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Scope

The overall scope of the work of this ongoing research is to see if the need of

NGS focus sensing can be removed in LGS-AO.

The method yields line-of-sight LGS sodium density profiles.

allows sodium density structure statistics while telescope is in operation

The sodium profiles could be used as input for matching filter algorithms.
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Sodium layer variability

Figure 1. Sodium density maps, on four nights, obtained with the LZT lidar system. The density of sodium atoms,
proportional to the brightness scale, is shown as a function of altitude and time. Multiple transitory layers can be seen,
which evolve in density, altitude and structure. The density in the brighter layers is typically two to three times that of the
background. The black vertical bars indicate interruptions due to nearby aircraft.

Figure 2. Onset of turbulence in the mesospheric flow. Vortices can be seen developing at the bottom of the layer, and
then breaking to form a turbulent wake.
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• sodium in the layer originates

from ablation of meteorites

• layer shows temporal and spatial

evolution

• layer density structure is affected

by Kelvin-Helmholtz instabilities,
gravity waves, sporadic sodium

layers and meteor trails

figures:
Pfrommer et al. (2009) Wavefront sensing in the VLT/ELT era, 4th edition, Firenze 28th-30th Oct 2019



Induced wavefront error

• sodium centroid changes induce focus

wavefront error

• wavefront error is proportional to

telescope diameter squarred

• for the ELT 1 m of centroid change

induces a wavefront error of 7 nm

figure & formula:
Herriot et al. (2006) Wavefront sensing in the VLT/ELT era, 4th edition, Firenze 28th-30th Oct 2019



L aser excitation of the atomic sodium layer, located between

85 and 100 km altitude in the upper mesosphere, allows

astronomers to create artificial light sources, known as Laser

Guide Stars (LGS), to assist adaptive optics systems1. A laser

beam tuned to a wavelength resonant with the 3S1/2 → 3P3/2

transition in sodium produces atomic fluorescence that is col-

lected at ground with a telescope for real-time compensation of

atmospheric turbulence in astronomical observations. Since the

introduction of this technique2,3, research has been conducted to

optimize laser excitation schemes in order to maximize the flux of

photons returned to the ground. This technological progress has

also catalyzed new concepts of laser remote sensing of magnetic

fields with mesospheric sodium4. Because of the proximity of the

sodium layer to the D and E regions of the ionosphere (between

70 and 120 km altitude) mesospheric magnetometry opens the

possibility to map local current structures in the dynamo

region5,6. In addition, the capability of continuously monitoring

the geomagnetic field at altitudes of 85–100 km could provide

valuable information for modeling the geomagnetic field, detec-

tion of oceanic currents7, and for mapping and identification of

large-scale magnetic structures in the upper mantle8.

In a laser magnetometer, atoms are optically polarized and the

effects of the interaction of the polarized atoms with magnetic

fields are observed9. For instance, optical pumping of sodium

with left-hand circularly polarized light produces atomic polar-

ization in the F ¼ 2j i ground state (F is the total angular

momentum quantum number), which is continuously depolar-

ized as the angular momentum precesses at the Larmor frequency

in the local magnetic field10. If the medium is pumped with light

pulses synchronized with the Larmor precession, a high degree of

atomic polarization can be obtained and an increase in the

fluorescence in the cycling transition F ¼ 2j i↔ F′ ¼ 3j i can be

observed (the prime refers to the excited atomic state)11. The

direct measurement of the Lamor frequency (fLarmor) gives the

magnetic field B from

fLarmor ¼ γB;

ð1Þ

where γ is the gyromagnetic ratio of ground-state sodium given

by γ= 699,812 Hz G−1. This relationship applies to weak mag-

netic fields where Zeeman splitting of the energy levels depends

linearly on the field. Therefore, as proposed in ref.4, pumping the

sodium layer with an intensity-modulated laser beam and

observing the magneto-optical resonance occurring at the Lamor

frequency from the surface of the Earth allows one to remotely

detect the magnetic field in the mesosphere. The first observation

of a magnetic resonance and remote magnetic field determination

in the mesosphere were recently reported in ref. 12 Here, we

demonstrate mesospheric magnetometry with an order-of-

magnitude better sensitivity due to a number of factors, includ-

ing exploiting the narrower magnetic resonance feature. In this

work, the observed characteristic spectroscopic features of the

resonance curve enable quantitative characterization of collisional

processes in the mesosphere.
In the following, we describe the details of our experiment to

measure the Larmor precision frequency of sodium atoms. We

discuss the resonance features, precise measurements possible

with our magnetometry method and the collision relaxation rates.

In addition to magnetometry, our observations have yielded

quantitative information about collisional processes in the

mesosphere, which is important for the optimization of sodium

laser guide stars and mesospheric magnetometers.
ResultsExperimental arrangement. The experimental setup is depicted

in Fig. 1. It used the European Southern Observatory Wendelstein

Laser Guide Star Unit (ESO WLGSU) installed next to the Wil-

liam Herschel Telescope (WHT) at the Observatorio del Roque de

los Muchachos (ORM) in La Palma (Supplementary Fig. 1). The

operation of the WLGSU allows modulation of the beam and

pointing the transmitter and receiver telescopes at the same tar-

get. The setup incorporated a laser projector telescope and a

receiver telescope separated by eight meters. The light source

consisted of a continuous-wave Raman-fiber-amplified

frequency-doubled laser with a maximum output power of 20

W13. The laser was tuned to the vacuum wavelength of 589.158

nm corresponding to the 3S1/2 → 3P3/2 transition of sodium (the

D2 line); the linewidth of the laser was measured to be ~2MHz.

The laser system incorporated an AOM (acousto-optic mod-

ulator) for on-off amplitude modulation of the beam intensity.

The beam polarization was controlled with a set of waveplates

following the AOM. The Galilean projector telescope magnified

the beam to an output diameter of 30 cm. The receiver consisted

of a 40-cm aperture Schmidt–Cassegrain telescope mounted on

the WLGSU receiver control unit, equipped with a narrow-band

interference filter of 0.30(5) nm bandwidth centered at the

sodium D2 line wavelength, a tracking CMOS (complementary

metal-oxide-semiconductor) camera and a PMT (photomultiplier

tube). A discriminator was used to filter and convert the analog

pulses from the PMT into 100 ns TTL (transistor–transistor logic)

pulses for the photon counters. The signal was acquired by three

independent methods: (a) digitizing and counting the arrival of

individual photons (offline mode), (b) directly measuring and

averaging the photon-count difference per modulation period
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Fig. 1 Experimental arrangement. A laser projector sends an intensity-

modulated beam to the mesosphere where it polarizes sodium atoms.

Fluorescence is observed with a second telescope and the received photons

are recorded, counted and demodulated with a digitizer, a photon counter,

and a lock-in amplifier, respectively. The change in fluorescence is

measured as the laser modulation frequency is swept around the Larmor

frequency driving the acousto-optic modulator (AOM) using a signal

generator. The lock-in amplifier provides the reference to dither the

intensity-modulation frequency to discriminate atmospheric scintillation

noise
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CW lidar method

• partial-amplitude modulation of cw

laser

• cross-correlating LGS return flux

with random sequence used for

modulation

• for partial amplitude modulation a

device like an AOM could be used

(MHz-scale)

sodium	layer

fluorescence

90	km

signal

x-correlate

modulating	

sequence
profile

figure: adapted from
Bustos et al. (2018) Wavefront sensing in the VLT/ELT era, 4th edition, Firenze 28th-30th Oct 2019
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figures: Iqbal et al. (2009)
Bustos et al. (2018) [adapt.]

In	AO	system	leakage	light	from	mirrors	or	

beam	splitter	(approx.	3	%	)	could	be	used



Analysis & simulations

• analytical calculation of

centroid error for photon-
noise limited case
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Performance on ELTs

• simulations carried out for different

profile shapes and integration times

for ELTs

• analytically-predicted centroid error

and simulations agree well

Wavefront sensing in the VLT/ELT era, 4th edition, Firenze 28th-30th Oct 2019

results shown in figure for ELT



Performance on ELTs
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Conclusions

• retrieving profiles inducing wavefront errors < 50 nm on timescales of some seconds

is possible for ELTs

• different scenarios (< 50 nm): 1 LGS, 0.6 modulation à 30% less LGS flux

6 LGS, 0.3 modulation à 15% less LGS flux

• future scenario (< 20 nm): 6 LGS, 2.5 x return flux, 2 seconds integration,
0.6 modulation à 30% less LGS flux

• profiles could be used as input for matched-filter algorithms, quantitative study of

performance needed

• retrieving profiles of high accuracy on sub-second timescales seems difficult, is sub-
second timescale needed? more work is ongoing
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Thank	you	for	
your	attention!
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