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Abstract. The Hubble Space Telescope is now operating with an attitudecon-
trol system that relies upon inputs from two mechanical gas learing gyroscopes and
the Fine Guidance Sensors to provide ne pointing control duing science observa-
tions. This mode of operation was developed to extend the opational lifetime of
the observatory. Instrument performance in two-gyro mode s nominal, with no ob-
vious degradation in performance compared to operations irthree-gyro mode. In
this review, we describe some recent instrument veri catio results and scheduling
considerations for science operations in two-gyro mode.

1. Introduction to Two-Gyro Mode

The Hubble Space Telescope (HST) was originally designed tose three rate-sensing gyro-
scopes to provide ne pointing control of the observatory. In order to conserve the lifetime
of the HST gyros, one of the functioning gyros was turned o on28 August 2005, and a new
attitude control system that functions with only two gyros w as activated. In this mode,
two gyros used in combination with the Fine Guidance Sensorgrovide ne-pointing infor-
mation during science observations. The two gyros that are tirned o could be reactivated
should the need to do so arise (e.g., in the event of a failuref@ne of the two gyros currently
in use).

On-orbit tests of the HST two-gyro ne guiding mode and its im pact on science instru-
ment performance were carried out on 20-23 February 2005 ang8-31 August 2005. More
than 700 science exposures were obtained with the Advancedatnera for Surveys (ACS), the
Near Infrared and Multi-Object Spectrograph (NICMOS), and the Fine Guidance Sensors
(FGS) during the tests. All results from these tests indicate that there is no degradation in
the quality of science data obtained in two-gyro mode compaed to three-gyro mode.

In this article, we brie y describe the pointing jitter, ins trument performance, and
scheduling of observations in two-gyro mode. More informabn can be found in the HST
Two-Gyro Handbook (Sembach et al. 2005) and in the Instrument Science Reports gsted
on the Two-Gyro Science Mode website at the following web adass:

http://www.stsci.edu/hst/HST _overview/TwoGyroMode

Two-Gyro Mode Key Points:

Science data obtained in two-gyro mode are essentially indtinguishable from those
obtained in three-gyro mode.
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Observations requiring the nest pointing control (e.g., high-resolution imaging and
coronagraphy) are feasible.

The RMS ne-pointing jitter averaged over 60 seconds is typcally 5 milli-arcseconds,
which is much smaller than the detector pixels of the ACS and NCMOS.

Scheduling is more restrictive in two-gyro mode because ent into ne-pointing mode
for science observations is more complicated than in thregyro mode.

The following capabilities are not available in two-gyro mode:

1. Gyro-only tracking

2. Guide star hando s

3. Single guide star acquisitions

4. Multiple roll positions within single, non-CVZ, orbits

2. Pointing Jitter

The HST Pointing and Control Systems Group measured the telscope pointing jitter during
both the February 2005 and August 2005 on-orbit two-gyro tess using inputs derived from
the gyros and FGS in the attitude control law to estimate the magnitude of the jitter.
For each science exposure, the average and peak jitter found 10-second and 60-second
running intervals was calculated. Table 1 summarizes the man and maximum values [in
milli-arcseconds (mas)] found for each two-gyro dataset asvell as the mean values for a set
of three-gyro exposures obtained immediately prior to the Ebruary 2005 test.

Table 1: Pointing Jitter Summary

Mode Gyro # Mean/Max RMS Jitter (mas)
Set Exp. 10-sec 10-sec 60-sec 60-sec
Avg. Peak Avg. Peak
Three-gyro? 1-2-4 24 4.1 5.2 4.2 4.3

Two-Gyro (Feb. 2005) 2-4 454 56/95 65/222 6.0/10.7 6.2/18.0
Two-Gyro (Aug. 2005) 1-2 262 3.3/53 39/11.7 34/49 3.6/53

2Three-gyro data were obtained 1 week prior to the February 20 05 two-gyro test. Only mean values are listed.

The gyro set for each test was di erent, but the magnitudes ofthe jitter in both the two-
gyro tests and in three-gyro mode are similar, as predicted ¥ attitude control simulations
prior to the tests. The pointing jitter in the current gyro co n guration (gyros 1 and 2 +
FGS) may be slightly less than it was in three-gyro mode. Thisdi erence is imperceptible
in the highest resolution images taken with the ACS/HRC but is con rmed in data obtained
with the FGS (see the contribution by E. Nelan et al., this volume). The predicted two-gyro
jitter values for other combinations of gyros are similar to those reported in Table 1.

Increased jitter over short intervals resulting from impulsive spacecraft disturbances
has been observed in both two-gyro and three-gyro mode. Mosbf these disturbances
are so short (timescales of seconds) that the chances of segithem in science data are
small. Short science exposures have a low probability of oacring at the same time as the
disturbances, and the jitter induced by the disturbances inlong exposures contributes little
to the overall S/N of the data. Descriptions of the types of disturbances and their frequency
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of occurrence can be found in theHST Two-Gyro Handbook (Sembach et al. 2005). The
present gyro con guration is insensitive to the common \V2-disturbances”, which result
from small rotations of the equipment shelf on which the gyr@s are mounted.

3. Instrument Performance

The Two-Gyro Science Mode Orbital Veri cation (TGSMOV) pro gram in August 2005 is
the most comprehensive set of tests of HST instrument perfanance in the current (Cycle
14) two-gyro con guration. Tests with both the ACS (program s 10458-10461) and NICMOS
(programs 10462, 10464) provided information about the qubty of high resolution imaging,
pointing stability, coronagraphy, and moving target track ing (Table 2). The results of these
tests are described below. A more complete description of f1ACS PSF analysis and results
can be found in ACS ISR 2005-11 (Sirianni et al. 2005). We refethe reader to the articles
by Nelan et al. (this volume) for information about FGS astrometric measurements, and
Koekemoer et al. (this volume) for information about pointi ng stability in two-gyro mode.

Table 2: August 2005 Two-Gyro Science Mode Orbital Veri cation Programs

Program? Instrument Purpose Target
10458 ACS PSF Shape/Stability/Dither NGC 1851, NGC 2298, NGC 6752
10459 ACS PSF Shape/Stability in CVZ NGC 6752
10460 ACS Coronagraphy HD 216149
10461 ACS Moving Target Tracking Mars
10462 NICMOS  PSF Shape NGC 1850
10464 NICMOS  Coronagraphy HD 17925

2Program 10459 executed in October 2005. All others executedin August 2005.

The programs for the initial on-orbit veri cation of two-gy ro ne pointing performance
in February 2005 are listed in Table 3. Many of these tests saed as the basis for the nal
TGSMOV programs listed above.

Table 3: February 2005 Two-Gyro Fine Pointing Test Programs

Program Instrument Purpose Target
10443 ACS PSF Shape/Stability/Dither NGC 6341, Omega Cen
10444 ACS PSF Shape/Stability in CVZ CVZ-Field
10445 ACS Coronagraphy HD 130948A
10446 NICMOS  PSF Shape P330-E
10447 NICMOS  Dither NGC 6341
10448 NICMOS  Coronagraphy GJ517

3.1. ACS Imaging

The ACS point spread function (PSF) shape and stability tests consisted of multiple expo-
sures of three rich star clusters observed with the HRC and tke F555W Iter. Sequences
of 10, 100, and 500 second exposures were obtained to check dependencies of the PSF
shape on exposure duration and timing within orbits. Obsenations using both V = 13 and

V = 14 magnitude guide stars allowed for a check of the PSF widh dependence on the
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guide star magnitude. A total of 114 exposures for three clugrs (NGC 1891, 2298, 6752)
were obtained in August 2005 for orbits with occultations, and another 72 exposures for
NGC 6752 were obtained in October 2005 while the cluster wasithe continuous viewing
zone (CVZ2).
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Figure 1. Histogram of point spread function widths in the ACS/HRC F555W lIter during
the August 2005 TGSMOV instrument performance test.

For each image, the FWHM of the PSF for stars with S/N > 10 was calculated by
tting Gaussian pro les to the stellar light proles. Thist ypically resulted in hundreds of
measurements per image, which were then averaged to produeemean PSF width for each
image with an uncertainty of 0:05 0:15 pixels, depending on the number and brightnesses
of the stars used in the mean. Figure 1 shows the distributiorof these averaged PSF FWHM
measurements in units of HRC pixels. The HRC has a plate scalef 25per pixel. The
PSF FWHM values span a range of 1.89-2.19 pixels, with a meanf@®.00 pixels. These
widths are comparable to the historical three-gyro averageof 2.04 0:03 pixels calculated
in the same fashion.

The high-width outliers in Figure 1 are measurements for thecluster NGC 6752 taken
in August 2005. These points can be compared to those on the Wwwidth side of the
histogram, which are measurements for NGC 6752 taken durin@ctober 2005. The August
NGC 6752 widths range from 2.04 to 2.19 pixels with an averag®f 2.09 pixels, and the
October widths range from 1.89 to 2.06 pixels with an averageof 1.97 pixels. A possible
reason for the dierence in PSF widths for this cluster is the di erent Sun angles of the
observations ( 115 in August versus 80 in October). The observations for this cluster
bound those seen in the two-gyro observations of the other akters and set a practical
estimate for the amount of scatter expected in measurementsf the PSF width for a given
pointing.

There were no apparent di erences in PSF widths for exposurs taken with bright
(V = 13 mag) guide stars versus those obtained with faint (V = 14 mag) guide stars.
However, there were di erences in PSF widths seen for exposas taken at di erent times
within orbits. The PSFs get broader with time within individ ual orbits suggesting that the
dependence is likely due to normal changes in focus caused Kiye breathing cycle of the
telescope during the orbit. Figure 2 shows a comparison of th FWHM measurements for a
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Figure 2: A model of the HST focus change induced by orbital tiescope breathing compared
to the point spread function widths measured for a portion of the ACS/HRC TGSMOV
data.

FWHM HRC (pixels)
=N
© O

portion of the TGSMOV data and a model of the expected changegaused by the breathing
cycle. The typical PSF width change shown in this gure is 0:1 pixel. The magnitude
of this e ect and the amplitude of the breathing model for any given pointing will depend
upon the thermal stability of the observatory at that positi on.

Small changes in the PSF width due to exposure duration are a&lo present in the
TGSMOV data, indicating that longer exposures may have sliditly larger PSF widths
than shorter exposures. The measured widths for the August @05 data were 202 0:03,
2:.05 0:03, and 208 0:05 pixels for the ensemble of 10, 100, and 500 second exposjre
respectively. We note that the longer exposures were typiddy taken later in each orbit, so
much of the di erence is probably related to the intra-orbit focus changes mentioned above.

The same data used to check the PSF widths is suitable for ch&ng the pointing
stability within orbits. Figure 3 shows the exposure-to-exposure shifts in the pointing (V2,
V3, total, and roll) as a function of time within the orbit for eight orbits in program
10458. These shifts were calculated by measuring the and y positions of all stars in each
image and comparing them to the positions of the stars in the rst exposure within each
orbit. The results of this test, which are summarized in Table 4, demonstrate that there
is no signi cant di erence in pointing stability between tw o-gyro and three-gyro mode. A
detailed description of the procedure used to check the poting stability and its application
to the earlier February 2005 on-orbit test data can be found h ACS ISR 2005-07 (Koekemoer
et al. 2005).

Table 4: ACS/HRC Pointing Stability

Total Shift Roll Angle
(RMS, mas) (RMS, degrees)

Three-Gyro 2.19 0.00093
Two-Gyro (Feb. 2005) 2.29 0.00097
Two-Gyro (Aug. 2005) 2.08 0.00070

3.2. NICMOS Imaging

Even though the pixel sizes of the NICMOS cameras are largerian those of the ACS, data
were obtained in TGSMOV program 10462 to check both the pointspread function shape



A Roll angle (deg)

380 Sembach et al.

fé\ Orbit 1 Orbit 2 Orbit 3 Orbit 4 Orbit 5 Orbit 6 Orbit 7 Orbit 8
Z 107 1t 1

5, ° 4F e o Y ar L J
Z paater ® o™ P~ | S £ SO S
2 s 1t .
§ opne o lpgt N S | A o P Wy ot
2 s it i
%\ 5’ ar L] Y \
= M N o °
- O'b..;-'.. """ s IR | R el R ap AR by T I o =0
> 5t Jb
< Il
0.005
0.000 ‘. “““ Aﬁ"‘ """ ‘-""o """" Meseh ® MR - - - - - | iy *f."t """ hd:'. """
0.005 1t 1t 1l

0 20 400 20 40 0 20 40 0 20 40 0 20 40 O 20 40 0 20 40 0 20 40
minutes minutes minutes minutes minutes minutes minutes minutes

Figure 3: ACS/HRC pointing stability within 8 orbits of TGSM OV program 10458. Shifts
are measured with respect to the rst exposure in each orbit.

and dither pattern positioning. Measurements of the PSF in the NIC1 channel show no
signi cant di erences with those taken previously in the Fe bruary 2005 test or in three-gyro
mode. Dither pattern positioning and repetition in two-gyr o mode are also as reliable as in
three-gyro mode.

3.3. Coronagraphy

Several tests in February 2005 and August 2005 veri ed the allity to perform ACS and
NICMOS coronagraphic acquisitions in two-gyro mode. The pocedures for performing
these acquisitions were the same as those used previouslytimree-gyro mode. Examples of
coronagraphic images for ACS are shown in Figure 4, which copares the three-gyro and
two-gyro observations of the star HD 130948A with the two-gyo observation of HD 216149.
Figure 5 shows a comparison of the NICMOS F110W and F160W diret and coronagraphic
images of HD 17925. In both the ACS and NICMOS data, the star lght is nulled to the same
extent as in three-gyro mode. Quantitative information about the coronagraphic nulling
as a function of position from the center of the coronagrapht spot for the February 2005
two-gyro test can be found in NICMOS ISR 2005-001 by Schneideet al. (2005) and ACS
ISR 2005-05 by Cox & Biretta (2005).

A primary limitation in two-gyro mode is the inability to per form observations at more
than one roll angle within a single occulted orbit. The primary reason for this limitation
is that the attitude control system must revert to a coarser tracking mode during the roll
maneuver (unlike three-gyro mode), and there simply is not eough time to perform two
complete sets of guide star and target acquisitions within asingle orbit.

3.4. Moving Target Tracking

The TGSMOV observations for program 10461 veri ed the ability to track moving targets
in two-gyro mode. The test consisted of 32 0.3-second exposs of Mars taken over the
course of an orbit. Shifts were calculated for each exposufgy cross-correlating the edges of
the planetary disk. The rotation of Mars moved a number of bright surface features across
the limb and the terminator during the course of the observaions. The planetary rotation
and gradual change in brightness of the day-night terminate complicated identi cation of
the disk edge and limited the accuracy of the resulting crosgorrelations. Comparison of the
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HD 130948A HD 130948A HD 216149
Three-gyro Two-gyro Two-gyro
(Sep. 2002, gxp: 30s) (Feb. 2005, gxpz 300 s) (Aug. 2005, Expz 300 s)

Figure 4: ACS coronagraphic images in three-gyro modeléft) and two-gyro mode (center
and right). The three-gyro image of HD 130948A (30 sec) is grainier tha the two-gyro
image (300 sec) because the color scaling is stretched to et weaker features that are
more di cult to see in this shorter exposure.

F110W F160W

Direct
Images

Coronagraphic
Images

Figure 5: NICMOS F110W and F160W direct and coronagraphic images of HD 17925 in
two-gyro mode (August 2005).

measured shifts between exposures with those expected frothe predicted and nal HST
ephemeris yielded residuals smaller than the unavoidablersors resulting from in-track HST
positional uncertainties. Therefore, while not speci cally a test of instrument performance,
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this test veri ed that it is possible to track observable solar system objects with a precision
comparable to that in three-gyro mode.

4. Scheduling of Observations

Observations with either orientation or timing constraint s are more di cult to schedule

in two-gyro mode than in three-gyro mode because of the addibnal pointing restrictions

necessary for attitude control and observatory safety. Roghly half the sky is visible at
any point in time in two-gyro mode, compared to > 80% of the sky in three-gyro mode.
For unconstrained observations (those having neither a tining constraint nor an orientation

constraint), every point in the sky is observable at some time during the year.
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Figure 6: Two-gyro visibility for the Hubble Ultra Deep Fiel d in Cycle 15 (beginning July
2006). Black points indicate the maximum orbital visibilit y, and gray lines indicate the
range of visibilities for allowed observatory roll angles.

Constrained observations have visibilities that depend umn the time of year and the
declination of the object to be observed. An example of the \gibility for the Hubble Ultra-
Deep Field at =3"32", = 27 55" is shown in Figure 6. Tools that provide detailed
visibility information for every point on the sky are availa ble at the HST Two-Gyro Science
Mode website. Descriptions and examples of how orientatiorand timing constraints can
a ect the scheduling of an object and its orbital visibility period can be found in theHST
Two-Gyro Handbook

Scheduling e ciency in two-gyro mode is slightly lower than in three-gyro mode, with
approximately 70 prime science orbits per week being schetkd compared to 80 per week in
three-gyro operations. These numbers do not include orbitsised for snapshots or calibration
programs. It may be possible to improve the two-gyro scheduhg e ciency by relaxing some
of the scheduling constraints once more experience is gaidavith two-gyro operations.
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5. Guide Star Acquisition Success Rate

Guide star acquisitions in two-gyro mode are presently sligtly more susceptible to failure
than in three-gyro mode because the attitude control systenmay revert to a coarser pointing
mode if problems arise during the acquisition process. Inial indications from the rst few
months of two-gyro operations are that the guide star acquigtion success rate in two-gyro
mode in the September to November 2005 timeframe ( 97%) is nearly as high as the
historical three-gyro mode average ( 99%). A variety of factors may contribute to the
slight di erence in acquisition success rates. First, the pevious three-gyro success rate was
achieved by nely tuning the attitude control law over many y ears, whereas the two-gyro
success rate is based upon a limited time sample. A longer pied of time is nheeded to track
progress in two-gyro mode. Second, many of the two-gyro acdgition failures to date have
been due to problems associated with the pointing mode usedripr to entering ne lock.
The prior pointing mode uses two gyros and the xed-head startrackers to perform the
onboard attitude determination before the FGSs can be usedn the pointing control loop.
Those problems are being studied and are in the process of lmgj corrected in the ight
software. Other failures related to the acquisition logic ae also being revised. Once these
issues are corrected, the two-gyro acquisition success eashould converge to the historical
three-gyro rate because the only remaining failures shoulde the usual ones related to
scheduling \bad" guide stars that the FGS probably has no chaice of acquiring in either
two-gyro or three-gyro mode.
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