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Abstract. Adaptive optics (AO) systems correct for atmospheric distortion in real time in order to produce
sharper images and enhance scientific capabilities. Sky coverage is greatly increased by the use of laser guide
stars generated by resonant excitation of mesospheric sodium atoms. However, physical processes in the upper
atmosphere aﬀect the performance of such systems. Competing processes of meteoric ablation that produce,
and chemical reactions that remove, sodium atoms, govern the extent and density of the sodium region. The
structure of this region is aﬀected by gravity waves, wind shear and turbulence that cause temporal and spatial
density variations and thus aﬀect the mean sodium altitude and consequently produce focus-induced wavefront
errors, degrading AO performance. In order to better quantify these eﬀects, we developed a high-performance
sodium lidar system for the 6-m Large Zenith Telescope. With a power-aperture product more than two orders of
magnitude greater than most atmospheric lidar systems, the facility is capable of recording sodium density profiles
with sub-second and meter-scale resolution. A recent upgrade enables us to simulate laser guide star asterisms and
directly measure horizontal structure variations by chopping a pulsed laser beam horizontally within the 1 arcmin
field of view. The 2d mean altitude structure function shows the variance in variation is hence linked to diﬀerential
focus errors, an important aspect for multi-laser guide star facilities and multi-object adaptive optics.

1 Introduction
Atmospheric eﬀects on light coming from astronomical objects can be mitigated by employing adaptive optics (AO) techniques in which wavefront distortion is measured in real time and corrected by
means of wavefront sensors (WFS), deformable mirrors (DM) and powerful computer systems [1]. To
match atmospheric time scales, information about the instantaneous wavefront error (WFE) requires
bright guide stars. This restricts the use of AO to a small sky coverage because suﬃciently bright natural guide stars (NGS) are not distributed densely enough [2]. To increase sky coverage, high order
wavefront distortions occurring on time scales down to tens of milliseconds have to be corrected by
the use of laser guide stars (LGS). These artificial beacons are generated in the sodium layer, located
in the atmospheric mesopause region at ∼90 km, by resonant excitation of Na-atoms. With suﬃciently
powerful and focused laser beams, tuned to the Na D2 line, a column through the ∼15-20 km thick
layer is illuminated through resonance fluorescence and backscattered photons are created near the line
of sight of the science target of interest. Such LGS appear edge on and hence star-like as seen from
directly below. However, with larger entrance apertures, LGS are seen as cylinders from the outer parts
of the entrance pupil with an intensity structure that reflects the density structure in the sodium layer.
Such elongation spreads the sodium light over more WFS pixels and therefore reduces signal-to-noise
ratios. This eﬀect is proportional to the square of the telescope diameter and thus, sodium layer dynamics is of great importance to the design of next generation AO systems for extremely large telescopes.
Inherent structure changes due to mesospheric weather, cause variations in the centroid altitude of
the sodium layer. If these variations occur on suﬃciently small time scales a change in mean altitude
cannot be distinguished from atmospheric focus variations and the performance of the AO system is
therefore degraded [3]. Strong wind shear in altitude direction has been detected and linked to mesospheric dynamics such as gravity waves, tidal waves [4],[5]. Their stability investigations confirmed
a
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that sustainable large vertical wind shear on the order of tens of m/s/km is often observed. Tidal waves
in the upper atmosphere are mostly responsible for the large wind shear. Gravity waves cause instabilities that in turn reduce the wind shear [5]. This result of a stable tidal-wave-induced stratified flow in
the mesosphere gives hints of an anisotropic density structure. The amplitude of tidal waves, caused
by solar heating, grows with decreasing density exponentially and thus reaches amplitudes of order
50 m/s in the mesosphere [5]. In the horizontal direction, on scales important for laser guide stars, no
tidally induced wind shear is introduced. The wind shear in the vertical direction is thus expected to
be much stronger compared to the horizontal direction. Such a horizontally layered flow gives rise to
an anisotropic density structure. This picture is complicated by the interaction of gravity waves, that
become nonlinear and dissipate their energy in the sodium layer region. This creates local instabilities
with turbulence and subsequent reduction of wind shear due to turbulent mixing. Earlier results from
the UBC lidar study [6],[7] suggest a non-negligible gravity wave component. The mean sodium altitude temporal power spectrum showed a power law with a slope index of -1.9, significantly steeper than
expected from a flow, governed by Kolmogorov turbulence. Even though gravity waves intrinsically
have an upper frequency limit at the buoyancy frequency (periods around 3 min in the mesosphere),
they can be Doppler-shifted towards larger frequencies. The eﬀectiveness of such an eﬀect is dependent on conditions and is not completely understood (Chapter 4 in [8]). We have investigated these
eﬀects experimentally with the UBC lidar system at the 6-m Large Zenith Telescope (LZT), located
near Vancouver, Canada at 49◦ latitude [9]. The existing lidar system has been equipped with a tip/tilt
mirror allowing us to chop the uplink laser beam for every laser pulse, thus at 50 Hz frequency. Details
of this technique are summarized in this paper.

2 The UBC LIDAR Development at the 6-m Large Zenith Telescope
Atmospheric lidar investigations ([8],[10],[11],[12],[13]) study the dynamics of the sodium region
for several decades. However, to directly investigate the AO regime towards the millisecond regime,
spatial and temporal resolution reported so far (order of a few minutes), was not suﬃciently high.
Performance estimates of AO systems for extremely-large telescopes have thus relied on uncertain
extrapolation of low-frequency measurements over four decades in frequency [14].
This motivated us to design a sodium lidar (light
detection and ranging) system for the LZT. By sending short (6 ns) powerful (5 W average power)
laser pulses with a repetition rate of 50 Hz into
the sodium layer, backscattered photon are collected
and detected with a four-channel receiver system using high-eﬃciency photomultipliers (PMT) and fast
counting electronics (see Fig. 1) [15]. Compared to
conventional lidar systems, the 6-m liquid mirror of
the LZT allows us to collect one to two orders of
magnitude more photons per laser shot. This provides high resolution Na-profiles with 4 m height
and 20 ms time resolution showing for the first time
sodium layer dynamics on scales important to AO [6].
Our sodium profiles can be used directly on AO design benches to verify control algorithms and optimize their use for best performance right from first
light on [16]. Return flux simulations for existing
and new laser systems for LGS AO systems profit
from the high resolution data to generate reliable reFig. 1. The UBC lidar receiver at the LZT
prime focus. In the bottom part of the figsults [17] that help in the design and decision proure, a part of the 6-m liquid mercury pricess.
mary mirror is visible.

To date about 450 hours of raw data have been obtained within a 3-year time-span using the first
generation lidar system. After the beam-chopping upgrade, implemented in winter 2010, about 20
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nights of data were obtained from February to August 2011. This change in the experimental setup
allowed us to directly investigate the horizontal mean altitude structure function. Fig. 2 shows the
statistics of observing hours per night. Compared to conventional telescope observing times, the LZT
is aﬀected by Pacific west coast weather and hence there are not many clear nights during winter
months.

Fig. 2. Observing statistics for 3 years of lidar observations at the LZT. End of July 2009, a new receiver was
installed, that enabled us to store data at real time with no loss in observing time. Thus the useful observing time
compared to the time when laser pulses were propagated was 100% afterwards. Before data storage every 3 min
for 20 sec resulted in a duty cycle of about 90%.

3 Sodium Layer Dynamics
3.1 Temporal Mean Altitude Power Spectrum

In [6] and [7] the mean altitude power spectrum of the
sodium layer was found to be
Pa (ν) = ανβ ,

α = 34+6
−5

m2
, β = −1.87 ± 0.02
Hz

,

(1)
with the errors on the parameters from all data taken
over 3 years of LZT lidar observing. With this result, the
variance of mean altitude diﬀerence σ2a can be derived
∫ ∞
σ2a = Da (t) = 2[B(0) − B(t)] = 4
Pa (ν) sin2 (πtν)dν =
Fig. 3. All power spectra, spanning the dynamical range in the power-frequency plot.
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where Da (t) represents the temporal mean altitude structure function and B is the related covariance
function. With Eq. 2, the piston removed rms wavefront error can be derived [6] and is used further in
Sect. 4. Plotting one power spectrum per night with the derived parameters for every observing night,
Fig. 3 shows the envelope in which the dynamics of the mean altitude are depicted.
3.2 Reaching the Photon Noise Limit

To validate the performance of the lidar system, data from 2008 have been used to calculate the variance due to photon noise. This variance can be estimated with pk being the number of photons in the
k-th bin and h the measured mean altitude:
∑ ( dh )2
Var(pk ) .
(3)
Var(n) =
d pk
k
The actual noise of the data can be estimated by analyzing the mean altitude power spectrum. Fig. 4(a)
shows the power spectrum with white noise present. The fit to the flat white noise results in an estimate
of the actual noise in the data. In Fig. 4(b), the variance due to photon noise as well as the noise level
in the power spectral density are plotted together for every observing night. The noise is dominated by
photon noise and very little other contributions are present.

(a) Mean altitude power spectrum (red curve) with (b) Comparison of noise due to photon noise and acthe flat noise in the high frequency part. The green tual noise in the lidar data for every observing night in
plot is data from the Colorado State University con- 2008.
ventional lidar and the blue plot is a fit to the data.

Fig. 4. The UBC lidar system is photon noise limited.

4 Horizontal Structure Function
4.1 Motivation

Under the assumption of frozen flow and if turbulence dominates the dynamics in the sodium layer,
we can draw conclusions about the horizontal spatial structure of the sodium mean altitude. If gravity
waves dominate the structure in the sodium layer, the response to the power spectrum is currently under
investigation. The result for turbulence, outlined below, will most certainly change in this case. This
is described in [7] and briefly summarized in the following. Variations of the mean sodium altitude a
translate directly to focus errors for any sodium AO system employing laser guide stars. For a telescope
of diameter D at altitude a0 observing at zenith angle ζ, the piston-removed rms wavefront error (WFE,
averaged over the telescope aperture) resulting from an altitude variation ∆a is
σw f e =

D2 sin ζ
∆a,
√
16 3(a − a0 )2

(4)
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at the zenith. For the E-ELT observing near the zenith, this corresponds to a wavefront error of
∼8 nm (∼4 nm in case of the TMT) per meter of altitude variation. Mean altitude variations on
large frequencies result in small scale structure that is being advected over the laser guide stars by
the mean wind.
The statistics
of this eﬀect can be described by the mean-altitude structure function
⟨
⟩
2
Da (r) = [a(0) − a(r)] , which is the mean-square altitude diﬀerence between two LGS as a function of their horizontal separation r at the sodium altitude. It has the form ([7])
Da (r) = ξr−β−1
where

, in the direction of the wind

ξ = 2(2π)−β−1 Γ(β + 1) sin(πβ/2)v̄β+1 α

(5)

,

(6)
−1

and v̄ is a sodium return flux-weighted mean wind velocity. Taking v̄ = 10ms , which is typical for
the time of year that our data were obtained, we obtain, with the mean temporal power spectrum parameters (see Sect. 3), Da (r) ≃ 76 |r|0.9 m2 . Thus, the rms diﬀerence of the mean sodium altitude is
quite substantial, approximately 37 m for a horizontal separation of 27 m (1 arcmin as seen by the telescope), and grows roughly as the square root of the separation. Combining this result of the temporal
structure function with Eq. (4), we see that focus errors between diﬀerent LGSs in one asterism with a
1 arcmin separation will be of order 300 nm for a 39 m telescope if the two LGS are aligned with the
mean wind. This results holds only if turbulence dominates the sodium layer structure and not gravity
waves, whose impact is currently investigated. If the average wind speed is lower in the sodium layer,
these WFEs should be significantly higher. The stated WFE – within the given assumptions – is a bestcase scenario. If the LGS pair is not aligned with the mean wind direction, this wavefront error will go
up because the structure in the sodium layer is less correlated in those cases and the anisotropic wind
shear (vertical ↔ horizontal) produces anisotropic structure. Thus, a 2d rotational symmetric LGS asterism experiences diﬀerent statistical focus changes for each LGS pair. This can be described by a
horizontal mean altitude structure function which depends on the orientation with respect to the mean
wind direction. It is yet to be shown how such diﬀerential focus information from the LGS, arriving at
the telescope pupil (see Eq. 4), translates into the AO system. One of the questions to be addressed is,
if and how higher order modes are aﬀected by this diﬀerential focus term.
The Colorado State University (CSU) lidar group [5] published zonal and meridional wind velocities and wind shear measurements from 4 years of data acquisition. Strong winds up to 150 m/s
were detected in both horizontal directions. By adding tidal waves at 6, 8, 12 and 24 h periods to the
height-dependent mean state of the mesosphere, the authors concluded that most of the general detected mesospheric wind is a result of semidiurnal tidal waves. The detected wind shears range from 0
up to 50 m/s/km across the sodium layer. At more than 60% of all observing nights such semidiurnal
tidal waves had vertical wavelengths of the order 10 km and thus much shorter than monthly averages
that are reported to be around 50 - 100 km [18]. Another eﬀect of shortened vertical tidal wavelengths
is the downward tidal phase progression, also reported by the UBC lidar data [6]. These data were obtained with a special lidar setup having two lasers tilted at opposite Zenith angles of 30◦ and assuming
frozen flow. 30 cm receiver telescopes were used and over 5 years of data acquisition were combined
to produce these results ([4]). Along with the detected strong wind shear, strong seasonal changes also
occur.
4.2 The Tip/Tilt Experiment

The functional form of the horizontal spatial mean altitude structure function as described in Eq. 5 has
been derived with strong assumptions such as frozen flow and layer dynamics, governed by turbulence.
Only with these assumptions and even then only in wind direction it is possible to link the direct
measurement of the mean altitude temporal power spectrum to its horizontal structure function. To
not rely on these assumptions, the existing lidar experimental setup has been changed. In the uplink
beam, before the beam is expanded to more than 10 cm, a fast steering tip/tilt mirror with 1” diameter
is installed to allow for a beam chopping movement on sky. To ensure the best possible resolution,
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(a) Control panel of tip/tilt control

(b) Part of wire diagram of tip/tilt control

Fig. 5. Tip/tilt control program that synchronizes the mirror movement to the laser pulses, commands, controls
and logs the mirror position in two axis.

the mirror switches with every laser pulse, thus at 50 Hz to allow for an acquisition of a sodium
profile from a slightly diﬀerent position on sky at a predefined separation within the field of view of
1’. The synchronization of the tip/tilt mirror on the optical bench with the rest of the lidar system is
done by a custom labview program (Fig. 5), which is linked to the lidar trigger circuit. This program
commands the mirror movement with every laser pulse, and reads its current position, which is stored
with millisecond time stamps for exact matching purposes with the lidar data. Lidar raw profiles are
stored with a diﬀerent computer and diﬀerent time stamp format and resolution. It is therefore essential
to doubtlessly assign the correct lidar profile with the respective tip/tilt-mirror position. A sophisticated
analysis program has been developed to address this issue.
Before implementation on the sky, the system has been tested to understand the dynamical response
of the mirror in order to validate the theoretical bandwidth specification, given by the manufacturer.
In this test the largest mirror movement (5 arcmin) was chosen as a worst-case scenario. In the current
1 arcmin field of view of the lidar system, the tip/tilt mirror only moves within ∼1/5 of the maximum
displacement. Even with the 5 times larger displacement, the mirror is for both axes at its commanded
new position within 6 to 10 ms, well within the required time range of 19 ms.

4.3 The Observing Strategy

The 2-dimensional structure function is measured in two perpendicular directions. Each direction
yields a structure function that is probed at 6 diﬀerent separations as well as the zero point. The
laser repetition rate is fixed at 50 Hz.
Operations start by acquiring for 21 sec data at zenith, over 6 steps the separation in one direction is increased every 41 sec until 1 arcmin separation is reached. The subsequent run acquires the
same pattern for the perpendicular direction. This pattern is then repeated for the whole night. Fig. 6
illustrates the pattern. Each separation is represented by one color, which indicates the positions between which the laser chops repeatedly. The time per separation was increased to 82 sec after a few
months of observation to increase the signal-to-noise ratio in the structure function (41 sec for the
zero point). The structure of the mean altitude is measured in two diﬀerent directions out of which
a 2-dimensional horizontal structure function (SF) can be reconstructed. The structure is expected to
correlate more in wind direction and the given functional form (Eq. 5) is expected. Perpendicular to
the wind, a much steeper SF is expected due to less correlated structure and WFEs are thus larger in
those directions. The 2-dimensional wavefront error map due to diﬀerential focus depends therefore on
the Na-density-weighted mean wind velocity (speed and direction). This mean wind is a virtual wind
velocity, composed by all the diﬀerent shear wind components in each sublayer within the sodium
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(a) Y-Measurement

(b) X-Measurement

Fig. 6. Illustration of observing strategy. Each direction is probed at 7 diﬀerent separations, shown here with
diﬀerent colors. The maximum separation is 1 arcmin or 27 m at 90 km height.

layer. The mean altitude from each sodium profile is calculated and the structure function derived as
outlined in the following.
4.4 Analysis

The measured mean altitude has an uncertainty that is – aside from systematic errors – limited by
photon noise. Thus, the variance due to photon noise in the mean altitude is representative of the
actual variance in the measured mean altitude for each shot. The “raw” variance (structure function)
Q in the mean altitude at the location x is therefore a result of the combination from the real mean
altitude a and the photon noise contribution n:
⟨
⟩
Q(x) = {a(0) + n(0) − [a(x) + n(x)]}2
⟨
⟩
⟨
⟩
= [a(0) − a(x)]2 + 2 ⟨[a(0) − a(x)] [n(0) − n(x)]⟩ + [n(0) − n(x)]2
(7)
⟨
⟩
= D(x) + [n(0) − n(x)]2
With n(0) being independent from n(x) (the fluctuation due to photon noise in the mean altitude for
diﬀerent shots are not due to systematics but follow the Poisson distribution), this simplifies to
Q(x) = D(x) + 2Var(n)

.

(8)

To get an estimate of the mean altitude structure function D, the measured variance Q has therefore
to be subtracted by twice the variance of the mean altitude due to photon noise. The variance is estimated by using Eq. 3. The structure in the mean altitude is diﬀerent in diﬀerent directions due to the
prevailing wind. At the time of observations this wind is not known and the two measurement directions are therefore neither aligned with the wind nor with the perpendicular mean wind direction in the
mesosphere. Cross correlation analyses of density time series from diﬀerent heights is therefore not
applicable and won’t result in wind measurements. Thus, the highly sheared wind results in diﬀerent
wind directions within each sublayer and the mean wind velocity is in general not aligned with the
measurement cross (see Fig. 6). The measurement in the x and y directions contain components of the
structure function into the mean wind and perpendicular to it. Fig. 7 shows the coordinate system (v
and p-axes), set by the mean wind direction and the non-aligned measurements of the structure function, defined by the angle ϑ0 . If we assume that in the direction perpendicular to the wind the SF also
follows a polynomial (though of diﬀerent parameters compared to the in-wind structure function), the
measured function is then a sum of polynomials with diﬀerent normalizations γ, ξ and diﬀerent slopes
(κ, η). The SF in wind direction is hereby the already introduced polynomial (Eq. 5, where it can be
seen that η = −β − 1).
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With two orthogonal measurement directions,
it is possible to fit for 5 parameters γ, ξ, κ, η, ϑ0 ,
where ϑ0 is the angle between the wind and the ymeasurement axis. With the coordinate system set
up like in Fig. 7, the structure functions in each
measurement direction can now be put into a functional form:
Dmeasx (r, ϑ0 ) = D(0, p x ) + D(v x , 0) =
= γ(r cos ϑ0 )κ + ξ(r sin ϑ0 )η (9)
measy
D
(r, ϑ0 ) = D(0, py ) + D(vy , 0) =
= γ(r sin ϑ0 )κ + ξ(r cos ϑ0 )η (10)
Eqs. 9 and 10 show the combination of structure
functions for each measurement direction. Measuring those directions one after each other and assuming no major change in wind allows to fit those
equations to the x and respectively y direction.
With this information from measurements into
two directions, the 2-dimensional structure function is determined and can be written as
Fig. 7. Illustration of the coordinate system, set by
the wind and the measurement axes. The colored
axes are the already introduced measurement directions. The wind is not aligned and defines the v
and p direction.

D(x, y) = γpκ + ξvη =
= D(v(x, y), p(x, y)) = γ |x cos ϑ0 − y sin ϑ0 |κ + ξ |x sin ϑ0 + y cos ϑ0 |η

(11)
.

An estimate of the resulting 2-dimensional rms wavefront error map due to focus (σw f e (x, y)) can be
obtained (Eq. 4):
√
D(x, y) D2tel
.
(12)
σw f e (x, y) =
√
16 3 z2

5 Conclusion
So far 20 nights of data have been obtained and a quantitative analysis is underway. One immediate result is that the 2-dimensional structure function is highly anisotropic. While we have derived
wavefront errors in wind directions on the order of 300 nm, this might be increased by one order of
magnitude in the direction perpendicular to the wind. This could have implications for the selection
of optimal laser guide star asterism shapes. With the aim to achieve the best AO performance in the
entire field of view, a trade-oﬀ has to be made where uniform point spread functions across the field
of view are placed against a more suitable ellipsoidal shaped asterism if one takes into account the
anisotropic structure function and focus errors. It is not yet clear how this measured high variability
in the sodium layer, producing large diﬀerential focus errors, transfers through an AO system. The
given focus wavefront error estimates are derived from geometrical optics onto the entrance pupil of
an ELT. We suggest simulating a realistic sodium layer by using measured parameters and analyzing
the resulting wavefront errors.
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