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1. Improving the Precision and Accuracy of Astronomical Flux Measurements

We propose to use a combination of balloon-borne laser diode sources and precisely

calibrated ground-based apparatus to strive for a factor of ten improvement in the precision

of astronomical calibrations in the regime 350 nm < λ < 1.1 µm. We have assembled

a team that has been at the forefront of technical developments for improved calibration

of astronomical instrumentation, and the work proposed here will play an essential role

in moving the precision of both ground-based and space-based astronomical observations

beyond the 1% barrier. This program will pay scientific dividends on numerous fronts,

and specifically responds to the ROSES 2009 request for suborbital programs to address

calibration improvements in astrophysical measurements (ROSES 2009, page D.3-5).

The central idea in our approach is to measure the flux emitted by multiple monochro-

matic sources at the balloon, and to compare these to the radiation received by calibrated

detectors on the ground. We will develop the ability to have laser diode sources pass over

an observatory. By measuring the atmospheric transmission at the same time and place

where we observe spectrophotometric standards, we expect to properly compensate for the

variable extinction due to aerosols. Using additional data (barometric pressure, dual-band

GPS (e.g. Tregoning et al. (1998)), and optical determinations of precipitable water) we

can also properly take into account the other variable aspects of atmospheric attenuation.

Simultaneous spectroscopic observations of celestial sources can then be properly corrected

for atmospheric attenuation.

We have shown (Burke et al. 2010) that when guided by empirical measurements, MOD-

TRAN can reproduce the observed optical transmission function of the atmosphere to a few

millimagnitudes (i.e. parts per thousand) of precision, for the scattering processes that are

“deterministic”, and depend only on barometric pressure. Absorption due to water vapor

is relatively straightforward to measure, since it produces sharp absorption features that

can be used to quantify the precipitable water along the line of sight. Accounting for the

optical scattering from aerosols is more challenging, however, since it produces an attenua-

tion that varies smoothly with wavelength, and in any single observation is degenerate with

the spectrum of the celestial source being monitored. We therefore propose to undertake a

scientific ballooning program to measure directly the aerosol scattering function, which we

will empirically fit to a polynomial in wavelength, to augment the appropriate aerosol-free

MODTRAN model.
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The approach we propose will allow us to establish relative spectrophotometric calibra-

tion across the range of 350 nm < λ < 1.1 µm, allowing for the precise determination of colors

of observed objects. For many astronomical projects (photometric redshifts, SN cosmology,

stellar population studies, etc.) this suffices. However we have the opportunity (by using a

shrewd choice of laser diode wavelength) to also ascertain the absolute flux sensitivity of the

ground-based instruments. For this we will select a laser diode that coincides with a region

of very high atmospheric optical transmission. Although for redundancy we can use multiple

wavelengths, in fact a single such calibration point suffices to establish this absolute scale,

if we fly a monochromatic source with known (i.e. measured at the balloon) radiance.

Establishing a set of NIST-traceable spectrophotometric standards at the ∼ 10−3 level

will benefit both existing and future NASA missions, e.g. HST, JWST (NIRCAM goes down

to 600 nm) and JDEM, and will addresses one of the main current sources of systematic error

(Regnault et al. 2009) in using supernovae to map out the nature of the dark energy. By

including measurements of the spectrum of the reflected sunlight from the moon as part of

this program, we can also make a contribution to the calibration of Earth observing systems,

since that is a reference source often used to establish the relative spectral sensitivity of

Earth-observing intruments.

1.1. Formalism

For both imaging and dispersive astronomical measurements, the light Φ detected by a

pixel due to some source i is an integral over wavelength;

Φi = A

∫
Si(λ)T (λ)G(λ)R(λ)dλ, (1)

where A is the effective aperture of the system, Si(λ) is the emitted photon spectrum at the

source, T (λ) is the transmission through the Earth’s atmosphere, G(λ) is the transmission

through extinction in the Galaxy and elsewhere along the line of sight, and R(λ) is the

relative response function of the apparatus, including factors such as detector QE, and

optical reflections and transmissions.

Current spectrophotometric standards, celestial sources with “known” spectra, are ei-

ther implicitly based on ground-based blackbody measurements made decades ago (Hayes

& Latham 1975; Megessier 1995), or in the case of DA white dwarfs, on theoretical model

atmospheres (e.g. Holberg & Bergeron (2006) ). No celestial spectrophotometric source cur-

rently offers a photon spectral distribution that is known at the 10−3 level, and the prospect

of achieving this improved precision, for the determination of the nature of the dark energy,

is one of the main motivations for the work proposed here.
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We have for some time been advocating (Stubbs & Tonry 2006; Stubbs et al. 2007a)

and pursuing (Stubbs et al. 2007b, 2010) an approach that makes careful and independent

characterizations of the instrumental response function R(λ) and the atmospheric term T (λ).

A key element is the use of precisely calibrated detectors as the fundamental metrology stan-

dard, rather than manmade or celestial sources. The National Institute of Standards and

Technology (NIST) now uses detectors as the measurement standard for electromagnetic flux

(Larason et al. 1998). NIST provides calibrated Silicon photodiodes with quantum efficien-

cies known at the 10−4 level. This is orders of magnitude more precise than any current

celestial spectrophotometric source, either empirical or theoretical. Examples of our recent

progress are shown in Figure 1, which shows the measured instrumental sensitivity function

(R(λ) of equation 1) of the PanSTARRS1 system with part-per-thousand repeatability, us-

ing a tunable laser and a NIST reference diode, and the determination of the atmospheric

transmission T (λ) for λ > 500nm.

If these instrumental and atmospheric terms T (λ) and R(λ) are sufficiently well un-

derstood, we can hope to precisely determine the product Si(λ)G(λ), which is the source

photon spectrum impinging on the top of the atmosphere, and use this information for the

calibration of other astronomical instruments. As long as both the source spectrum and line

of sight extinction are temporally stable, the approach pursued here amounts to mapping

the flux standard implemented in the NIST diode response function onto celestial sources2.

The attenuation due to aerosols is particularly problematic. The wavelength dependence

of aerosol scattering depends on both the size and shape distributions of the particulates,

and using techniques like elastic LIDAR backscatter invokes assumptions about the angular

dependence of the cross section that are often unwarranted. One goal of our proposed

program is to measure directly the wavelength dependence of the aerosol scattering. We

will then apply this information to ground-based precision spectroscopy, to produce aerosol-

corrected flux data for celestial calibration sources.

Another goal of our program is to provide an overall system throughput calibration

of astronomical instruments by flying a monochromatic source that is chosen to coincide

with a region of minimal atmospheric attenuation, such as 785 nm, where the atmospheric

transmission is 0.97. Even if we know the transmission at this judiciously chosen wavelength

to only a fractional uncertainty of 10%, we can establish an accurate flux scale with an

uncertainty of 3 × 10−3.

1PanSTARRS is a wide field survey telescope with a 1.8 m aperture and a 7 square degree camera.

2The Kepler mission is performing millimagnitude photometry of the white dwarf sources in that field,

and will determine whether those objects have the temporal stability we desire (Howell 2010).
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Fig. 1.— Recent progress in determination of instrumental transmission and atmospheric

transmission. (Left panel) PanSTARRS transmission functions, for g (cyan), r (red), i

(green), z (blue), y (orange), w (purple) and open (black). These curves show the relative

response of the entire PanSTARRS imaging system, from full-aperture illumination using a

tunable laser, with part-per-thousand short term repeatability. From Stubbs et al. (2010).

A single flux calibration measurement at any wavelength can be used (in conjunction with

atmospheric transmission data) to establish an accurate absolute flux scale. (Right panel)

Data (black) and model(red) for the spectrum of EG274, from successive ground-based spec-

trophotometric measurements, from Burke et al. (2010). Apart from aerosol scattering, we

can successfully account for atmospheric transmission at the few-millilmagnitude level.

We therefore propose to pursue two related measurements that bear directly on both

ground-based and space-based precision flux measurements:

1) Our primary objective is to measuring directly atmospheric extinction and scattering,

with an emphasis on aerosols3. The atmospheric attenuation measurements will pay near

term dividends by helping to establishing a network of precise relative spectrophotometric

standards with NIST-tracable metrology, using telescopes at Mt. Hopkins in the North

and Las Campanas in the South. By relative standards we mean sources whose product

S(λ)G(λ) is precisely known, up to an overall normalization constant A that is wavelength

independent.

3We note in passing that aerosol scattering is a major uncertainty in the radiation balance models used

for climate change calculations, and our aerosol data and technique may prove useful to that community as

well.
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2) Our secondary goal is to improve the absolute calibration of astronomical measure-

ments. We will fly a monochromatic laser diode, at a wavelength chosen to coincide with

a favorable region of atmospheric transmission, and will use it to calibrate the effective

aperture of the spectrophotometric instruments in both hemispheres. This amounts to es-

tablishing the normalization constant A, placing the spectrophotometric calibration sources

on an absolute SI flux scale.

1.2. Scientific Benefits of Improved Calibrations

One specific contemporary scientific objective that requires a clear understanding of

system sensitivity across filter bands is using type Ia supernovae to probe the history of

cosmic expansion. Ascertaining the equation of state parameter w = P/ρ of the dark en-

ergy, and searching for any variation with redshift, will require supernova flux measurements

with percent or better precision (e.g. Linder (2009)). The SuperNova Legacy Survey (SNLS)

collaboration has assessed relative photometric calibration as the dominant source of system-

atic uncertainty in their program to measure the equation of state parameter w of the dark

energy (Regnault et al. 2009). Note that the Sloan Digital Sky Survey (SDSS) attributes

atmospheric transmission variations as the limiting systematic error in their photometric

zeropoint stability across the sky (Padmanabhan et al. 2008). An opportunity for exploit-

ing high accuracy astronomical flux measurements will arise with the launch of the Gaia

astrometric satellite mission, which should provide ∼ 105 stars with distances accurate to

better that 0.1% (Perryman et al. 2001). Providing a commensurate accuracy for photomet-

ric measurements will allow for detailed comparisons between observed stellar luminosities

and model atmospheres.

The merits of achieving improved photometric accuracy are spelled out in Kent et al.

(2009), and there is considerable work under way to achieve improved accuracy and precision.

Many of these are described in Sterken (2007). The ACCESS project (Kaiser et al. 2007)

plans to conduct precise spectrophotometry from a sounding rocket. Bohlin (2007) describes

spectrophotometric measurements at the 1% level using HST. Adelman and colleagues (Adel-

man et al. 2007) are pursuing ground-based precision spectrophotometry. High et al. (2009)

describe the use of the stellar locus in color-color space for precise color determinations.
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1.3. Goals for This Proposal

As a step towards achieving the goals outlined above, for the three year period covered

under this proposal we plan to

1. Develop and refine the laser diode payloads needed for this approach,

2. Develop and refine the management of balloon trajectories (at altitudes ∼40km) to

pass within an acceptable horizontal impact parameter of an observatory,

3. Develop and refine the ability to track balloons with adequate pointing and tracking

stability, using downlinked reports of the balloon’s GPS coordinates, with meter-class

ground-based telescopes,

4. Develop and refine payload attitude determination systems to allow us to measure with

sufficient accuracy the optical intensity being transmitted to ground-based telescopes,

5. Establish and demonstrate the principles of using balloon-based precision monochro-

matic sources to address challenges in precision astronomical flux measurements, cul-

minating in an initial determination of NIST-tracable spectrophotometric calibration

standards,

6. Engage undergraduate, graduate and postdoctoral scholars in the execution of this

program, providing numerous (∼3/year) flight opportunities in our spiral project man-

agement plan, and

7. Build the experience and competence needed to consider an orbital implementation of

this approach.

Through the combination of precise instrumental throughput calibration, atmospheric

modeling, and direct measurements of aerosol attenuation, we will use the structure of equa-

tion (1) to establish a NIST-traceable empirical flux-calibrated spectrum for a selected num-

ber of smooth-spectrum celestial sources.

Although the payload mass is comparatively low (10 kg), this is a precision measure-

ment campaign. We anticipate that ongoing development engineering will be needed to meet

the requirements, as outlined below. We envision a payload package that contains multiple

laser diodes and their controller boards, illuminating an integrating sphere to “scramble”

the phase space distribution of the light. The optical output from a port on the integrating

sphere broadcasts a beam pattern towards the ground. A GPS receiver will transmit balloon
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coordinates in real time, allowing us to do open-loop tracking of the payload with ground-

based optical telescopes. The power emitted by the laser diodes will be monitored on the

balloon with a NIST-traceable photodiode, allowing us to measure the emitted intensity. An

essential ingredient for the absolute (but not the relative) calibration goal is the determina-

tion of the attitude of the payload, under the various perturbations (mainly plane pendulum

and torsional excursions) it will experience; we need to know the orientation of the optical

emission port to know the effective projected area it is presenting to the observatory.

We will use a diversity of ground-based instruments (both dispersive and imaging) to

measure the flux from the laser diode sources. The 48 inch telescope at Mt. Hopkins has as

its primary instrument a CCD imager with a 23 arcminute field of view. The spectrograph

on the Hopkins 60 inch telescope has a 3 arcminute field. We intend to use the spectrograph

in slitless mode, with the grating aligned so the second order light from the sources with 400

nm < λ < 532 nm coincides with the light from the diode at 785 nm. The use of discrete

line sources allows us to measure more than an octave of wavelength range with a grating

spectrograph, without aliasing problems. Access to these facilities is straightforward for us,

since the telescopes on both Mt. Hopkins and Las Campanas are accessible through the

Center for Astrophysics, where Stubbs has a faculty appointment. In addition, we have a

substantial program under way in collaboration with our NIST colleagues to establish Mt.

Hopkins as a precision astronomy site.

1.4. Merits of Monochromatic Balloon-Borne Calibration Sources

Why do this from a balloon rather than on the ground? We want the rays through the

system to match what happens for a source at infinity, which has parallel light entering

the optical system; we want the calibration light to trace the same optical path through the

system as light from celestial sources. The angular divergence of the beam from a point source

at range R that enters the front of telescope with diameter D is φ = D/R, or 5.2 arcsec for

D=1 m and R=40 km. This angular size is a good match to resolved astronomical sources

(such as galaxies), with the telescope focused to infinity to best match actual observing

conditions.

It might be argued that these measurements could be made more conveniently towards a

source placed on an adjacent peak, but by looking up rather than sideways we are much less

susceptible to sources of systematic error from atmospheric attenuation (Hayes and Latham

(1975) claim that correcting for the horizontal attenuation was the dominant source of sys-

tematic error in their measurement of Vega). We transit much less atmosphere by looking up

rather than looking horizontally. For atmospheric pressure that varies as P (z) = P0e
−z/z0 ,
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and a desired range to the calibrator of R, the upward looking configuration traverses a

fraction

f =
z0

R
(1 − e−R/z0) ∼ 4 × 10−2

less atmosphere, for R =40 km and the typical z0 =8 km. Furthermore, aerosols and water

vapor are concentrated in the lower parts of the atmosphere, so the horizontal attenuation

and scattering from the variable parts of atmospheric transmission are even more than in-

dicated by this ratio of airmasses. A horizontal calibration configuration at a range of 40

km would accrue systematic errors from atmospheric scattering that are more than a factor

of ten worse than the balloon-borne scheme proposed here. Placing the source closer intro-

duces other errors since the beam entering the telescope no longer mimics light from distant

sources.

Why can’t we do this from space, outside the atmosphere? We don’t have any astronom-

ical instruments currently in orbit that have instrumental response functions characterized

at the requisite level of precision to use them to establish the spectra of celestial sources.

Rather, we currently use celestial sources to calibrate the existing orbiting instruments. If

we can establish certain celestial spectra with accuracies at the 10−3 level, we can then use

this information to improve the calibration of all instruments, both on the ground and in

space. Our approach complements the ACCESS project (Kaiser et al. 2007), which will use

a sounding rocket to launch a suborbital spectrophotometric instrument. We have the ben-

efit of extended data acquisition times (hours vs. minutes) while the ACCESS project will

take data above the atmosphere. The comparison of the two data sets will be an important

constraint on systematic errors. We also have access to 6.5 meter aperture telescopes at both

sites, which will allow us to establish faint calibration sources.

Why not fly the sources in an aircraft? The combination of ceiling limitations and

airspeed make balloon-borne sources more favorable than using aircraft. Our nominal float

altitude of 40 km is essentially inaccessible to aircraft.

How much laser diode power is needed? A 1 Watt isotropic emitter at 500 nm at range

of 40 km appears as the equivalent of a V=3.65 magnitude star (on the Vega magnitude

scale). This is well within the range of affordable and low-mass laser diodes, and appropriate

for the telescope apertures (∼ 1 m) we intend to use. Other powers and ranges produce

V = 3.65 − 2.5log10[(P/1Watt)(40km/R)2].

Why not fly the sources on a satellite? A satellite in a circular low earth orbit has a

sufficiently high angular rate that is difficult to track with existing astronomical telescopes,

and is only typically visible above the horizon for about 5 min. Placing a payload similar

to the one described here into an elliptical sun-snychronous orbit, so that it has long dwell

time at perigee, above the dark side of the Earth, is well worth considering. We see the



– 9 –

program outlined here as a valuable and necessary pre-requisite to an orbiting calibration

system. Some considerations for an orbiting-source implementation are discussed in Albert

et al. (2006) and Albert et al. (2009).

We conclude that balloon-borne sources are well matched to the challenge of improving

the precision and accuracy of astronomical flux measurements.

2. Payload Development and Performance Requirements

2.1. Coordination with the Columbia Scientific Ballooning Facility (CSBF)

We are most grateful to the CSBF team for their professional and helpful assistance in

the preparation of this proposal. We intend to take full advantage of the CSBF’s Micro-

Instrumentation Package (MIP 2010) that is well suited to our program. Our conversations

with the CSBF staff have contributed substantially to the technical aspects of this proposal,

and we look forward to a strong working partnership that fully exploits the hardware and

know-how of the CSBF team. In particular, the balloons, the beyond-line-of-sight control

system, the flight safety systems, the modest data rate link, and the release and parachute

systems are all CSBF components we intend to exploit.

Our engineering efforts will therefore concentrate on two aspects of the scientific pay-

load: 1) the laser diode emitter and calibration determination, and (2) a precision attitude

sensing system that will allow us to determine the optical flux sent towards the observatory.

Our baseline plan is to use passive damping and attitude measurements rather than active

pointing control of the payload. A fallback plan (in the event this does not produce the

desired performance), is to fly the optical source on a tip-tilt stage and actively point it

towards the observatory. We hope to avoid this level of payload complexity, however.

Since we will fly at night, we require battery power. The CSBF-provided high power

density battery type B9660 delivers 182 Watt-hours of energy, and for our nominal load of

30 Watts this means that a pair of these would provide a comfortable 12 hours of full-power

operation, at a mass of about 1 kg. We will use high-efficiency DC/DC converters to adapt

these power sources to our circuitry.

Our payload design will conform to the guidelines provided by CSBF (CSBF 1986),

and will not contain any export controlled or ITAR-limited technology or components. We

will exploit the environmental testing chamber at CSBF to ensure payload performance at

the temperatures and pressures we expect to encounter during flight. Anticipated dates for

Gondola Design Reviews are shown in Table 3, in the Project Management section below.
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2.2. Critical Specification 1: Optical Emission

There are two stressing aspects to the payload performance. First, we need to develop

a method of having multiple wavelengths be emitted in the same ratio in each direction, so

that our relative flux attenuation measurements are not overcome by systematic errors at

the source. This requires that we strive to build an achromatic beam pattern, and that we

also measure the emission as a function of the two angular degrees of freedom, by knowing

I(θ, φ, λ) to a fractional uncertainty of 10−3.

Figure 2 shows a conceptual design of the baseline optical payload design. It also shows

a plot of atmospheric transmission, and convenient laser wavelengths that probe the aerosol

region while avoiding absorption from O3. The source at 785 nm is placed where well-

understood Rayleigh scattering dominates, and is useful for absolute calibration. We intend

to evaluate different optical payload configurations on the lab bench, down-selecting to a

single design at the end of Year 1. The baseline version is described here.

An essential part of our scheme is to monitor the light being emitted at each wavelength.

We will use a single NIST-calibrated photodiode, for which the quantum efficiency is known

to a fractional uncertainty of 10−4. A number of approaches can be taken to use a single

detector to monitor flux at multiple wavelengths, including sequential shuttering of all but

one source, using a filter wheel in front of the diode, or some kind of optical switch. At

present, however, we favor a scheme in which the output power of each laser diode is modu-

lated at a distinct frequency, while a single photodiode continuously monitors the intensity

in the integrating sphere. We will use Fourier decomposition to establish the average flux for

each emitter. The laser diode controller modules we intend to use can regulate both diode

temperature and output power, with optical modulation frequencies of up to 100 KHz. From

the standpoint of the instruments on the ground, with typical exposure times of 1 second

or more, the rapidly modulated laser diodes appear as essentially CW sources. But the

data stream from the calibration photodiode on the balloon can be digitized and analyzed

to extract the relative intensity of each wavelength. We will use a 16 bit A/D converter to

digitize the photodiode signal (after a wideband transimpedance stage) at a rate that is at

least twice the fastest diode modulation frequency. In fact the use of differentially modulated

monochromatic sources opens up interesting opportunities for the instrumentation on the

ground as well, including using a similar single-photodiode detection scheme, as opposed to

a dispersive instrument and CCD detector. Our current baseline plan is to build custom cir-

cuitry that allows us to control the modulation frequency, as well as gating the laser diodes

on and off, under the control of the flight computer. A portion of our development activity

in Year 1 will be spent developing, testing and implementing the flux monitoring readout

system.
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Fig. 2.— The left figure shows atmospheric transmission vs. wavelength for a typical as-

tronomical observing site, and convenient laser diode source wavelengths. Our plan is to

fly a set of laser diodes, and monitor their relative intensity at the balloon and also on the

ground. The relative atmospheric attenuation at judiciously chosen wavelengths will be used

to calibrate observations of celestial spectrophotmetric standards, with the goal of achieving

subpercent precision with NIST-traceable metrology. The right figure illustrates the concep-

tual payload design of an integrating sphere multi-wavelength axisymmetric emitter. The

calibrated photodiode on the lower right side of the integrating sphere measures the flux from

the rapidly modulated laser diodes, with frequency discrimination used to measure multiple

wavelengths with a single reference detector.

Both pre and post-flight measurements of the emission pattern from the payload, I(θ, φ, λ)

will be used in conjunction with the attitude and on-board intensity information to deter-

mine the light pattern that was projected towards the observatory, at a 10 Hz update rate.

The determination of absolute detection efficiency requires that we know the flux coming

out the port of the integrating sphere. This will require taking the integrating sphere and

associated apparatus to NIST in order to connect the flux seen by the monitoring diode to

the number of photons per second emanating from the output port.
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2.3. Critical Specification 2: Payload Attitude Determination

The second demanding specification is that we measure the orientation of the optical

payload relative to the line of sight to the observatory. If we succeed in constructing an

emission source that is achromatic, i.e. has a constant ratio of intensity across the diode

wavelengths, then the determination of aerosol scattering will be insensitive to the attitude

of the payload. For this measurement objective, the payload attitude must be known to an

uncertainty ∆φ given by 10−3 > (dR/dφ)∆φ, where R = I(λ1)/I(λ2) is the ratio of emitted

fluxes at two laser diode wavelengths λ1 and λ2. This diminishes the requisite knowledge

of payload attitude by a factor that reflects the chromatic variation in output vs. angle,

compared to the numbers given below for absolute flux determination.

For our second objective, the determination of effective aperture, we must compare

emitted and received absolute fluxes. This is the stressing requirement for attitude determi-

nation. In the sections that follow we explore the worst case attitude requirement: measuring

absolute detection efficiency. The effective area of the emitter seen by the instrument on the

ground is A = Ao|n̂×t̂| = Aocos(θ) where θ is the angle between the telescope boresight t̂ and

the normal n̂ to the integrating sphere aperture. We will measure the orientation of n̂ with

on-board attitude sensors. We will know t̂ from the telescope pointing information, at the

arcsec level. The limitation will be our determination of n̂. Knowing the effective emitting

area to a part in 103 requires that we satisfy dA/Ao = sin(θ)dθ = 10−3, or dθ = 10−3/sin(θ).

For a nadir-pointing integrating sphere output port, at the extreme impact parameter of

40 km, where the payload has θ=60o, we need to ascertain the angular orientation n̂ of the

output port with an uncertainty of 0.001o=4 arcsec. The baseline design described below

achieves this goal at a frame rate of 10 Hz.

We intend to use two instrument packages to establish payload attitude. Both will

be read out at rates of 10 Hz or higher, in order to Nyquist sample the torsional and

plane pendulum modes of the attitude excursions. The first sensor package is a combined

gyro/accelerometer/magentometer circuit, ADIS16400, made by Analog Devices. This will

provide us with coarse (σ ∼ 0.1o) attitude information, and will be used in our initial

test/diagnosis flights. The coarse pointing information will allow us to unambiguously de-

termine the specific stars seen by the imager described below.

We will supplement the integrated circuit with a star tracking camera for detailed at-

titude determination. We intend to use a 10 Hz frame rate low noise CCD camera, with

2048 x 2048 format. In conjunction with the coarse attitude information to identify stars

in the field, we only require two stars to establish the payload attitude in roll, pitch and

yaw to an accuracy of δθ ∼ FWHM/SNR per star, where FWHM and SNR are the

full width at half maximum of the point spread function, and the signal to noise ratio,
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respectively. A 35 mm aperture and a 10 Hz frame rate should produce SNR∼10 on 6th

magnitude stars. Bahcall & Soniera (1980) show 0.04 stars per square degree, down to

6th magnitude4. An f/1.4 lens with a 35 mm aperture has a focal length of 50 mm. For

our design imager with 2048 x 2048 pixels, each spanning 7.4 µm on a side, we obtain a

FOV = 2048 × 7.4 × 10−6/(50 × 10−3) =35 degrees, and a plate scale of 0.6 arcminute per

pixel. With a full field of nearly 1000 square degrees, we expect of order N=40 stars brighter

than 6th magnitude. So the orientation of the payload should be measurable at 10 Hz with

an uncertainty of δn̂ ∼ 60 arcsec/(SNR
√

N) ∼ 1 arcsec, allowing 2 pixels per FWHM .

The camera and lens needed to accomplish this are off-the-shelf hardware. We stress that

this attitude determination accuracy is at the extreme impact parameter of 40 km. If we

achieve a closer approach than 40 km, the attitude determination requirement eases.

We intend to store the entire fast frame star tracking data set on a solid state drive, for

post-flight correlation with the intensities seen from the ground. The field recognition and

astrometric utilities at www.astrometry.net can determine our camera boresight pointing

to the requisite accuracy. The coarse pointing data from the Analog Devices module will be

used to jump-start the astrometric solution.

We are also investigating developing a line-of-sight data link with higher bandwidth

than the message-per-minute default rate from the MIP system, based on the RF Mono-

lithics model DT900P FHSS radio module. This module operates on the 910 MHz ISM

(Industrial, Scientific, Medical) radio band and requires no licensing in the US, Canada,

South America, Australia and New Zealand. The modules are quite small (52x35x5 mm),

light (20 g) and inexpensive ($70). These radios operate at selectable output power up to

1 W and serial data rates up to 200kbps over LOS distances advertised as up to 40 miles

with an omnidirectional antenna. The radios employ a proprietary TDMA communications

protocol that allows several different network topologies. Most likely we would just use the

point-to-point topology and simply stream data from the payload to a base station while

transmitting occasional commands from the base to the payload. In this configuration the

module communicates by way of an RS-232 style serial port. The microprocessor that con-

trols the operation of the RF module includes not only the serial port but also six GPIO bits,

four 10-bit ADC inputs, and two 8 bit PWM outputs. This capability will be integrated

with the version 2.0 payload, in Year 2. Project team members Yorke Brown and Paul

Horowitz have amateur radio licenses, and are familiar with RF communication technology

and regulations.

4These are luminous disk stars and the stellar density is largely insensitive to Galactic latitude and

longitude.
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Table 1 sets forth the mass and power budget for our baseline payload.

Table 1: Baseline payload mass and power budget.

Item Mass (g) Power (Watts)

Laser Diodes (4) 400 0

Laser Diode Controllers (4) 1,420 8

Calib. Photodiode & Circuitry 300 0.5

2 inch integrating sphere 350 0

Flight Computer 400 6

Solid State Storage, 1 TB 1,200 1

Batteries 1000 0

Yaw/Pitch/Roll Unit 100 0.2

Attitude Sensing Imager 600 5

Passive structure 500 0

Custom Circuitry 200 0.5

RF link 300 1.2

Subtotals 6,800 22.5

Contingency (30%) 2,040 6.75

Totals 8,840 29.25

3. Software Requirements

The production, validation, integration and exploitation of instrumental and analysis

software is critical to the success of this program. It is useful to break the software challenge

into the following categories:

(1) Flight software: Interface with CSBF’s MIP module, interface and control of star

sensor camera and storage of image sequence, control of and data collection from laser diode

and calibration photodetector circuitry.

(2) Ground-based Telescope and Instrument Control: Integrate telescope and instru-

ment control system with GPS stream from balloon, and ensure acquisition and tracking

of payload aloft.

(3) Analysis of Ground-acquired Data: Ascertain detected flux and flux ratios from spec-

troscopic and photometric observations of balloon-borne sources, extract spectra of celestial
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sources acquired at same time.

(4)Analysis of Flight Data: Extract and interpret attitude sensing data. Generate time

series of flux for each laser diode using frequency-domain multiplexed photodiode data stream

and attitude data.

(5)Atmospheric Transmission Modeling, and Determination of Aerosol Scattering: Use

the ratio of emitted and detected fluxes at different wavelengths, in conjunction with at-

mospheric modeling, to determine aerosol scattering spectrum.

(6) Establish Atmosphere-corrected source spectra: A final deliverable is a set of high-

precision celestial source spectra that are corrected for atmospheric scattering and absorp-

tion.

(7) Ascertain Effective Collection Aperture: Using the combination of emitted and de-

tected fluxes in the NIR regime, in conjunction with the precision instrumental throughput

function, determine the effective apertures of the Mt. Hopkins systems. This in turn will

help place the celestial spectrophotometric standards on a NIST-traceable flux scale.

These software development aspects have been divided across team members, as outlined

in the project management segment of the proposal.

4. Flight Planning and Trajectory Requirements

We propose to use Mt. Hopkins in Arizona as our main development site, while laying

the groundwork for a subsequent campaign in the Southern hemisphere at the Las Campanas

observatory in Chile.

Our conversations with the CSBF staff concluded that for our payload mass, a float

altitude of 40 km is a sensible design goal. Our balloon is sufficiently small that a team of

five can launch it from a van. We will adjust the launch site location (based on prediction

software and perhaps trial balloons with only GPS instrumentation) to achieve a trajectory

that coasts over the observatory. Figure 3 shows how the elevation angle of the sightline

to the balloon evolves, for a nominal drift speed of 5 m/s (a typical horizontal wind speed

at z=40 km from the University of Wyoming trajectory prediction site, Univ. of Wyoming

(2010)). The apparent angular rate of the balloon is a modest 30 arcsec/sec, comparable to

the sidereal rate at the equator and well within the tracking capabilities of our telescopes.

The maximum acceptable angle at which to observe the calibration light is a zenith

angle of 60o, corresponding to 2 airmasses. Figure 3 shows that as long as the balloon has a
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horizontal distance of closest approach (cross-track) of less than 40 km from the observatory,

we will obtain hours of useful data. We therefore have a cross-track window 80 km wide,

centered on the observatory, through which the balloon should pass. We intend to take a

staged approach, in which we initially develop the payload in parallel with refining trajectory

management and balloon tracking capabilities. Table 2 shows our proposed flight schedule.
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Fig. 3.— Trajectory planning. The left figure shows the effect of different horizontal impact

parameters, for a fixed float altitude of 40 km, by plotting elevation angle from the ground-

based telescope to the balloon vs. time. We can tolerate having the balloon miss the

observatory (in the cross-track direction) by as much as 40 km and still obtain hours of

useful data. The right figure shows a predicted track obtained by the Univ. of Wyoming

prediction software (Univ. of Wyoming 2010) for a flight over the Las Campanas observatory

in Chile, where a launch in March from the outskirts of a nearby town, Vallenar, rises in

a track that doubles back towards the observatory, with a distance of closest approach (at

float altitude) of order 20 km.

The first observatory of interest is Mt. Hopkins at a latitude of N 31 41’ 02.895”,

longitude W 110 52’ 38.682” and an elevation of 2383.4 meters. April, May and June are

particularly favorable months. About 60% of the nights are photometric during that period,

the stratospheric winds are Westbound, and about half the speed of the Eastbound winter

winds. We will attempt to take advantage of the seasonal wind turnaround times, subject

to CSBF staff scheduling constraints and availability.
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Since the Mt. Hopkins observatory is fairly far North, at a latitude of 31 degrees, we also

require a set of spectrophotometric standards in the Southern sky. Our second objective is

therefore the Las Campanas observatory in Chile, the site of a diversity of telescopes ranging

from 16 inches to 6.5 meter apertures, situated at latitude S 29 00’ 30”, longitude W 70 42’

0”, elevation 2282 meters. The observatory in Chile is 80 km inland from the West coast

of Chile, and initial explorations with the University of Wyoming trajectory planning tool

indicate that mid-March is a good time to fly there, since the wind direction shifts from

Westerly to Easterly with elevation at this time of year. In March it appears we can launch

within 50 km of the observatory and achieve our trajectory goals. Our proposed flights avoid

the winter in both hemispheres, to ease payload recovery access issues.

Table 2: Proposed Flight Schedule. TTA indicates a Trajectory, Tracking and Attitude

flight, and STA and FTA refer to Spring Turn Around and Fall Turn Around, respectively,

where wind speeds are minimal. We will have access to a high density of DA white dwarf

spectrophotmetric candidates from the Sloan and (by the time we take data in Chile) the

SkyMapper (Murphy et al. 2009) surveys.

Flight Tentative Date Payload

Mt. Hopkins TTA 1 STA, 5/2011 GPS, coarse attitude sensing, 1 Watt incandescent

Mt. Hopkins TTA 2 6/2011 GPS, coarse attitude sensing, 1 Watt incandescent

Mt. Hopkins Run 1 FTA, 9/2011 GPS, full attitude sensing, laser diodes, version 1.0

Chile TTA 1 3/2012 GPS, coarse attitude sensing, 1 Watt incandescent

Mt. Hopkins Run 2 STA, 5/2012 GPS, full attitude sensing, laser diodes, version 2.0

Chile TTA 2 11/2012 GPS, coarse attitude sensing, 1 Watt incandescent

Mt. Hopkins Run 3 STA, 5/2013 GPS, full attitude sensing, laser diodes, version 3.0

Mt. Hopkins Run 4 6/2013 GPS, full attitude sensing, laser diodes, version 3.0

Chile Run 1 3/2013 GPS, full attitude sensing, laser diodes, version 3.0

Mt. Hopkins Run 6 FTA, 9/2013 GPS, full attitude sensing, laser diodes, version 3.0

Our goal is to obtain observations where we monitor the aerosol attenuation with the

laser diode system, and simultaneously acquire spectrophotometric data on white dwarf stars

with a fully calibrated instrument, as shown in Figure 1. The sky density of white dwarf

stars, drawn from modern surveys, is sufficiently high that we can choose sources that are

close to the line of sight to the balloon.
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4.1. Flight Safety

We will work in partnership with the experienced NASA ballooning technical team to

ensure we conform to both regulations and standards of prudent operation. Both observa-

tories are in remote and sparsely populated areas. We will use the well-tested flight control

system that has been developed by the NASA ballooning program, including payload release

and parachute mechanisms. The satellite phone data link used by the MIP package allows

over-the-horizon release control, if needed.

We must be concerned with safety issues pertaining to the laser diode emission, since

a Watt of laser diode power is a non-trivial amount of light intensity. We will place two

series interlocks (in fail-open mode) in the power supply line to the laser diode controllers.

One will be controlled by the flight computer, using the altimetry information from the GPS

receiver. The other will use a simple analog pressure sensor and a comparator to control a

solid state relay. Only when both the flight computer and the pressure sensor conditions are

satisfied will power be available to the laser diodes.

5. Project Management Plan

The overall responsibility for successful execution of the project rests with the PI, Pro-

fessor Christopher Stubbs. He will coordinate and manage the efforts of the team, with the

breakdown of tasks and responsibilities across participants listed in Table 3. This project has

an ambitious schedule. Immediately upon notification of funding we will hold a face-to-face

coordination meeting with NASA technical staff. Annual NASA coordination meetings will

follow. The science team comprises an existing strong collaboration, augmented by two new

members (Horowitz and Albert). We will hold weekly project telephone meetings.

The payload development work will take place at Harvard, and measurement of the

emission pattern vs. wavelength will be done in conjunction with our collaborators at NIST

and the University of Victoria, drawing upon their experience and techniques. Software

development will be pursued by the Harvard team, as outlined in section 3. A high-precision

determination of the instrumental sensitivity functions of the Mt. Hopkins telescopes and

instruments is an integral part of this approach, but that work is already underway using

non-NASA resources, led by our NIST collaborators, and no funds are requested for that

effort.

Milestones and tasking are described in Table 3. A major milestone occurs towards the

end of Year 1, with the first full science flight above Mt. Hopkins. That is our first full

integrated system flight, with version 1.0 payload hardware and system software. The TTA
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payload comprises the flight-qualified MIP augmented by a light bulb, for telescope tracking

and trajectory management validation, so we do not anticipate needing to do environmental

testing. We expect to learn from that experience, and to iterate both the hardware and

software to version 2.0, for the second Hopkins flight six months later. Ideally, we would

conduct environmental chamber testing of payload version 2.0 early in calendar 2012, and

version 3.0 a year later. Pre-flight gondola design review dates are shown in Table 3. We

are requesting funding to produce two science payloads. This is to allow us to do leapfrog

development, given the rapid sequencing of flights, but also as some insurance against a

“payload recovery challenged” flight.

6. Education and Workforce Training

We plan to undertake multiple flights per year, with each iteration being a learning

opportunity for team participants at all levels of the academic hierarchy. The senior scien-

tists (J. Albert, Y. Brown, S. Brown, P. Horowitz, K. Lykke, C. Stubbs, and J. Woodward)

are new to scientific ballooning, and will all benefit from this expansion of their technical

repertoire. This will increase the roster of balloon-capable PI’s by half a dozen senior exper-

imental scientists. This project has the possibility of evolving into a satellite-based precision

calibration effort, and in addition to the near term scientific payoff described above, we will

gain invaluable experience for the future.

The postdoctoral researcher we hope to hire will be given ample opportunity to estab-

lish scientific leadership on this project. Stubbs has a strong track record of transferring

“ownership” of projects to capable postdocs. One such example is the APOLLO lunar laser

ranging project, which receives joint support from NASA and NSF, a project that was initi-

ated by Stubbs. He hired Dr. Tom Murphy onto the project, and Murphy subsequently took

a faculty position at UCSD, and is now PI of the APOLLO project. Another example is

Michael Wood-Vasey, who joined the ESSENCE supernova cosmology project under Stubbs’

supervision, and is now on the faculty at Univ. of Pittsburgh and leads the LSST supernova

science team. We hope to mentor another young scientist onto a similar career track.

We intend to attract a graduate student to this project, who will have an end-to-end

mastery of the entire payload hardware and software, and who can participate in the entire

project cycle from design to data reduction. The scale of the proposed project, and rapid

iteration of hardware and software, are unusual and afford the project’s graduate student a

remarkable opportunity. Our group also has a strong track record of engaging undergraduates

in the research enterprise, most of whom continue with graduate education in a technical

field. We intend to engage Harvard undergraduates in this project.



Table 3. Project Management Milestones, and Team Roles. GDR refers to Gondola Design Review.

Year Payload, Optical Payload, Attitude Software Trajectory & Tracking

2011 Design, test 2 candidate emitters coarse attitude MODTRAN installed 2 tracking tests at Mt. Hopkins

downselect by 9/2011 attain σ=0.1o Laser modulation control Trajectory predictions for TTA flights

GDR 1.0 3/2011 Measure I(θ, φ, λ) Fly coarse sensing 6/2011 Integrate with MIP 6/2011 Coarse tracking 6/2011

GDR 2.0 6/2011 Fly version 1.0 9/2011 Fly full sensing 9/2011 integrated flight software 9/11 Full Kalman filter tracking 9/2011

2012 Iterate to version 2.0 Demonstrate 10 arcsec accuracy Extraction of photodiode data Full tracking for 2 Hopkins flights

optimize wavelengths routine operation 12/2012 Initial aerosol determination Trajectory predictions for Chile

GDR 3.0 6/2012 (with high bandwidth link) 2 TTA flights in Chile

2013 Iterate to version 3.0 routine operation End-to-end analysis First full tracking/science flight in Chile

routine operation by 5/2013 Integrate instrument sensitivity 3 Hopkins science flights

Initial calibration results function with atmospheric data

Team Member Roles

J. Albert Optical payload design, characterization and testing

S. Brown Instrument characterization, ground-based data analysis

Y. Brown Attitude determination, RF data links, IMU data reduction, interlocks and system integration

P. Doherty Star tracker, calibration diode instrumentation, astrometric data reduction, system integration, documentation and version control

P. Horowitz Analog design, laser diode instrumentation and modulation

C. Stubbs PI, Overall coordination, optical payload design, CSBF and Observatory liaison, relative calibration lead

K. Lykke Photodiode calibration and validation, systematic uncertainty czar

J. Woodward Ground-based instrument calibration and data analysis, absolute calibration lead

Postdoc, TBD MODTRAN and atmospheric modeling, Telescope tracking software, Ground-based data analysis, Trajectory prediction

Grad student TBD Flight software, MIP interface, telescope tracking software, photodiode data reduction, aerosol analysis
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