yield 3 mas residuals, which is larger than the goal of 1.7 mas.

Figure 10: Residuals from the comparison of pre and post AMA-adjustment using the
update geometric distortion calibration and a radial term added to the plate overlay al-
gorithm, resulting in 2 mas residuals. However, star fields less “rich” than this may lack
su!cient degrees-of-freedom for the radial term application. Such astrometry programs may
be degraded if the geometric distortion calibration is not further improved by additional
observations of the M35 cluster over a wider range of HST orientations.
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The observations executed with HST restricted to +/25 degrees from nominal roll (figure
7), rather than the preferred time when M35 is near the anti-Sun direction and the HST
roll is unrestricted (figure 8). Nonetheless the observations were successful in restoring the
quality of the FGS1r geometric distortion calibration to nearly the level it had been prior
to the AMA move. However, this apparently requires the use of additional (radial) terms
in the plate overlay model that can be applied only when observing fields with more than
about ten stars (these radial terms are not part of the geometric distortion calibration,
rather they are semi-ad hoc enhancements to the plate overlay model that can not be
universally applied to sparse plates). Further investigations are needed to determine if the
March 22, 2009 observations need to be augmented by additional observations when M35
can be observed at roll angles that di!er from the March 2010 observations by about 180
degrees to maximize the apparent distortion across the FGS FOV.
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