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Summary

The current major challenge for distinguishing among the various theories of the dark energy
is our inability to measure the optical flux from cosmologically distant type Ia supernovae to
a precision better than 1%. A collaboration led by Christopher Stubbs at Harvard University
is addressing this challenge with a new approach to astrophotometry that eschews the use
of standard celestial sources in favor of using much better characterized standard detectors.

One of the many components of this overall challenge is to account for atmospheric extinc-
tion with unprecedented spectral, spatial, and temporal resolution. In order to tackle this
problem, the collaboration has embarked on an effort to loft calibrated light sources well
above the tropopause on small stratospheric balloons. Our group at Dartmouth College
has responsibility for vehicle development, telemetry, ground tracking, and flight operations.
This proposal is for a subcontract to continue to build our team of undergraduates to provide
this element of the collaboration.

The Dartmouth group, under the direction of Yorke Brown, has developed a prototype vehicle
called ALTAIR (Airborne Laser for Telescopic Atmospheric Interference Reduction). We
successfully flew ALTAIR 1 in September, 2011. Previously, we flew an ALTAIR precursor
that included an optical source and which successfully demonstrated a preliminary technique
of ground tracking. ALTAIR 1 demonstrated an improved telemetry and flight control
system. ALTAIR 2, which should demonstrate further refinements including accouterments
necessary for a float profile, is currently ready to fly, waiting only for suitable weather.
The ALTAIR precursor flights were conducted by a ballooning group at Dartmouth called
GreenCube. Our current team is a spinoff of the GreenCube activity.

This proposal seeks funding to continue the development of ALTAIR with the objective of a
complete end-to-end demonstration of the capability to fly a science payload by March 2013.
We expect to make at least two flights during the summer and fall of 2012. The primary
mission goal of the first flight will be to achieve a float profile with a plastic zero-pressure
balloon. The primary mission of the second flight will be to demonstrate the reliability of
all flight systems and to demonstrate the utility of all ground tracking and science data
acquisition systems. During the winter of 2012-2013 we hope to conduct a complete end-to-
end demonstration of the entire system including a functional science payload. Fulfillment
of these objectives will put the collaboration in position to do pioneering science flights over
the CTIO observatory in Chile and the Mt. Hopkins Observatory in Arizona during the
summer of 2013.

Background

Since the discovery of the acceleration of the cosmic expansion in 1998, the great question
of cosmology has been the origin of the “Dark Energy” supposed to be responsible for this
mysterious effect. Several hypotheses have been offered, each making a slightly different
prediction of the details of the expansion history of the universe as revealed by the shape of
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the Hubble diagram. The Hubble relationship at cosmologically significant distances (and
therefore look-back times) is determined by comparing the distances and redshifts of distant
galaxies, the distances being determined by measurement of the apparent luminosities of type
Ia supernovae (SNe Ia). A more refined measurement of the Hubble curve requires careful
accounting of the observational errors involved in measuring the apparent luminosities of
those standard candles. Modern SNe Ia surveys generate sufficient numbers of observations
that statistics no longer dominate uncertainties in these measurements. The remaining
problem is systematics. Thus it is calibration that stands as the essential challenge of the
next generation of SNe Ia measurements. A successful distinction among competing theories
of the dark energy requires color calibration to the 1% level, whereas the current state of the
art is several percent.

For ground-based observations, this calibration problem factors into two components: basic
instrumental characterization, and accounting for the extinction effects of the atmosphere.
The Stubbs group at Harvard University, in collaboration with colleagues at NIST, the
LSST Corporation, the University of Victoria, and Dartmouth College, has attacked both
of these challenges and has made significant progress, primarily in the realm of instrumental
characterization. Progress on the atmospheric extinction component has included validation
of computational models such as MODTRAN, and various measurements of effects due to
precipitable water vapor—but the question of the role of atmospheric aerosols remains open.

The traditional approach to astrophotometric calibration involves the careful characteriza-
tion of standard celestial sources. By observing a celestial standard at the time of observation
of a target object, comparison of the two should reveal the target luminosity with both in-
strumental effects and atmospheric extinction accounted for. This approach fails below the
1% level, however. Stellar sources vary in output from day to day as a result of photospheric
magnetic activity. Each star has a unique spectrum with complex structure, confounding
efforts to create a systematic method of color calibration of target sources with arbitrary
redshifts observed through a fixed filter set. The paths through the telescope of the light
from a calibration source and the light from a target source are necessarily different in any
one observation, and are subject to different extinctions. Flat-field exposures do not allow
compensation for the specific pattern of stray and scattered light contaminating any specific
observation. And the air column through which the target is viewed differs from the air
column through which the calibration source is viewed.

Because of these complications, our collaboration has advocated abandoning the use of stellar
photometric standards in favor of using a standard radiometric detector—namely a specific Si
photodiode that NIST has exhaustively characterized and offers as a radiometric calibration
standard. We are currently engaged in an effort to study optical extinction through the
atmosphere by lofting calibrated light sources on small stratospheric balloons and observing
them from the ground using telescopes that have been calibrated using the techniques we
have developed over the past decade. The calibration of the ground instruments is carried out
using NIST certified photodiodes as the absolute radiometric standard, and the light source
carried to the top of the atmosphere by balloon is monitored using an on-board calibrated
photodiode.
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The balloon-borne light source is a bank of laser diodes coupled by fiber optics to an integrat-
ing sphere. The use of an array of specific monochromatic wavelengths allow us to measure
extinction in each color band without the uncertainty of integrating over an unknown spec-
tral transmission function. We track the balloon from the ground using telemetered GPS
position data. The attitude of the gondola—and therefore of the optical output port—is
measured by an on-board attitude sensor and telemetered to the ground in order to know
the precise intensity of the source as viewed from the telescope. Accurate GPS-based timing
signals allow us to keep track of the precise aiming and source luminosity at the time of an
exposure made at the telescope.

Since the key parameters to be measured are the flux ratios among wavelengths, the key
features of the balloon-borne source are that the radiation pattern of the source be accu-
rately independent of source excitation wavelength, and that a single photodiode be used to
measure the excitation fluxes simultaneously. The use of an integrating sphere accomplishes
the first objective. The second objective may be accomplished through frequency-domain
multiplexing of the laser signals.

The balloon flight system communicates with ground stations by UHF radio telemetering the
position of the balloon as determined by GPS, and the attitude of the gondola as determined
by an attitude sensor that uses both Earth-field magnetometers and MEMS accelerometers.
Using this information the ground station can compute a pointing angle for the telescope
and compute the source brightness from radiation pattern calibration data. Since a stable
platform is important for accuracy, we intend to move from latex “burster” balloons to
vented polyethylene “zero-pressure” balloons. While a zero-pressure balloon is floating with
neutral buoyancy in the very stable air of the stratosphere, the gondola should be very quiet
and stable.

Statement of Work

The task of the Dartmouth group is to develop flight hardware and procedures and to conduct
three flights during the first year of the project. In subsequent years we will refine the
systems as necessary and support the observing campaigns described in the main proposal.
The critical milestones for reaching our objectives are clearly the three anticipated flights.

ALTAIR 3

Target flight date: March 2012

Mission Objectives:

1. Demonstrate float capability using a plastic zero-pressure balloon.

Most small-balloon activities use latex weather balloons. These highly elastic balloons
are sealed and expand as they rise through the atmosphere, ultimately bursting at a
pre-determined altitude. The gondola then returns to the surface by parachute. The
problem with this system is that the continuous motion through the air excites complex
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and highly undesirable motions of the gondola. We need stability, so we intend to learn
to fly a vented balloon with a non-stretching polyethylene envelope. When this balloon
fully inflates it vents gas and quickly reaches a buoyancy equilibrium where it “floats”
quietly at a constant altitude. To terminate the flight we command a “cutdown” from
the ground and the gondola releases from the balloon and parachutes to the ground.
The plastic balloons will be provided by Raven Aerostar.

2. Demonstrate reliable telemetry using networked ISM transceivers and automatically
tracking antennas.

GreenCube has been using amateur radio for telemetry. This approach has serious
limitations in bandwidth and may not even be strictly legal in the context of profes-
sional operations. It will certainly be illegal for operations outside the US. For ALTAIR
we have therefore developed a telemetry system based on commercially available UHF
transceivers that operate in the unlicensed international ISM band at 910 MHz. We are
still working out the details of exploiting this system, but it succeeded on the ALTAIR
1 flight. At long range, this telemetry system benefits from directional antennas. We
used hand pointing for ALTAIR 1, but are developing automatically pointing systems
based on GPS telemetry.

3. Demonstrate smooth telescope tracking.

For the near term, we expect to use 50 cm class telescopes for ground observations.
Most such telescopes with “go to” mount capabilities will not track at arbitrary rates,
so our tracking system thus far has only been able to update pointing at 10-sec intervals.
Harvard has a Meade LX200 with an arbitrary rate slew feature. Accurate tracking
will increase signal to noise ratio at the CCD detector on the ground by concentrating
more photons per pixel.

4. Redesign the flight control system to incorporate lessons learned from ALTAIR 1-2.
These lessons learned are many and too detailed to be included here. The upgrade
includes a more powerful microprocessor, 16-bit A/D converters, a low-noise precision
preamp for the photodetector, a fully implemented light-source multiplexing system,
more system health monitoring features, and more robust firmware.

5. Redesign the gondola to incorporate lessons learned from ALTAIR 1-2, especially with
regard to thermal management.

The ALTAIR 1 thermal design was predicated on incorrect assumptions about the
power dissipation of the science payload. We now have the actual laser diode sources
in hand and need to change the design so as to keep critical systems—notably the
cutdown battery—warm. Our goal is a “shirtsleeves environment” for the science
payload and flight control systems.

6. Provide U Victoria with a (non-flight qualified) vehicle for conducting source charac-
terization.

Accurate characterization of the source is the responsibility of our colleagues at U
Victoria, but they need a payload from us to do this characterization in a rational way.
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ALTAIR 4

Target flight date: August 2012

Mission Objectives:

1. Demonstrate reliable attitude sensing.

Inevitably the optical source will have a non-uniform radiation pattern. In order to
know its intensity as seen from the ground telescope, we need to sense the attitude
of the gondola. We have a three-axis MEMS attitude sensor incorporated into the
payload, but we need to learn to calibrate it and determine its functional limitations.

2. Demonstrate quantitative image capture with the LED test source.

We have developed an interim source that uses a bank of high-brightness LEDs to
emulate the performance of the laser diode source being developed at U Victoria.
These LEDs have a nearly Lambertian radiation pattern so except for their wider
bandwidth, they are an excellent analog for the LD system, but at much lower cost.
We expect to be able to use this interim source to do complete, quantitative system
testing while avoiding the risk of losing $20,000 worth of laser diodes, integrating
sphere, photodetector, and painstaking calibration effort.

3. Continue improvements to ground station software incorporating lessons learned in-
cluding

• Improved tracking algorithms

• GIS plotting facilities

• Dynamic flight path prediction

• Dynamic touchdown prediction.

Software is a never-ending struggle. We expect to make improvements continuously.
Telescope pointing should be well-developed by this flight, so the emphasis will turn to-
ward better flight monitoring and navigation. We want to be able to predict touchdown
accurately so as to expedite recovery.

4. Develop simplified—but still rigorous—flight procedures.

Ultimately, we aim to make numerous flights in the vicinity of remote observatories.
Efficiency and reliability of our flight and recovery procedures will be quite important.
Our early flights were conducted by GreenCube using their launch procedures and
some of their flight hardware. The GreenCube legacy is one of considerable discipline
(which we intend to retain), but is somewhat more elaborate than we need for our
repetitive launch cycle.
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ALTAIR 5

Target flight date: December 2012

Mission Objectives:

1. End-to-end quantitative system operation using science light source.

By this flight we hope that our vehicle and flight operations will be sufficiently well
developed that we can fly the science payload with confidence. We should be able
to gather usable science data on this flight, and we will be in position to mount an
observing campaign in Chile or Arizona the following summer.
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Budget Justification

Our budget, as presented in Table 1, intends to support two undergraduates at Dartmouth
College at a level realistic for students carrying a full-time academic load. Dartmouth op-
erates on an academic year divided into four equal terms of ten weeks each. Typical study
plans have students enrolled during the fall, winter, and spring terms, and off during the
summer term—except that most sophomores enroll in the summer term, and then at some
point take a non-summer term off. The budget is predicated on an average level of effort of
10 hours per week for 50 weeks. For example, a student might work 10 hours per week for 9
weeks during three academic terms of a year, plus approximately 25 hours per week during
the off term.

The budget also includes a modest amount for lab supplies. Most material expense for the
project will be covered by the primary grant, but with our operation located in Hanover it
will be expeditious to be able to make purchases of incidental materials and supplies locally.

Table 1: Budget

Item Basis FY12 FY13 FY14 Total
PI Salary - - - -

Fringe 36.5% - - - -
Wages

Undergrad 1 500 hr × $10/hr 5,000 5,000 5,000 15,000
Undergrad 2 500 hr × $10/hr 5,000 5,000 5,000 15,000
Fringe 9% 900 900 900 2,700

Supplies 1,500 1,500 1,500 4,500
Total Direct - - - -
F&A 58% - - - -
Total Request - - - -
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