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Basics of cometary photochemistry1 Introduction

Figure 1.2: Examples of photochemical reactions which destroy the parent elements and
simultaneously give birth to their daughters (prepared by Christopher Jarchow).

And what happens to the dust? In the inner-most coma its motion is controlled by
the gas which drags it away from the nucleus. The velocities of dust grains are strongly
anticorrelated with size, and are generally a factor of few lower comparing to the gas.
Once decoupled from the latter, their trajectories become controlled by the balance be-
tween the attractive solar gravitation and the repulsive pressure of the solar radiation (both
inversely proportional to the square of heliocentric distance). It has been established that
the two forces are equal for the particles of roughly 1-µm diameter, and the repulsion-to-
attraction ratio is inversely proportional to size; it also depends on particle’s shape and
density. Consequently, the sub-micron grains move generally away from the Sun, which
eventually gives birth to a dust tail. The size distribution of dust spans over several or-
ders of magnitude; it is well-approximated by a power law, and the exponent is typically
between �3 and �4.

1.2 Microwave spectroscopy
As the microwaves let us consider here the electromagnetic waves from the frequency
range ⌫ between 60 and 1000 GHz, or equivalently, from the wavelength range � be-
tween 5 and 0.3 mm. Microwaves are hence comprised of the millimeter and submillime-
ter spectral regimes, and are located in the high-end of the radio frequencies. Except for
their lowest frequencies, microwaves are commonly considered as lost for ground-based
science due to atmospheric opacity. Though this is generally true at the sea level, se-
lected high-altitude sites o↵er occasionally as much as 80–90% atmospheric transmission
at about 300 GHz (� = 1 mm). Examples of the model predictions for the high-end of the
microwave frequencies are presented in Fig. 1.3.

Microwaves are the natural spectral region for observing the rotational transitions in
molecules. Using the state-of-the-art receiver technologies, they can be detected with
good sensitivity, and analyzed spectroscopically with an unprecedented resolution. In-
deed, yielding often ⌫/�⌫ > 1 million (�vr < 0.3 km s�1), microwave spectroscopy pro-
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Driving science questions

  Origin of water on Earth

Late heavy bombardment.  Image credit: NASA
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Driving science questions

  Origin of water on Earth
From Yang et al. (2013)

D/H ratio in water in the first Myr after Sun formation 



Driving science questions

  Water reservoir in the Main Belt of asteroids?

Comet here!

star trails

Comet 133P photographed by the UH’s 2.2-m telescope on Mauna Kea 

From Hsieh et al. (2004)



Driving science questions

  Outgassing from interstellar objects

photographed by my team 

image size:  1 x 1 arcmin 

telescope:  8-m Gemini N

Comet Borisov

’Oumuamua



Meet HYADES: HYdrogen And DEuterium Surveyor



Meet HYADES: HYdrogen And DEuterium Surveyor

Subsystems 
Reaction wheels

Star trackers

Power, battery

Communication

Board computer

Solar panels 
Up to 100 W of 

average power

Antennas 
Downlink rate 

~100 MB/day



Meet HYADES: HYdrogen And DEuterium Surveyor

Telescope 
M1 = 9.5 cm

SiC optics

MgF2 coatings (85% at Ly 𝛼)

Produces parallel beam

Detector 
Type: MCP

KBr photocathode 

2.5 cm imaging dia

Gas absorption module

M5M2

M4M3

M1



HYADES: gas absorption module
Hydrogen cell 

Length:  6.5 cm

Pressure:  0.3 mbar

Temperature:  ~300 K

H / H2 ratio:  2.3%

Oxygen cell 
Length:  3 cm

Pressure:  200 mbar

Temperature:  ~200 K

Deuterium cell 
Length:  6.5 cm

Pressure:  0.3 mbar

Temperature:  ~300 K

D / D2 ratio:  2.3%

Lens 
Shape:  bi-aspheric

Material:  LiF

Cathodes Anodes
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Final remarks 
 

Assuming 10 days of continues observation per target (effective integration time about 100 hours), the 
satellite will survey more than 100 objects over the mission duration. Highest priority will be given to 
interstellar objects, second priority to main-belt comets, and third to comets suitable for deuterium 
measurements. Comets from the last category are available essentially all the time. The satellite will detect 
hydrogen atoms produced by as little as 100 g s-1 of water outgassing from an object at the location of 
1I/‘Oumuamua during the Earth flyby. This is 1-2 orders of magnitude less than the outgassing level needed 
to explain the observed orbital anomalies (Micheli et al. 2018). Sensitivity to water sublimation from main-
belt comets will be better than 1 kg s-1, which is less than the best present-day limits (Snodgrass et al. 2017). 
And limits to deuterated water will be as tight as 30 g s-1, assuming 1 au distance from Earth and Sun. For the 
terrestrial D/H, this corresponds to 200 kg s-1 of H2O outgassing and about 12 mag of total visual brightness. 

Bearing in mind the scientific goals of the project, the proposed satellite will be superior in sensitivity to 
any currently operating telescope. The only real competitor may soon be JWST, which, as at the time of 
writing, is undergoing in-orbit commissioning. It will be able to directly detect H2O and HDO, and with a 
better sensitivity than the envisioned CubeSat. However, given the extremely high demand for observing time 
across all fields, it is unlikely that Webb will ever be used for a large survey of small solar-system bodies. 
JWST has also a narrow solar elongation range 85–135 deg, meaning that many targets of opportunity will not 
be accessible. Finally, the cost of unit observing time of Webb is 2,000 times higher than that of my envisioned 
CubeSat. Thus, the satellite makes an excellent, cost-effective alternative. 

My team will be joined by one postdoc and two PhD students, the latter expected to transition into postdoc 
positions in the last year of the project. In the first 1.5 yr, we will closely collaborate with the space companies 
building our satellite. At the same time, we will work on survey optimization and develop all the necessary 
codes. After the satellite has been launched, we will spend 0.5 yr on in-orbit testing and calibration, and then 
begin the 3-yr survey. My idea is high-risk/high-gain because of the inherent risks associated with every space 
mission, big or small. However, the tremendous scientific potential makes it worth that risk! 

Figure 3: Simulated transmission of the gas absorption unit. Left: Transmission curve of the hydrogen cell, obtained 
assuming the gas pressure of 1 mbar, the H2 dissociation efficiency of 0.5%, the gas temperature of 300 K, and the tube 
length of 10 cm. The grey line shows the transmission when no electric field is applied, and the blue line when the 
electric field is on. In the presence of an external electric field, the Lyman alpha line is split into two equal components 
(the Stark effect) by an amount that is proportional to the field strength. If the field progressively changes along the tube, 
a series of nested line pairs with different separations is created, effectively broadening the absorption region, and if 
distinct fields are applied, multiple absorption regions appear. This effect allows one to shape the transmission curve 
using a series of programmable anode-cathode pairs, each generating a desired field strength in the range 10-100 kV 
cm-1. In the presented example, electric field is generated by fifteen such pairs, configured to (1) broaden the central 
absorption region at zero Doppler shift in order to fully suppress the geocoronal Lyman alpha background, and to (2) 
suppress the hydrogen emission of a hypothetical comet having a geocentric velocity of –40 km s-1. Consequently, 
observation of the faint emission of Doppler-shifted cometary deuterium at –121 km s-1 becomes possible. Electric field 
configurations with the interplanetary Lyman alpha background additionally suppressed, as well as other setups, are 
possible too (omitted for better clarity). Right: Transmission curve of the oxygen cell, calculated assuming 200 mbar 
gas pressure and the tube length of 5 cm. It shows an excellent suppression in the region between 115 and 175 nm, 
except for five transmission windows between 115 and 129 nm, one of which coinciding with the hydrogen and 
deuterium Lyman alpha lines (red lines). Importantly, no other geocoronal or cometary emissions have wavelengths 
falling in these windows. Numerical data from Ogawa & Ogawa (1975), Lewis et al. (1983) and Lu et al. (2010). 

HYADES: gas absorption module



HYADES: sensitivity

50 grams/second of H2O 
30 grams/second of HDO

5 sigma outgassing limits (1 au from Sun and Earth)

What makes HYADES so sensitive?

Extreme brightness of the Lyman alpha line

Very long ionization lifetime of H and D (~ 2 months at 1 au)

Large field of view (~ 2 deg)

Very low sky background (~ 200 R in H and ~ 20 R in D)



HYADES vs competitors

HYADES

 Diameter
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 Sky area

 Exp time
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HYADES: optical performance



HYADES: gas absorption module
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HYADES: gas absorption module

Gas absorption unit manufacturing process: 

1. Glass body shaping (Hamamatsu)

2. Welding the filaments unit to cell body (Hamamatsu)

3. Attachment of the pressure valve (Hamamatsu)

3. Attachment of MgF2 windows to cell body (Hamamatsu)

5. Obtaining vacuum conditions inside the cell (University)

6. H/D gas introduction and valve sealing (University)




HYADES: components summary

Mass [kg] Peak 
power [W]

Est. cost 
[EUR]

Telescope optics and subsystems 1.5 - 75000

MCP detector 1.25 6 / 0 75000

Gas absorption unit 3 28 / 0 150000

High-voltage generator 2 0 / 30 100000

Science instruments 7.75 34 400000

Critical mission services - - 100000

Launch - - 300000

6U CubeSat bus in ready to fly package 4.2 - 800000

Satellite total cost - - 1600000



HYADES: commissioning plan

In-flight commissioning and testing: 

1. Communication tests, establishing the actual data transfer

2. Point source observations to:

    - determine pointing and guiding stability

    - characterize PSF over the FoV

    - determine photometric stability

    - test detector linearity

3. Calibration with spectrophotometric standards (CALSPEC):

    - cold star to account for Lyman-alpha emission

    - hot star to establish continuum component effect on cold star observation

4. Background observations to determine the gas-cell performance for the

    expected electrical configurations

5. Determining the overall optical performance on extended objects (comets)
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