
O ne day about a year ago, the phone in my office rang. In my most 
professional and authoritative voice I answered, “HST, Leckrone!” 
At the other end of the line I heard a chuckle, then the response, 

“Solar Neutrinos, Bahcall!” That was John—seriously witty. 
John Bahcall was one of the “founding brothers” of the Hubble Space 

Telescope. He, Lyman Spitzer, and George Field were the mission’s most 
articulate and effective public advocates, moving delicately but doggedly 
through the minefields of Washington in the 1970s. They made a compelling 
case for a scientific dream shared by most astronomers at that time: a 
precise and versatile, large-aperture, ultraviolet-optical telescope in orbit 
above the messy atmosphere. John and his colleagues were successful 
in selling the Space Telescope (earlier named Large Space Telescope and 
later, Hubble Space Telescope). At the same time, they blazed a political 
trail of advocacy to Congress and the Executive Branch that legions of 
astronomers have since followed—for public investments in advanced 
facilities for modern astronomical research. 

I recall my surprise years ago upon learning that John was born and 
raised in Louisiana. He had no trace of a Cajun, or even southern, accent. 

Nevertheless, John’s roots served us all, helping him enlist the help of 
Congresswoman Lindy Boggs of Louisiana at a critical juncture in late 
1977. The Space Telescope was meeting strong resistance in the House 
Appropriations Subcommittee responsible for NASA’s budget, and Lindy 
Boggs was a new member. She made a special effort to persuade her 
colleagues that the Space Telescope was important.2

During the long years of Hubble’s development, John served as an 
Interdisciplinary Scientist on the Space Telescope Science Working Group. 
Behind the scenes, he was a confidant of Project Scientist Robert O’Dell. 
Those were stormy times, when the Project struggled with an inadequate 
budget, an unrealistic schedule, and a cumbersome government and 
contractor organization. Frustrations often boiled over. I have clear 
memories of tense situations in which John proposed brilliant diplomatic 
solutions to one impasse or another. I also recall his fury when he thought 
stupidity was setting in. On one occasion he threatened to “defenestrate” 
a particularly obtuse mid-level manager. 

When the Project proposed de-scoping the 
requirement that Hubble be able to observe at near-
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Image of the Boomerang Nebula taken with the Advanced Camera for Surveys courtesy of NASA, ESA and The 
Hubble Heritage Team (STScI/AURA). http://hubblesite.org/newscenter/newsdesk/archive/releases/2005/25
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They include stewarding its unique data through pipeline reduction and 
back out to the community, assessing proposals (almost $20M dollars 
in grants are dispersed and managed from here), and organizing myriad 
meetings to allocate resources, obtain advice from the community, 
and support our communities with calibration workshops and scientific 
sessions. On top of this “normal stuff,” the summer of 2005 was frenetic 
with planning, re-programming, and testing of the two-gyro pointing 
mode. This amazing intellectual and technical tour de force has breathed 
new life into Hubble. And all this was just on the Hubble side of the house. 

In other parts of 3700 San Martin Drive, the James Webb Space 
Telescope group, in close collaboration with our colleagues at the Goddard 
Space Flight Center (GSFC), are planning how make this exciting new 
telescope as productive as Hubble. Their summer wasn’t idle either: 
Webb underwent extensive re-planning; the Institute co-chaired the 
Science Assessment Team (SAT) looking at Webb’s scientific promise; 
and the Science Working Group (SWG) came to town. 

Along other corridors in this building, and just a step across the road 
to the Johns Hopkins University, active groups are supporting archival 
research with MAST and the future National Virtual Observatory. Others 
are supporting future NASA missions, like Kepler, SIM, and TPF. As 
I explore the second and ground floors, I find the Institute’s famous 
Office of Public Outreach, which has produced the Hubble images and 
educational programs that have so affected the nation. Most of us have 
seen these wonderful NASA pictures, which flow from Hubble through 
these OPO offices, on the walls of our children’s classrooms. 

Of course, this entire ensemble of activities is engulfed in the frenzied 
buzz of visitors, seminars, meetings, and workshops—the vital signs of a 
vibrant scientific life pervading this exciting organization.

As always, the future of Hubble is closely coupled to the health of the 
Shuttle. The tragedy of hurricanes Katrina and Rita has put considerable 
and understandable pressure on NASA’s activities. The media reports 
on the enigmatic insulation problem remind us that the Shuttle is a 
fragile system that should be used only for unique purposes of high 
national interest. Fortunately for science, Michael Griffin, the NASA 
Administrator, puts servicing Hubble in that category, stating on multiple 

occasions that he wants to carry out the next servicing mission (SM4) 
if the first two Shuttle flights after the Columbia tragedy go as planned. 
He repeated this reassurance even after the recent Discovery mission 
revealed continuing issues with the foam insulation on the external tank. 
NASA’s enthusiasm for Hubble seems undeterred even by the prospect of 
a greatly reduced flight rate prior to the Shuttle retirement in 2010, which 
will impact the completion of the International Space Station. Recent 
media descriptions of NASA scenarios with as few as 10–12 further 
Shuttle flights still include plans for SM4.

Mr. Griffin recently simplified the future of Hubble by removing the 
requirement for SM4 to deliver a de-orbit module for the controlled 
reentry of the observatory at the end of science operations. This decision 
was possible because current estimates of reentry dates are now far in 
the future. The de-orbit module could have imposed difficult constraints 
on the mass and volume of the remainder of the payload on SM4, as well 
as impacts on safety, schedule, and NASA finances.

The current vision for SM4 is now the same as planned for many 
years and endorsed by numerous community stakeholders, including the 
Decadal Survey and the recent review of NASA’s strategic roadmap by the 
National Research Council. As for all previous Hubble servicing missions, 
the cost of the Shuttle flight itself will be borne by the human spaceflight 
program, not the science program. The schedule and cost to the science 
program are now reliably predictable, based on similar servicing efforts 
on four previous occasions. The mission could fly in late 2007 or early 
2008, and the remaining costs are probably less than $300M, spread 
over 3–4 years. With the new two-gyro mode, Hubble should continue 
full science operations until 2008—and remain recoverable until at least 
2010—even if science operations cease temporarily.

The challenges of building a uniquely powerful, diffraction-limited, six-
meter, deployable, cryogenic telescope—otherwise known as Webb—
which is destined to orbit L2 in the next decade, had many of us working 
quite hard over the summer. The accompanying article by Giavalisco 
and Stockman summarizes Webb’s challenging financial circumstances. 
NASA’s response was to instigate a number of independent studies, one 
by a Science Assessment Team (SAT), whose conclusions are described 

oming in as the new Director of the Space Telescope Science Institute in 
September has been an exciting and challenging responsibility. 

So much happens at the Institute everyday. The normal activities include 
ensuring that the Hubble’s enormously complex scheduling algorithms produce 

a seamless flow of observations from this building to the telescope orbiting the 
earth every 90 minutes.
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in interim and final reports, which can be found at www.stsci.edu/JWST. 
Quoting from the introduction of that report:

 In April, the JWST Project received a Not to Exceed 
Estimate (NTE) from Northrop Grumman Space Technologies 
(NGST) for ~$300M of additional funds needed to complete 
the JWST development. A portion of this increase is due to the 
delay in officially designating the Ariane 5 rocket provided by 
the European Space Agency as the official launch vehicle. Other 
portions relate to changes in accommodating the Integrated 
Science Instrument Module (ISIM) and additional requirements 
for the Integration and Test program (I&T). In addition to this 
increase, which impacts the already cost-constrained fiscal 
years of FY06 and FY07, the Project had identified another 
~$200M in additional funding requirements. These were 
evenly split between ISIM and science instrument increases 
and programmatic impacts (full-cost accounting taxes and 
NASA HQ drawbacks from previously approved budgets). 
The total increase, $500M, could not be addressed within 
the Science Mission Directorate budget, and necessitates 
at least a one-year slip in launch readiness (~$300M in 
additional project cost). In the light of these increases, NASA 
HQ has added an additional $250M to restore the appropriate 
percentage of program contingency. The total increase, ~$1B, 
is almost equal to the ~$1.5B of previously estimated cost for 
reaching launch readiness. While some increases had been 
anticipated for the challenging JWST program, the scale and 
early timing of this increase threatens the Universe division’s 
planned science program. This situation has forced NASA 
to review the JWST program to seek major cost reductions. 
Equally important, NASA and its international partners must 
be convinced that future increases can be controlled.
 As a first step, NASA requested that the Project and Science 
Working Group (SWG) review the potential savings of reverting 
to the minimum mission as outlined in the Formulation 
Authorization Document (FAD): a 4-m class primary mirror, 
reduced near-infrared (NIR) capabilities, and no mid-infrared 
(MIR) capabilities. The results would be negligible savings 
(~$200M), since much of the money has been committed and 
devastating impacts on the science goals (< 50% of the JWST 
science goals could be studied). This clearly shows that the 
financial increases were neither due to increased complexity of 
the science instruments, nor can they be significantly addressed 
by the wholesale removal of major scientific capabilities and 
reductions in primary mirror area. However, relaxing some key 
science requirements and simplifying corresponding aspects of 
the mission, its manufacture, and integration & test (I&T) plans 
hold great promise to provide significant reductions in cost and 
future increases.
 In June 2005, NASA HQ created the Science Assessment 
Team (SAT) to provide an independent analysis of the science 
goals of the JWST mission. The SAT is charged with re-evaluating 
and prioritizing the scientific capabilities of the mission and 
reporting its recommendations to NASA HQ, the JWST Project, 
and the SWG. NASA HQ and the Goddard Space Flight Center 
have organized and charged other groups to evaluate the 
technical and financial status and plans of the JWST Program.

Importantly, the SAT unanimously reaffirmed Webb “as the highest 
priority facility for the US and the international community to advance 
astrophysical understanding.” Since the formulation of the program in 1999, 

“the case for JWST and its unique 
capabilities has grown in strength 
and astronomical significance.” 
Recognizing the substantial cost 
overruns and the potential for future 
cost growth in such a challenging 
mission, the SAT did recommend a 
number of significant simplifications 
based on recommendations from the 
Project. In particular, the potential 
advances in ground-based facilities 
led the SAT to give its highest priority 
to imaging and spectroscopy over the wavelength range 1.7–28 µm. Full 
details of these recommendations can be found at http://www.stsci.
edu/JWST/project_highlights/SAT_report_final.pdf/.

The technical state of Webb is excellent. The Project is approaching 
the transition into detailed design and development. Three of the 
science instrument teams have successfully completed preliminary 
design reviews—the one for the Near Infrared Spectrograph will be 
held in February 2006—and have ordered and are receiving many of 
the long-lead items, like detectors, optical benches, and optics. The 
Optical Telescope Element is under construction. Brush Wellman has 
delivered 20 beryllium billets for the primary mirror segments to Axsys 
Technologies, where they will be diamond-turned (Fig. 1). The production 
lines in the Axsys and Tinsley polishing facilities are ready and working 
on the first blanks and engineering unit.

The Webb Project has accepted all the SAT recommendations and is 
re-planning. It is taking steps to ensure the readiness of key technologies 
over the next 12–18 months. The aim is to ready Webb for launch in  
mid-2013. We at the Institute are working closely with the Project to 
do our part in ensuring Webb’s readiness and ultimate success. For us, 
Webb is a worthy successor to Hubble. It will have a unique role in the 
next decade, advancing astrophysical and cosmological understanding, 
building on the achievements of Hubble and the discoveries from Spitzer 
and other space-based and ground-based facilities.

It’s been an interesting first few months at the Space Telescope 
Science Institute.  W

SAT Membership

Dr. C. Matt Mountain, Co-Chair
Dr. H. (Peter) Stockman, Co-chair
Dr. Roberto Abraham
Dr. Alan Dressler
Dr. Kathryn Flanagan
Dr. Robert Gehrz
Dr. Malcolm Longair
Dr. Christopher McKee
Dr. Sara Seager

Figure 1: The final eight Be blanks prior to delivery to Axsys Technologies 
for diamond-turning (credit: Brush Wellman).
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infrared wavelengths, John argued persuasively that this would be unwise. The legacies of his 
resistance are the outstanding science produced by the Near Infrared Camera and Multi-Object 
Spectrometer and the discoveries expected from the near-infrared channel on Wide Field Camera 3, 
planned for launch with the hoped-for Servicing Mission 4.

John’s service to our community was by no means limited to Hubble, nor slowed by the long 
wait for its realization. He led the National Academy of Science’s decadal study for the 1990s and 
served as President of the American Astronomical Society from 1990 to 1992. 

Not all of John’s research was Hubble-related. He had a special passion for the physics of the 
Sun, and pursued the case of the missing solar neutrinos unremittingly. Like the rest of us, he 
weathered the many delays in Hubble’s launch, gamely got past spherical aberration, and went on 
to use Hubble for important research on Lyman-alpha forests, quasars, and globular clusters.

I was moved by John’s thoughtfulness during the first Servicing Mission in December 1993, when 
he called me in the customer-support room at the Johnson Space Center. He wanted to thank me for 
paying homage to Lyman Spitzer during a nationally televised press briefing, which he had watched. 
Indeed, I expect my most durable memories of John Bahcall will be of the warmth, encouragement, 
and support he (and his wife, Neta) always displayed toward me whenever we interacted.

Late in his life (possibly while he was seriously ill, although I’m uncertain of that), John responded 
once again to a call to help Hubble—this time to lead a study of the best way to conclude the 
mission. Events following the Columbia tragedy rapidly overtook the recommendations of that 
study. When NASA Administrator Sean O’Keefe announced the cancellation of the final Hubble 
servicing mission in January 2004, John once again came to the observatory’s defense. His 
unstinting and passionate advocacy contributed in large measure to the fact that a final servicing 
mission is still possible in 2007–2008. The Hubble Space Telescope, the precious national asset for 
which he worked so long and hard, may continue to produce world-class science well into the next 
decade. The vibrant Hubble community and the telescope’s astonishing accomplishments across 
the frontiers of astronomy are living memorials to John Bahcall.  W

 
1 David Leckrone is Senior Project Scientist of the Hubble Space Telescope.
2 Robert W. Smith, The Space Telescope: A Study of NASA, Science, Technology, and Politics (New York: Cambridge  
 University Press), 1989, p. 182.
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Hubble on Two Gyros
 Rodger Doxsey, doxsey@stsci.edu  

John Bahcall
from page �

H
ubble was transitioned to Two-Gyro Mode (2GM) on August 28, 2005. The process 
required several hours to update flight software files and pointers, but from then on 
the Pointing Control System (PCS) was using the inputs from Gyros 1 and 2 only. Gyro 4 
was left on for a few days to aid in assessing 2GM performance. It was turned off on 
September 1, 2005, and now joins Gyro 6 as a spare.

Current 2GM performance is similar to that of the test in February 2005. While highly successful, 
the test identified a number of minor improvements that could increase the robustness of the 
guide-star acquisition process. These improvements were made in spring 2005 and have been 
checked out in the first two weeks of 2GM operations. So far, 2GM is proving to be robust, with 
no additional guide-star acquisition failures above those that occasionally took place in Three-Gyro 
Mode (3GM). For example, about 1% of the stars in the Guide Star Catalog are either close doubles 
or concentrated galaxies. Both of these were missed on the plates that were scanned, but are 
resolved by the Fine Guidance Sensors (FGSs)—causing failed acquisitions. Situations like these 
affect 2GM and 3GM equally. 

The PCS engineers at Goddard Space Flight Center (GSFC) are also analyzing the performance of 
2GM, collecting statistics on slew times, target-miss distances, and guide-star acquisition times.

The scientific performance of 2GM has been double-checked using observations with the 
Advanced Camera for Surveys and Near Infrared Camera and Multi-Object Spectrometer, including 
both conventional and coronagraphic imaging. The results match those from the February test 
and show no loss in the quality of the observations in 2GM. The Institute’s 2GM website has been 
updated with Instrument Science Reports that describe these results. (http://www.stsci.edu/
hst/HST_overview/TwoGyroMode)

This picture was taken during the 
Inaugural Press Conference for the 
first scientific results from the 
Lyman Spitzer Space Telescope.



T he Cosmic Origins Spectrograph (COS) will restore 
moderate-resolution spectroscopic capability to 
Hubble with the most sensitive far-ultraviolet (FUV) 

spectrograph ever flown. Separate detectors will be used 
for the FUV (1150–1775 Å) and near-ultraviolet (NUV, 
1700–3200 Å) spectral ranges. With its combination of 
large detector format, windowless detector, and single-
reflection design, the instrument is optimized to perform 
low-background, moderate-resolution (R ~ 20,000) point-
source spectroscopy with broad wavelength coverage 
and high throughput in the FUV. COS will be typically 
10–30 times more efficient than equivalent STIS modes 
in the FUV, which means that an observation that required 
approximately five orbits and a minimum of five separate 
exposures using STIS will take only about half an orbit 
and one exposure using COS. As a result of its large 
effective area and low background, COS will be able to 
detect objects that are 30 or more times fainter than those 
observable with STIS in the FUV. The COS NUV Multi-Anode Microchannel Array (MAMA) provides 
capabilities similar to the STIS L and M modes in the NUV, with lower anticipated background. 
There are no COS modes equivalent to STIS H modes.

COS’s unique sensitivity and time-resolution capabilities will enable investigations of the Lyman-
alpha forest, the structure of the large-scale “cosmic web,” the helium II Gunn-Petersen effect, 
galaxy formation, the deuterium-to-hydrogen ratio in the intergalactic medium, the molecular 
chemistry of the cold interstellar medium and star formation, and spectroscopic studies of 
extrasolar planets.

The Institute has completed all standard science, calibration, and target acquisition exposure 
modes for the scheduling system. In the coming year, we will develop a new type of time-tag 
observing mode for COS—tentatively called TAGFLASH—in which the internal wavelength 
calibration lamps will be flashed at intervals during science exposures. Pipeline processing of the 
additional calibration information—which is recorded immediately adjacent to the science data on 
the detector format—will compensate for possible motions of internal optical components, and 
will improve spectroscopic resolution and wavelength accuracy. In 2006, 
we will develop the COS exposure-time calculators, which will be accessed 
through the Astronomer’s ProPosAl tools.

Our initial experiences in building both the Long Range Plan (the 12-month observing schedule) and 
weekly detailed observing schedules confirm that the reduced target visibility in 2GM does translate 
into reduced scheduling flexibility. So far, the impact has been within the range we had anticipated. 
Over the next few months, our telescope-scheduling staff will tweak our 2GM scheduling processes 
to get as close as possible to the 3GM observing efficiency. We also expect to tweak some of the 
timings and operational parameters of 2GM, which may increase scheduling flexibility. 

We will update the 2GM Handbook and website with the most recent information, as the Cycle 
15 proposal cycle is about to begin.

Having entered the operational era for 2GM, the engineering staffs at GSFC and the Institute 
have begun investigating the possibility of a One-Gyro Mode (1GM). Based on the initial evaluation, 
and with relatively few changes to the current mode, PCS engineers believe that 1GM is feasible. 
The increased reliance on magnetometer data in 1GM is the primary area needing additional study. 
The process of using Fixed-Head Star Trackers and FGSs should be little changed from 2GM, and 
scheduling flexibility in 1GM may be only slightly reduced from that of 2GM. A preliminary design 
review of 1GM will take place in fall 2005.  W

Continued
page 6

 Cosmic Origins Spectrograph
   Tony Keyes, keyes@stsci.edu 
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Figure 1: The COS instrument in transit to functional testing. Note dry 
nitrogen purge hoses.
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 ACS Report
  K. Sembach, sembach@stsci.edu, and R. Gilliland, gillil@stsci.edu 

COS
from page �

The COS Mini-Handbook version 2, which was distributed with the Cycle 13 Call for Proposals, 
includes information based on the October 2003 thermal-vacuum testing of all COS science 
modes. This document provides quantitative descriptions of COS capabilities, measured detector 
efficiencies, anticipated observatory-plus-instrument throughputs, and comparisons with equivalent 
STIS capabilities. (http://www.stsci.edu/instruments/cos/documents/handbook13/cos_cy13.pdf) 

The COS Investigation Definition Team at the University of Colorado, led by Principal Investigator 
Dr. James Green, leads the COS instrument hardware project. They integrated the instrument 
at Ball Aerospace, and successfully completed thermal-vacuum science and calibration testing 
in October 2003. The flight-ready instrument was delivered to Goddard Space Flight Center in 
April 2004, where it remains in clean-room storage. Tests of NUV throughputs are performed 
semi-annually as part of routine functional testing. All test results have been nominal. Within 
measurement errors, no changes in NUV throughput have been detected to date, including the 
results of the most recent tests, performed in August 2005.  W

T he Advanced Camera for Surveys (ACS) is operating well and continues to produce 
stunning science results. It has been a busy summer for the ACS instrument team and 
General Observers. Highlights include observations of the Deep Impact event on Comet 9P/
Tempel 1, the observations of a new supernova in the Whirlpool spiral galaxy, the transition 

to Two-Gyro Mode (2GM), and the definition of the Cycle 14 calibration program.
In perhaps the most spectacular astronomical event of the summer, celestial fireworks were 

caused by the rendezvous of the Deep Impact impactor with Comet 9P/Tempel 1 on the 4th of 
July. P. Feldman of the Johns Hopkins University and collaborators used the ACS High-Resolution 
Channel (HRC) to image the impact of the 362-kilogram payload into the surface of the comet, which 
occurred at a distance of 136 million kilometers from Earth. The relative velocity of the projectile 
and target was 10.2 km/sec. The spatial resolution of the HRC images is about 36 km, the highest 
available from any telescope—other than those aboard the Deep Impact flyby spacecraft.

The HRC images of the comet, which were taken on 75-second centers, show a 10-fold increase 
in brightness within 13 minutes of the impact, measured within an aperture of 40-km radius. In 
baseline images of the comet obtained prior to impact, the comet’s nucleus is photometrically 
resolved. The derived diameter of 5.8 km is in excellent agreement with the value of 6.0 km derived 
from cameras aboard the Deep Impact flyby spacecraft.

Observers used Hubble’s ACS Solar Blind Channel (SBC) with a filter sensitive to ultraviolet 
emission from the Fourth Positive system of carbon monoxide. The SBC images also recorded 
an increase in brightness. If all the increase was due to CO, it corresponds to a mass of 5 × 105 

kg—an amount of gas the comet would normally produce in four hours of quiescent outgassing. 
All evidence suggests the impact released a sizable piece of the cometary surface, but did not 
open a deep vent into the interior of the comet, which is presumed to be a repository of frozen 
primordial material.

Images and links related to the Deep Impact encounter can be found at http://hubblesite.org/
newscenter/newsdesk/archive/releases/2005/17.

In another highlight of the summer, a team of astronomers led by W. Li and A. Filippenko (University 
of California, Berkeley) used new images from the ACS HRC in conjunction with existing images 
from the ACS Wide-Field Channel (WFC) to pinpoint the progenitor of supernova SN2005cs, 
which exploded in the Whirlpool Galaxy (M51) 27 million years ago. Photometric observations of 
the progenitor show that the supernova was a Type II core-collapse explosion of a red giant with 
a spectral type of K0-M3 and a mass less than 10 solar masses. Images and links to information 
related to this discovery can be found at http://hubblesite.org/newscenter/newsdesk/
archive/releases/2005/21.

At the end of August 2005, a team led by Marco Sirianni (ESA/STScI) evaluated the effects of 
the transition to 2GM operations on telescope performance. From their analysis of the point-spread 



function, pointing stability, moving-target 
tracking, and coronagraphic nulling capabilities 
of nearly 200 ACS HRC exposures in 2GM, the 
team concluded that the ACS performance 
in 2GM is essentially indistinguishable from 
that using three gyros. This is unchanged 
from the performance observed during the 
2GM on-orbit test in February 2005. Analyses 
continue, and additional tests are planned. 
Meanwhile, the team will continue to monitor 
instrument performance as part of routine 
calibration activities. Observers should consult 
the ACS website for the most up-to-date 
information on instrument performance, 
including instrument science reports (ISRs) 
that describe the results of the 2GM tests in 
February and August 2005. (http://www.
stsci.edu/hst/acs)

The ACS Instrument team has developed 
both Phase I and Phase II proposals for Cycle 14 
calibrations. Plans include routine maintenance 
activities, such as bias and dark observations 
used in pipeline processing, continuation of 
throughput monitoring, flat-field updates, and 
geometric-distortion corrections. There will 
be several new calibrations in Cycle 14, some 
aimed at improving our understanding of the 
SBC, which is being used more heavily now that 
the Space Telescope Imaging Spectrograph is 
inoperative. Some new calibrations address 
issues with the grisms, ramps, and ultraviolet 
filters. We plan to calibrate the geometric 
distortion of the SBC directly, using external 
observations for the first time; this should reduce errors from the half-pixel level to about a tenth of 
a pixel. We are developing improved wavelength solutions for the ramp filters and grisms. A special 
calibration will provide low-spatial-frequency flats for a subset of the ramp filters. In a forward-
looking program, the ACS team will temporarily run the CCD cameras at temperatures both a few 
degrees colder and warmer than standard operating values to assess the dependences of quantum 
efficiency and charge-transfer efficiency on temperature. This information will address questions 
of long-term capability and the desirability of having an Aft Shroud Cooling System installed during 
the next servicing mission. Details of the ACS Cycle 14 calibrations can be found at http://www.
stsci.edu/hst/acs/analysis/calib_plan.

We have obtained recent ACS calibration results in several areas. S. Larson and J. Walsh (ST-ECF) 
provided an updated calibration for the heavily used WFC G800L grism (ISR 05-08). R. Bohlin and J. 
Mack obtained a significantly improved pixel-to-pixel flat field for the SBC using internal deuterium 
lamp observations (ISR 05-04). V. Kozhurina-Platais and J. Biretta improved flat fields with HRC 
polarimetry (ISR 05-10). Our calibration analyses strive to maintain excellent coverage for the 
most heavily used modes, while also improving calibration of the less frequently used—and often 
challenging—modes. The full list of ACS ISRs can be found at http://www.stsci.edu/hst/acs/
documents/isrs.

We released a new version of the ACS Instrument Handbook with the Cycle 15 Call for Proposals. 
We have tried to make it easier to find information in the handbook by streamlining the flow of 
information and improving the index. We hope that users find this revised handbook easier to 
navigate in both the hardcopy and electronic versions.

For answers to any questions about ACS, please send email to the Institute Help desk, at  
help@stsci.edu.  W
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Figure 1: ACS HRC images of the coma of Comet 9P/Tempel 1 obtained 65 minutes (left) 
and 89 minutes (right) after impact. These are ratio images in which the data are divided 
by a baseline image of the quiescent coma. Thus, the images show the enhancement in 
brightness from sunlight scattered by the ejecta from the impact. The leading edge of the 
ejecta appears to move in a general SW direction (the Sun is to the NW) with a velocity of 
280 m/s, projected on the sky. The outflow velocity appears to remain constant for several 
hours after impact. In a photometric aperture of 4000 km radius, the maximum increase 
in coma brightness is a factor of four. Using a model of the grain-size distribution, the 
increased scattering area produces an estimate of the solid mass excavated by the impact. 
(Figure credit: Paul Feldman.)
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W e have studied the photometric accuracy of the Near Infrared Camera and Multi-Object 
Spectrometer (NICMOS) and compared it to other near-infrared detectors. We performed 
this study over a large dynamic range in flux, exploring the photometry in high-flux 

and low-flux regimes, and for both point source (stars) and extended objects (galaxies). The 
demonstrated consistency of NICMOS photometry is important for many science observations.

To carry out the study, we compared observations of the same sources using NICMOS and 
another near-infrared detector in similar wavelength ranges. To ensure high dynamic range, 
we utilized both bright calibration stars and faint compact galaxies. (In practice, all NICMOS 
magnitudes are calibrated by ~12th magnitude standard stars.) We took the bright stars from 
Stephens et al. (2000). We used data for these stars obtained by NICMOS (NIC2 channel) in the 
F110W and F160W bands and by ground-based near-infrared detectors in the J and H bands (1.6 and 
1.2 microns). The NICMOS exposure times for these stars were less than 70 seconds. We took the 
faint galaxies from the NICMOS (NIC3 channel) images of galaxies in the Hubble Ultra Deep Field 

(HUDF), for which ground-based J- and H-band data exist, 
from the Infrared Spectrometer and Array Camera (ISAAC) 
on the Very Large Telescope (VLT). The NICMOS exposure  
times for these galaxies were greater than 1000 seconds.

We took steps to minimize systematic effects between the NICMOS and ground-based 
measurements. In the high-flux regime, we applied corrections from Stephens et al. (2000) to 
convert magnitudes to the same system. In the low-flux regime, the filter response functions for 
the F160W and H bands are similar, resulting in negligible difference between the magnitudes. 
However, the F110W filter extends to shorter wavelengths than the standard ISAAC J-band, making 
the direct comparison more difficult. We corrected for this by using known photometric redshifts 
and spectral types for HUDF galaxies and estimating corrections for magnitudes—typically ranging 
from 0.2 to 0.6 magnitude—from their best-fit spectral energy distributions.

Figure 1: Comparison between the NICMOS (F160W) and ground-
based H-band photometry for stars and galaxies. Stars are taken from 
Stephens et al. (2000) and galaxies from HUDF with available NICMOS 
and ground-based data. Solid line represents agreement between 
magnitudes for point sources (stars) and extended objects (galaxies). 
The green line represents the data binned in magnitude intervals.
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A Comparative Test of  
  NICMOS Photometry
  B. Mobasher, mobasher@stsci.edu, and A. Riess, ariess@stsci.edu 

Figure 2: Same as Figure 1 in F110W filter.
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We performed comparisons between the NICMOS and ground-based photometry for both 
F110W vs. J (Figure 1) and F160W vs. H (Figure 2). The combined dynamic range covers 8th to 
27th magnitude (although the faintest six magnitudes of the range are dominated by background 
counts). In the case of the F160W filter, the magnitudes from the two detectors agree quite well, 
demonstrating good consistency for F160W photometry. Moreover, the continuity between the 
magnitudes for stars and galaxies is better than the level of precision, 0.1 magnitude.

We find the NICMOS F110W magnitudes are consistent with the ground-based J-band data 
in the low-flux regime, after reducing dispersion in magnitudes by averaging a large number of 
objects divided into magnitude intervals. This comparison depends on the accuracy of photometric 
transformations, corrections due to differences in the filter response functions, and matching 
the apertures between the ground-based and NICMOS observations. In the high-flux regime, the 
F110W magnitudes are 5–10% fainter than ground-based J-band magnitudes.

 The root cause of an excess faintness for NICMOS magnitudes (as demonstrated by Bohlin, 
Linder, & Riess 2005) appears to be charge trapping during integration. For short-timescale trapping 
of the type seen by Bergeron & Dickinson (2003), the charge loss would be strongest for short 
integrations. Thus, the apparent difference between the high- and low-flux measurements in the 
F110W filter can be explained, at least partly, by the difference in exposure times between the 
two regimes, which are short and long, respectively. Work continues to better characterize the 
accuracy of NICMOS photometry.  W
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The Impending 
Destruction of NGC 1427A 

W hat happens when a galaxy falls in with the wrong crowd? The irregular galaxy 
NGC 1427A is a spectacular example of the resulting stellar rumble. Under the 
gravitational grasp of a large gang of galaxies called the Fornax cluster, the 

small bluish galaxy is plunging headlong into the group at 600 kilometers (or nearly 400 
miles) per second.

NGC 1427A, which is located some 62 million light-years away from Earth in the 
direction of the constellation Fornax, shows numerous hot, blue stars in this newly 
released image obtained by the Hubble Space Telescope. These blue stars have been 
formed very recently, showing that star formation is occurring extensively throughout 
the galaxy.

http://hubblesite.org/newscenter/newsdesk/archive/releases/2005/09/
Image Credit: NASA, ESA, and The Hubble Heritage Team (STScI/AURA)
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Wide Field Camera 3 News
Thomas M. Brown, tbrown@stsci.edu, and John MacKenty, mackenty@stsci.edu

T he Wide Field Camera 3 (WFC3) is one of the two new instruments planned for future 
installation on Hubble (the other being the Cosmic Origins Spectrograph). WFC3 is designed to 
replace and surpass the Wide Field Planetary Camera 2 (WFPC2), to exceed most capabilities 

of the Near Infrared Camera and Multi-Object Spectrometer (NICMOS), and to complement the 
Advanced Camera for Surveys (ACS). By providing wide-field, well-sampled imaging through many 
filters and grisms, WFC3 will greatly improve Hubble’s discovery efficiency in the ultraviolet and 
near infrared. 

The development and testing of WFC3 has progressed well in the past year. The fully integrated 
instrument underwent its first thermal-vacuum tests at the Goddard Space Flight Center in the 
fall of 2004. In all, 13,842 WFC3 exposures were obtained, amounting to 66 GB of data, which 
have been stored in the MAST archive. The commanding methods and operating environments 
were flight-like. The ultraviolet-visible (UVIS) channel’s dark current, read noise, linearity, full-
well capacity, and encircled energy are better than the specifications. The infrared channel also 
performed well, with dark and read noise, full-well capacity, encircled energy, and optical ghosts at 
or near specifications. The thermal stability of the optical alignment of WFC3 meets specifications. 
To date, some two dozen instrument science reports contain the analyses of the test data  
(http://www.stsci.edu/hst/wfc3/documents/ISRs).

The WFC3 project is addressing a list of liens against WFC3. Some filters in the UVIS channel 
showed undesirable optical ghosts, and Barr Associates is manufacturing new filters. To date, 
new versions of the F606W, F300X, and F225W have been completed and will soon be swapped 
in. Besides significantly mitigating the optical ghosts, the new filters have, respectively, 8%, 
12%, and 30% more throughput than the ones they replace. The WFC3/UVIS channel exhibited 
significant crosstalk between detector quadrants, which a new clocking and sampling pattern 
should eliminate. Proton-beam tests implied that on-orbit radiation would elevate the background 
in the infrared channel, but Rockwell Scientific has provided two new lots of thinned detectors, 
with their substrates removed, which circumvent this issue. The new detectors also offer better 
quantum efficiency (QE), especially large at shorter wavelengths; for example, in the J band, the 
new detectors have twice the QE of the ones they replace.   W

Hubble Looks for 
Possible Moon Resources 

N ASA has enlisted the Hubble Space Telescope’s unique “vision” capabilities 
for making a new class of science observations of the Moon that support 
future human exploration. Hubble’s exquisite resolution and sensitivity to 

ultraviolet light, which is reflected off the Moon’s surface materials, have allowed it 
to begin to search for the presence of important minerals that may be critical for the 
establishment of sustained human presence on the Moon. Preliminary assessment of 
these new Hubble observations suggests new patterns in the abundance of titanium 
and iron oxides, which are sources of oxygen, a key ingredient for life, and an essential 
ingredient for human exploration.

http://hubblesite.org/newscenter/newsdesk/archive/releases/2005/29/
Image Credit: NASA, ESA, and J. Garvin (NASA/GSFC)



A
s of September 1, 2005, the Multimission Archive at STScI (MAST) contained about 
25.4 Tbytes of data. In August 2005, we archived 11 Gbytes/day on average, and 
users retrieved an average of about 66 Gbytes/day. In August, the median retrieval 
time from the Data Archive and Distribution System was under 1 hour, with on-the-fly-
recalibration (OTFR) requests taking a median time of about 1.5 hours and non-OTFR 

requests taking about 10 minutes.

Staffing Change

Best wishes to Rachel Somerville, the former author of these Newsletter articles, who left MAST 
and the Institute in June for a position at Max Planck Institute for Astronomy in Heidelberg.

AlAdin Views and Searches MAST Image Data

The AlAdin image browser is a powerful tool developed by Centre de Données astronomique 
de Strasbourg (CDS) for accessing images and catalogs through the Virtual Observatory. AlAdin 
can now be used to display and access MAST data. The preview page for MAST images includes 
an ALADIN link, which brings up the image in a browser. Or, you can perform MAST image 
searches directly from within our enhanced version of AlAdin (http://archive.stsci.edu/cgi-bin/ 
nph-aladin.pl) by clicking on the “Load…” button to bring up the server selector window, then selecting 
the “MAST” button. Clicking on an image in the returned results list displays the image in AlAdin.

You can load multiple image planes from different archives and blink or combine them into a color 
image. You can over-plot catalogs from across the web. The MAST missions accessible from AlAdin 
include all Hubble preview images and images from Galaxy Evolution Explorer (GALEX), Ultraviolet 
Imaging Telescope, Very Large Array—Faint Images of the Radio Sky at Twenty Centimeters, and 
all high-level science product images (HLSPs).

ACS Images Added to Scrapbook

Images from the Advanced Camera for Surveys (ACS) are now accessible from the MAST 
Scrapbook (http://archive.stsci.edu/scrapbook.php). Note that you can use the AlAdin option 
for Scrapbook images to improve the display of faint objects.

New High-Level Science Products 

HLSPs are now available from the Galaxy Evolution from Morphology (GEMS) project. GEMS is 
a large-area (800 arcmin2), two-color (F606W and F850LP) imaging survey with the ACS. More 
information is available at http://archive.stsci.edu/prepds/gems/. 

A spectral atlas of Wolf-Rayet stars from the Far Ultraviolet Spectroscopic Explorer is available 
(http://archive.stsci.edu/prepds/fuse_wratlas/). You can download spectral montages and FITS 
files from the associated table at http://archive.stsci.edu/prepds/fuse_wratlas/datalist.html.

GALEX News

The GALEX GR1d (spectra) release completes the data release GR1. You can access the spectral 
products using a simple menu under the data-retrieval section. Guest Investigator programs #9, 
“Survey of Ultraviolet Emission in Neutral Gas Galaxies” (PI G. Meurer) and #47, “Demographics of 
Nearby Star-Forming Galaxies” (PI R. Kennicutt) are now public. Find out more at http://galex.stsci.edu/.  W

MAST News
 Rick White, rlw@stsci.edu, for the MAST team
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James Webb Space Telescope 
Report
M. Giavalisco, mauro@stsci.edu, and P. Stockman, stockman@stsci.edu 

I n summer 2005, the Webb project focused on resolving a budget crisis due to the rising costs 
of integration and test and the delays in approving the launch by Ariane 5. The Independent 
Program Assessment Office (IAPO) at NASA’s Langley Research Center analyzed Webb costs 

and came up with budgetary estimates similar to those projected by the Webb project. The Project 
identified several areas where costs and future risks could be significantly reduced, but the FY06 
funding was still inadequate. The problem was exacerbated by an oversubscribed budget in the 
NASA Science Mission Directorate. As Eric Smith, Webb Program Scientist, put it, “We have more 
science than wallet.”

In September, Project Manager Phil Sabelhaus provided a new plan and budget profile to NASA 
HQ to support a launch in June 2013. NASA HQ has agreed to fund the Project at the necessary 
level in FY06. By February 2006, the Project plans to provide a detailed plan and budget for the 
development and testing of the observatory that supports the President’s budget submission to 
Congress.  This plan will incorporate the recommendations (and resulting savings) of the Webb 
Science Assessment Team (SAT).

The Science Assessment Team 

As mentioned in the Director’s Perspective in this issue, the Webb SAT endorsed the mission’s 
scientific goals and merit to astronomy. The members expressed their belief that many of the most 
important results of the mission may well come from unexpected discoveries. Webb’s unassailable 
advantage for imaging and spectroscopy at wavelengths longer than 1.6 microns ensures the 
uniqueness of its “discovery space” to the horizon of all currently planned facilities.

 With respect to priorities for the science instruments, the SAT recommended reducing the 
emphasis on capabilities at wavelengths short of 1.7 microns. They recognized that in the future, 
giant ground-based telescopes with multi-conjugate adaptive optics will compete with Webb in 
this regime. While the SAT did not recommend eliminating the short-wavelength capabilities, it did 
state that their removal might be acceptable if they significantly impact the mission’s cost, risk, 
or mass.

The SAT recommended relaxing or dropping the image-quality requirements at 1 micron, while 
maintaining an end-to-end Strehl ratio of 0.8 at 2 microns. This change should reduce the number 
of cycles of cryo-polishing for the primary-mirror segments, as well as for the secondary and 
tertiary optics. 

A recommendation by NASA to relax the requirements on scattered light was accepted. This 
loosens cleanliness requirements, which will facilitate Webb’s cryo-optical testing in an up-pointing 
configuration, saving over $100 M and three months of testing. To mitigate the risk of particulate 
contamination, the SAT recommended that the Project consider cleaning the optics after the tests, 
possibly using CO2. 

The SAT decided that it would be acceptable to adjust the telescope optics on 7–10 day 
intervals and to measure the stability of the image quality at 2 microns rather than at 1 micron. It 
recommended relaxing or dropping requirements on the shape of the point-spread function. 

It recommended against eliminating the 10-year lifetime goal to save 20 kg of station- 
keeping fuel.

In response to the SAT recommendations, Phil Sabelhaus, the Webb Project Manager, challenged 
the teams for instruments with short-wavelength capabilities—as well as the teams for the 
long-wavelength Tunable Filter Imager (TFI) and the coronagraph in the Mid Infrared Instrument 
(MIRI)—to indicate how they would reduce their future impacts on the cost and schedule of the 
mission. Each of the teams provided scientific and technical grounds for maintaining most of the 
short-wavelength capabilities at minimum impact to the Webb project. As its last action, the SAT 
reviewed the responses from the teams and made final recommendations to NASA in late August. 
It recommended retaining the MIRI coronagraph for imaging planetary debris disks around nearby 
stars and retaining one channel of the TFI for identifying the faint Lyα sources at z ~ 15 suggested 
by deep (redshifted) 21 cm surveys by the Low Frequency Array and Primeval Structure Telescope. 
The SAT reports are available at www.stsci.edu/jwst.



Important Milestones

The Project conducted successful Critical Design Reviews for the Pupil Imaging Lens, Focus 
Adjust Mechanism and thermal sub-systems of the Near Infrared Camera (NIRCam). It held 
a successful Preliminary Design Review for the Command and Data Handling system of the 
Integrated Science Instrument Module (ISIM). 

Raytheon Vision Systems delivered the first completed MIRI detector assembly in early 
August 2005. This “pathfinder” unit does not have a functional detector and will be used only for 
mechanical setup and testing in the MIRI focal plane module. Subsequently, detector assembly 
#4 underwent the cold test and was delivered, #6 completed the warm functional test, and #5 
underwent successful mechanical alignment. Also, the MIRI team validated their methodology for 
reading out detectors, using the first operational Sensor Chip Assembly.

Babak Saif, at the Institute, and colleagues from 4-D Technologies invented a phase-shifted, 
speckle interferometer which can measure tiny changes in the surfaces of large, diffuse, irregular 
structures. Using a 1 m graphite-composite target, Saif et al. demonstrated that the interferometer 
achieves 10 nm accuracies even with very large induced deformations. NASA and NGST will use 
the data from this unique interferometer to verify the modeling and behaviors of the primary mirror 
backplane and ISIM enclosure at cryogenic temperatures. 

Observation & Calibration Planning

The Institute continues to plan observational strategies and calibrations techniques for Webb. 
Anton Koekemoer has completed a study on the optimal strategies for dithering. James Rhoads 
has planned a series of Hubble observations to support the photometric calibration of Webb data, 
including the characterization of geometrical distortions. This plan, which has been approved by 
the Institute Director, includes: (1) Astrometry: six orbits of imaging by the Advanced Camera 
for Surveys of a field in the Large Magellanic Cloud for astrometric positions of standard stars to 
better than 2 mas accuracy. (2) Spectrophotometry: eight orbits of grism observations by the Near 
Infrared Camera and Multi-Object Spectrometer (NICMOS) of four A dwarf stars and four K giant 
stars. (3) Photometry: four orbits of NICMOS imaging with the F110W and F160W filters of solar-analog 
stars in four open clusters.

Documentation of these plans is available at http://www.stsci.edu/jwst/docs.  W

  1�  

Nearby Stellar Explosion 

I ntricate wisps of glowing gas float amid a myriad of stars in this image of a supernova 
remnant, the ejected material from the explosion of a massive star, that occurred 
some 3,000 years ago. This titanic explosion took place in the Large Magellanic Cloud, 

a nearby neighbor galaxy some 160,000 light-years away. This composite image of N132D 
comprises visible-light data taken in January 2004 with Hubble’s Advanced Camera for 
Surveys, and X-ray images obtained in July 2000 by Chandra’s Advanced CCD Imaging 
Spectrometer. The complex structure of N132D is due to the expanding supersonic 
shock wave from the explosion impacting the interstellar gas of the LMC. A supernova 
remnant like N132D provides information on stellar evolution and the creation of chemical 
elements such as oxygen through nuclear reactions in their cores.

http://hubblesite.org/newscenter/newsdesk/archive/releases/2005/30/
Image Credit: NASA, ESA, and The Hubble Heritage Team (STScI/AURA)
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I t is not an overstatement to say that the Hubble Space 
Telescope is the most powerful and revolutionary 
astronomical instrument ever built. Go to almost any 

astronomical meeting and you will find a large fraction of 
the results, and an even larger fraction of the best, most 
exciting results, are derived from observations made with 
Hubble. Each year at about this time there is a gathering of 
the American Astronomical Society’s Division for Planetary 
Sciences somewhere in the world. The DPS is the world’s 
premier forum for new results in the study of the solar 
system. At these meetings for the last decade and a half, 
Hubble has figured prominently, just as it has at meetings 
of other astronomy specialties. That this has been so and 
will continue to be is, in no small measure, due to the 
genius and hard work of our friend, Andy Lubenow.

When I first arrived at the Institute 14 years ago, it was 
shortly after launch, and observations were just beginning 

in earnest. My first job here was to join in the “moving targets” group, as it was called then, with 
Andy, Hal Weaver, and another newcomer, Alex Storrs. It was an “interesting” time in the Chinese 
proverbial sense.  Most people at the Institute were preoccupied with the recently discovered 
spherical aberration of the primary mirror and how to cope with that. The malformed mirror had 
a huge impact on every aspect of the use of the telescope. In our small moving targets group, 
however, there were even more basic issues to contend with. Hubble had been launched without 
a fully thought through plan for observing objects that did not oblige the camera by standing still 
while the shutter was open. Andy, Hal, and Marc Buie (whom Alex and I had replaced) had been 
given the challenging task of figuring out how to get the uncooperative planets, moons, and bits of 
rock and ice, which are so interesting to us astronomers, to sit still, for at least a moment or two. 
It was a square-peg-in-a-round-hole 
kind of problem. Luckily for us all, this 
was just the kind of problem that Andy 
excelled at solving.

Shortly after I arrived, Hal moved on 
to other duties and the moving targets 
group shrank to a cozy group of three—
Andy, Alex, and me. Our goal was to 
take moving target observations with 
Hubble from being a time-consuming 
stunt to a matter-of-course routine. 
How, exactly, to do that was up to 
us. I soon learned that Andy had the 
perfect mix of skills for this kind of 
pioneering. He had an encyclopedic 
knowledge and appreciation of the 
essential tools that we needed for the 
job. Andy was particularly fond of the 
Moving Objects Software System, known as MOSS, Percy (named for Percival Lowell), and Clyde 
(named for Clyde Tombaugh), which he helped design. 

Maybe even more importantly, Andy had an inherent disdain for red tape and other artificial 
impediments. He knew what he wanted to do and how to get there; he had little patience for 
nonsense of any kind.  

Over the course of years and many improvements, small and large, we eventually reached the 
place we had set out for. Most moving target observations are now as routine as anything else on 
Hubble. Moving target work still requires some extra smarts, and over the years Andy trained a 
small cadre in the art of scheduling moving targets. To be sure, there are still challenges, most of 
which went to Andy by default. Just three weeks ago he was working on two particularly churlish, 
large, snapshot programs designed to search for moons among the small bodies in the Jovian 
Trojans and in the Kuiper Belt. These programs are in the vanguard of a rapidly developing field of 

Andy Lubenow: Memorial
Keith Noll, noll@stsci.edu
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The Institute’s website is: http://www.stsci.edu

Assistance is available at help@stsci.edu or 800-544-8125. 
International callers can use 1-410-338-1082.

For current Hubble users, program information is available at:
http://presto.stsci.edu/public/propinfo.html.
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solar system science and, not coincidentally, at the cutting edge of Hubble techniques. Without Andy, these programs would not have 
gotten off the drawing board.

In the 15 years that Hubble has been operating, there have been many thousands of observations of moving targets. In one way or 
another, they all have Andy’s fingerprints on them. Occasionally, the scientists using Hubble recognized Andy’s role.  He is coauthor on 
more than 20 scientific papers and abstracts. Many of these instances recognize the special efforts he made in getting Hubble to observe 
Mars at its closest approach to the Earth in 60,000 years. Andy nailed it at the exact moment of closest approach, which was important 
both for the science and for the public, which was intensely interested in this celestial event.  

Andy was recently honored in a way particularly meaningful for those of us working in solar system science: asteroid 65885 now bears 
the name Lubenow. 

Most often, however, Andy worked quietly and unassumingly behind the scenes. The extensive and enormously successful observations 
of comet Shoemaker-Levy 9 impacting Jupiter, which are still cited as one of Hubble’s best moments, were orchestrated with Andy’s 
typical mixture of skill and dedication.  The more difficult the observation, the more Andy was engaged—although beware to the 
inattentive observer who mucked up an observing plan with unnecessary complications! One way or another, they would be hearing from 
Andy; his diplomatically worded suggestions to read the manual and to keep it simple were ignored at one’s peril. 

Andy was a natural explorer. In another age, he was the kind of guy you would have wanted on a wagon train, or an ocean voyage venturing 
into uncharted territory. He would have been the one who knew how the compass and sextant worked, who could read the maps, and fix a 
broken axle or patch the sails. Nowadays our adventures require tools vastly more complex than anything our ancestors could have imagined. 
But exploration still requires the spirit that pioneers and sea captains would have recognized in Andy. We have been lucky to have had Andy 
as our companion on our modern-day voyages into the fantastic realms of the unseen and unknown. We will sorely miss him.  W 
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