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The use of modern Adaptive Optics (AO) systems allows large telescopes to approach diffraction limited
seeing. This technique can improve the imaging resolution of a large telescope by more than an order of magnitude.
Such a capability provides real improvement in ground-based space situational awareness (SSA) observations.
The drawback to current adaptive optics systems is that they only improve resolution over small imaging
regions, sometimes as small as a few tens of arcseconds. Such small imaging regions limit the availability of suitable
guide stars, which in turn limits the availability and duty cycle of an AO system. This limitation has led to the
development of systems for producing artificial guide stars, which can be created along a line of sight coincident
with that of the telescope. The most commonly used artificial guide stars are created by tuning a laser to the
frequency of the sodium D1/D2 line complex, and exciting sodium atoms in the Earth’s mesosphere.
The mesospheric sodium layer is exceptionally rarified, and has densities that vary diurnally, seasonally,
and geographically. Our investigation centers on the use of sounding rockets to deliver substantial quantities of
atomic sodium to the mesospheric layer. This direct enhancement of the sodium layer could increase the number of
nights that laser-guide star AO observations could be performed, as well as increasing guide star brightness. These
improvements should yield better AO wavefront correction and faster imaging frame rates. For the SSA application,
these improvements will lead to more and better imaging opportunities.
We will present a basic overview of the relevant mesospheric dynamics, with emphasis on sodium dwell
times and replenishment rates. We will present several possible mechanisms for delivery and deployment of atomic
sodium in the mesosphere, and demonstrate the trade-offs in their use. We will present a possible concept of
operation for notional delivery systems. Finally, we will discuss the cost-effectiveness of this approach in relation to
the expected improvement in performance for typical laser-guide star AO systems.

1.

Introduction

Space Situational Awareness (SSA) information has been collected from ground-based optical sensors for
decades. Today, there are several 3.5-meter class telescopes that routinely perform these observations. As
telescopes have grown to this size (and beyond), they have become capable of detecting and characterizing smaller
and fainter objects. They also have become capable of performing higher angular resolution observations, within
the constraints imposed by atmospheric turbulence. This, of course, is the practical drawback to the use of groundbased telescopic facilities for any imaging application requiring high angular resolution.
The effects of atmospheric turbulence on angular resolution are severe, if one compares the atmosphericseeing limited performance of a ground-based telescope to its quantum diffraction limit. Fig. 1 below shows such a
calculation. Note that Fig.1 shows resolution in linear terms, for objects at various slant ranges, rather than showing
resolution in angular terms. The red, green, and blue bars show the resolution limits for observations limited by
atmospheric seeing of 1”. Obviously, the differences between the atmospheric seeing and diffraction-limited seeing
become extreme for large telescopes. For a 5-m telescope, the difference is a factor of 25 in linear resolving power.
The modern solution to helping larger telescopes achieve diffraction-limited performance is to use Adaptive
Optics (AO). Adaptive Optics systems work by sensing distortions in the wavefront along the line of sight of the
sensor, and correcting these distortions in real time. The source for wavefront information is usually a bright star in
the field, called a guide star. There are several approaches to utilizing guide stars in AO systems, but the most
useful for imaging rapidly moving objects involves the use of artificial guide stars.

Figure 1. Diffraction-limited resolution for ground-based telescopes, as a function of
telescope size. the colored curves show diffraction-limited linear resolution
vs. telescope size for LEO spacecraft at various slant ranges. The solid bars
show linear resolutions for 1” atmospheric seeing.

The most common and successful method for creating artificial guide stars is to use a laser tuned to the
sodium D1/D2 line complex at 589.2 nm, to excite sodium atoms in Earth’s mesosphere. Because the sodium layer
is above almost all of the Earth’s atmosphere, photons emitted from it and received by the AO system experience
virtually the same wavefront distortions experienced by photons coming from the targets of observation.
Furthermore, with the laser system bore-sighted with the main imaging instrument one can create guide stars at a
very small angular distance from the target object, and move the guide stars as fast as the telescope can slew. This is
obviously a hugely important consideration when performing SSA observations of fast-moving objects.
2.

Mesospheric Sodium Distribution

The Earth’s Upper Mesosphere / Lower Thermosphere (MLT) region contains a small amount of neutral
Na atoms, at an altitude range from about 85 to 95 km. Sodium and other neutral metal species and metal ions are
delivered by meteor ablation. The process of ablation removes the most volatile components first, including sodium.
As shown below in Fig. 2, the average vertical profile maximum occurs at ~92 km for sodium.
Sodium is the first major component to volatilize and be released during meteor ablation events, but by no
means the only metal species or even the most common. Most meteoric metal is Iron, Silicon, and Magnesium. Fig.
2 below shows the vertical concentration profiles for Na, Fe, K, and Ca. Note that the vertical concentration profiles
for Si and Mg are not shown in Fig. 2., but they very closely follow the concentration profile for Fe [1]. Averaged
over many days, the typical concentrations for Na are around 4 x 103 atoms/cm3. The peak Na concentrations can
reach 104 atoms/cm3 under certain conditions, and can go to zero during summer in the polar regions. The
concentrations of Na in the MLT are variable in time and geographic region due to mesospheric pressure waves,
tides, and seasonal and diurnal variations.

Figure 2. MLT vertical density profiles for Ca, K, Fe, and Na. Vertical profile
chart adapted from Plane 2003 [1], (Data from Helmer et al. 1998 [2],
Plane et al. 1999 [3], Eska et al. 1999 [4], Gerding et al. 2000 [5])

Fig. 3 below shows one form of variability in the distribution of Na. The graphs show Na density height
profiles, averaged by month, from 40° to 80° N latitude. The data were obtained from the Odin satellite from March
to September, 2004. Note the sharp differences in density profiles between the seasonal minimum in June and more
nominal conditions near the equinoxes in March and September. At higher latitudes in particular the seasonal
variations are significant, with polar densities in June being the nadir [6].

Figure 3.

MLT vertical density profiles for Na. Data were obtained by
the Odin satellite in 2004, and show Na density height profiles,
averaged by month, from 40 to 80 N latitudes. Chart adapted
from Fan et al. 2007 [6].

3.

Chemical and Physical Processes Impacting MLT Sodium

The chemistry of sodium in the MLT region is quite complicated, with neutral Na atoms being subject to
interactions with a dozen other atomic and molecular species. Some of these species are neutral, and some are
ionized, which adds the complexities of charge transfer. Electron recombination occurs at the higher altitudes in the
MLT, and is responsible for breaking down some ion clusters to release captured neutral Na. Photoionization is
also very important, and at lower altitudes in the MLT breaks down intermediate Na-bearing compounds back into
neutral Na.
The chemical and physical processes that effect Na obviously have a strong vertical gradient. Above 95
km, atomic Na tends to become ionized by charge transfer interactions with NO+ and O2+, and removed by
incorporation into ion clusters [1,7]. Significantly below 85 km, neutral Na becomes involved in transient chemical
interactions that lead to the formation of NaHCO3, which condenses onto meteoric smoke trail particles and falls to
Earth [1,7]. These processes and their interactions are shown in detail below in Fig 4.

Figure 4. Sodium chemistry in the MLT region. Sodium is
deposited by meteoric ablation, and a variety of
chemical interactions remove it. Chart adapted from
Plane 2009 [7].
The total amount of meteoric material delivered to the Earth every day is approximately 30 tons, most of
which is refractory silicate materials composed of Fe, Mg, Si, and O. Assuming a chondritic composition for
incoming meteors, the Na mass fraction of the "typical" meteor is only 0.5% [8]. This indicates that the delivery
rate of Na is on the order of 150 kg/day over the whole Earth. The total observed amount of Na in the MLT at any
one time is roughly 1 metric ton, based on Lidar measurements of Na surface densities in the MLT [9]. Roughly

speaking, this makes the natural dwell time for sodium in the MLT ~1 week. The rate at which sodium is removed
from the MLT is strongly influenced by the detailed reaction kinetics, including the thermal evolution of the MLT
and the mixing ratios of the constituent species.
4.

Sodium Enhancement Concept

The high degree of Na-density variability impacts the number of nights in which laser-guide star AO
techniques can be employed. The seasonal variations, especially the summer density drop, can make laser-guide star
AO systems less usable or unusable for extended periods of time. Na variability during a diurnal cycle, or within a
night’s observations impacts the duty cycle of AO systems, reducing the amount of data produced, and making fulltime “on-demand” observations impractical. Na density variability also causes data degradation, and limits the use
of certain types of observations.
Our concept is to use a sounding rocket to disperse sodium in the MLT region, in order to enable ondemand AO observations and other types of observations that are currently problematic. Even though the total
global complement of sodium is ~ 1 metric ton at any one time, the total amount of sodium visible from a given
ground facility is < 500 grams. By putting ~40 kg of Na at the appropriate altitude and near the appropriate
observing facility, it is likely that the sodium density will be well-enhanced over the natural background for a period
of a few weeks.
Currently, ITS is engaged in an IRAD-funded study to demonstrate the basic feasibility of this idea and
plan for a more formal "Phase A" study. ITS has teamed with UP Aerospace and Lockheed Martin to undertake the
study, and eventually move to a "Phase B" flight demonstration. For the flight demonstration, Lockheed will
produce the sodium dispenser, and UP Aerospace will provide their SpaceLoft sounding rocket as the launch
vehicle. The UP Aerospace SpaceLoft vehicle is a solid-fuel rocket that can lift ~50 kg of payload to 130 km
apogee.
The typical flight events for a SpaceLoft mission are shown below in Table 1.

Table 1. Standard flight profile and event timeline for the UP Aerospace SpaceLoft vehicle.

The SpaceLoft vehicle is easily capable of placing our payload into an appropriate altitude regime. We
envision placing our sodium dispenser payload at ~100 km apogee, low enough that some modification to the
normal launch profile will be necessary.
From a mesospheric chemistry perspective, the 100 km dispenser
placement is a little higher than the normal sodium profile peak. However, this altitude is more desirable than the
natural Na peak altitude because of lower atmospheric densities and more favorable chemistry for neutral sodium
survival. Shown below in Fig. 5 is a diagram of a modified flight profile for the SpaceLoft launcher.

Figure 5. Launch profile and major events for the SpaceLoft vehicle. Note
that the standard launch profile places the maximum payload
at 130 km apogee, so some modification will be required.

5.

Technical Approaches to Sodium Dispensing

The most important design issue for this concept is the design of the sodium dispenser itself. There are
several possible approaches for deploying the sodium from the launcher. Each can be judged by its design
complexity, cost, safety, and efficiency of sodium delivery.
The first method is physical dispersal. The sodium could be launched as a solid metallic sphere, encased in
aluminum and some form of explosive. When the sodium dispenser is well clear of the launch vehicle, the explosive
shell would be triggered. Even with a relatively small amount of explosive, the sodium sphere will be compressed,
vaporized, and dispersed. Note that the aluminum shell is simply a way to safely encase the sodium for handling,
since metallic sodium is highly reactive and pyrophoric. Such devices would be relatively simple and safe to
handle, and would for these purposes be comparable to a small military munition. This is probably the most
efficient method for Na delivery, and the simplest design to manufacture.

Chemical evolution is the second method for deploying sodium. Here the sodium would be launched as an
inert Na-bearing compound, and then reacted with other reagents in order to release the sodium. This is an
appealing idea because of the promise of using an inert compound rather than the highly reactive pure form of Na.
Finding a reaction involving an inert Na-bearing compound that is so exothermic that Na vapor is released is a real
problem, however. It's also likely that the dispenser design for this idea will be more complex than the physical
dispersal concept discussed above. This idea needs considerable further study to be a candidate method for
dispersing sodium.
Finally, thermal evolution is the third method for sodium deployment. The sodium would be launched as
liquid metallic sodium, and would utilize the spinning of the launcher to disperse sodium droplets. Sodium has a
very high vapor pressure, so small liquid sodium droplets exposed to near vacuum will outgas vigorously. This
method likely involves much more complicated manufacture and handling, since liquid metallic sodium is even
more reactive than solid sodium. There will likely be a need for moving parts in the dispenser, which will require
more complexity. Some heritage in the launch of metallic liquids exists, but overall this deployment method needs
further study before it can be seriously considered.
6.

Concepts of Operation

There are several possible Concepts of Operation for this system. Our flight demonstration will involve
launching a SpaceLoft vehicle with a subscale version of the sodium dispenser. The purpose of this flight would be
to show the functioning of the dispenser, and to test the effectiveness of the delivery method. Another part of the
test flight would be to measure the actual Na enhancement achieved, using ground-based Lidar. The important
measures would be the Na surface densities, and the length of time over which the enhancement is achieved. If
possible, coordinated AO observations could directly demonstrate the improvement in laser-guide star generation.
Sodium enhancement could also be performed in pre-planned campaigns. These campaigns could either
occur during periods of known seasonal drop-outs such as during the Northern Hemisphere summer, or during
known pre-planned events such as exercises or foreign launches. This operational concept could require some
hardware to be pre-built and stored ahead of time, depending on the lead time requirements. If the lead time for
launch is shorter than the typical manufacturing and delivery time, then some launchers and dispensers will need to
be built and stored ahead of time.
The most resource-intensive operational concept is on-demand launch. On-demand launches would require
some investment, including the production, integration, and storage of complete launch systems at the launch site.
With stored systems at the launch site, we would have the ability to call up and launch rockets on very short time
scales. Depending on the level of investment, and the numbers of dedicated personnel, launches on less than 3 hours
notice should be readily doable. This operating concept will allow response to appropriate tasking order(s) during a
crisis situation.
7.

Conclusions

The sodium chemistry in the MLT region, though complex, can be modified to provide improved
performance of Na-laser guide star AO observations. Although more modeling needs to be done in our formal Phase
A study, it appears likely that sodium enhancement lasting several weeks is possible. Because the amount of sodium
involved is very modest (a few 10’s of kg), only a small sounding rocket is necessary. The amount of money
required per launch is also modest, at $600 - $700 K per launch. If fully utilized (i.e. with multiple launches per
year), this concept has the potential to improve the utility of laser-guide star AO systems by 30% or more.
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