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ABSTRACT
Auroras can be observed at the north and south pole of the
Earth. At these locations, the Earth magnetic field enters the
atmosphere, causing ionization of the atmospheric constitu-
ents. Due to this phenomenon, different optical wavelengths
are emitted from these constituents, causing the typical spec-
tacular displays. Several optical wavelengths are representative
for the auroral emission. The purpose of the described instru-
ment is to measure the degree of linear polarization of the
northern lights, in order to detect and confirm previous obser-
vations in which only a low level of polarization was seen. The
instrument is capable of resolving the polarization measured
at any wavelength in the visible region, using two optical
chains, each containing an acousto-optical tunable filter
(AOTF). The latter is responsible for the selection of the
desired optical wavelength and projects the two polarized
beams onto an optical detection system. The driving of the
AOTF, using a radio-frequency (RF) signal, is a key-element in
establishing trustworthy results. The design of this double RF
chain, consisting of a generator, an amplifier, and the neces-
sary circumjacent electronics, is described in the study. In add-
ition, the optical setup of the instrument, together with the
detection system is explained. The instrument will be used in
the harsh environment of the pole regions, so it must be able
to withstand these weather conditions. Hence, a thermal com-
pensation system is necessary and is also described.

KEYWORDS
Acousto-optical tunable
filter (AOTF); aurora; radio
frequency (RF);
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Introduction

Northern lights are a beautiful manifestation of the solar-terrestrial cou-
pling. Produced by the interaction of solar particles with the nitrogen and
oxygen atoms in the thermosphere, auroras shine at discrete optical wave-
lengths corresponding to the electronic transitions which give them birth.
The auroral light has a certain level of polarization, which is useful in the
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frame of predicting space weather[1] or to characterize the atmosphere as a
response to particle precipitations.[2]

A level of only a few percent (2–3%) of polarization of one of the major
emission lines (the red wavelength is around 630 nm) was measured by
Lilensten et al.[3] in 2008. Further measurements of polarized auroral emis-
sions were done by other teams, but need further confirmation due to the
observed low signal-to-noise ratio (SNR).[4,5] Consequently, a new concept
is pushed forward in order to consolidate these measurements and to fur-
ther confirm the observations done in the past.
The aurora spectrum consists of many emission lines spanning the ultra-

violet (UV), visible, and infrared domain. Among them, the monitoring of
the red (630.0 nm) and blue (427.8 nm) lines are the most promising ones
for polarization detection, given their strength and their creation mechan-
ism. The 557.7 nm (green line) is expected not to be polarized due to the
absence of Zeeman sublevels.[1] Nevertheless, all three spectral lines are
taken into account in the instrumental concept. The auroral light polariza-
tion should be analyzed in four linear directions, at 0�, 45�, 90�, and 135�

in order to determine its Stokes parameters.
To achieve these performance specifications, a double tellurium-dioxide

(TeO2) acousto-optical tunable filter (AOTF) system is designed. The new
design consists of a double channel system, each containing an AOTF, an
applicable RF driving system, and an optical detection system. This com-
bination leads to an AOTF-based spectropolarimeter for auroras, or ASPA-
instrument. A preliminary concept was already presented by Dekemper
et al.,[1] but this study describes the designed instrument from an engineer-
ing point of view. All necessary engineering concepts are discussed, as well
as the testing of the instrument from an electrical, thermal, and optical
point of view. Included are some limited results from a field test campaign
in February 2020, obtained in Skibotn, Norway.

AOTF principles

The use of an AOTF as an optical wavelength selector is common in sev-
eral ground- and space-based applications.[6–9] The working principle of an
AOTF is based on the interaction between generated sound waves and
incoming light inside a birefringent crystal, composed of e.g., TeO2. If the
Bragg matching condition is met,[10] two first-order diffracted light beams
appear at the output of the crystal (Figure 1), with orthogonal polarization
(the selected spectral intensity is somehow decomposed into orthogonal
components). The rest of the light spectrum forms the 0-order. The þ1
and �1 orders will be of equal intensity only if the incident light is
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unpolarized. The careful analysis of the þ1 and �1 beams is the key to
determining the degree of linear polarization of specific auroral lines.
In order to generate sound waves inside the crystal, a piezoelectric trans-

ducer is mounted on the side of the device, converting the applied RF energy
into sound waves. The RF consists of a pure sinewave, variable in frequency,
and power level. Hence, a combination of a variable RF generator and RF
amplifier is necessary to drive the AOTF at the correct frequency and power.

Instrument requirements

To measure the polarization of the different spectral lines, several practical
and scientific requirements need to be met. Based on the scientific require-
ments, a list of practical design parameters is deduced. In Table 1, the most

Table 1. ASPA-instrument design parameters.
Requirement Value

Scientific requirements
Polarized optical wavelength lines General range 420� 700 nm [including 557.7þ nm

(green), 630.0 nm (red), and 427.8 nm (blue)]
Spectral resolution 1 nm
Field of view 2� � 2�
Temporal resolution 1min
Observed stokes components 0� , 45� , 90� , and 135�

Engineering requirements
Frequency range 80� 105MHz (green and red)

125� 155MHz (blue)
Unwanted spectral components <�25 dBc
RF output nominal load 50 Ohm
RF generator accuracy 1 kHz
RF resolution 5 kHz
RF generator output power Maximum þ3 dBm
RF power inside AOTF crystal 170mW (80� 105MHz)

60mW (125� 155MHz)
Internal box temperature Between þ10 and þ20 �C

Figure 1. AOTF working principles. Reproduced with permission from reference [17] by
OSA Publishing.
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prominent scientific and engineering key-elements are listed. A detailed
description of these parameters can be found in the following paragraphs.

Scientific requirements

The interesting optical wavelength domains for observing auroral spectral
lines are based on Jones[11] and Sigernes et al.[12] Not only are the exact
wavelengths of 557.7, 630.0, and 427.7 nm worth measuring, but also the
weaker spectral lines in the vicinity. More specific, the instrument should
aim at an optical range from 420 to 700 nm. In order to be able to measure
in this wide range, all optical elements inside the instrument (AOTF,
optical elements, coatings, and detector) should be able to handle this spec-
tral domain. A spectral resolution of 1 nm is chosen in order to resolve the
structure of the spectral lines in the most optimal way. In order to focus
the instrument onto a small portion of the auroral arc, the field-of-view is
limited to 2� by 2�. For the temporal resolution, given the dynamics of
auroras, the acquisitions must be performed in less than a minute.

Engineering requirements

The engineering requirements are deduced from the scientific requirements.
The RF frequency range is linked to the wavelength of the green, red, and
blue lines. The relationship between the diffracted optical wavelength and
the RF frequency is given by the approximation:

f ffi Dn v sin2ðhB þ gÞ
k sinhB

(1)

in which f is the RF frequency (applied to the transducer of the AOTF), k
the optical wavelength, Dn the absolute difference between the two refract-
ive indices, hB the Bragg angle, v the acoustic wave velocity and a the
acoustic wave propagation angle.[13] Additionally, this relationship is shown
in Figure 2. The different RF frequency domains, together with the concur-
rent RF power and corresponding optical wavelength ranges are highlighted
as shaded regions (two vertical green regions and two corresponding hori-
zontal orange regions). The selected green and orange areas were the result
of a tradeoff, balancing the ranges of the two RF chains with the requested
optical lines.
The applied RF signal at the transducer of the AOTF needs to be a pure

sinewave in order to select the appropriate optical wavelength. If other RF
signals enter the transducer, also other spectral lines will be selected by the
AOTF, and the ±1 orders are no longer monochromatic. To avoid this, the
unwanted spectral components in the RF output signal need to be sup-
pressed by at least 25 dB compared to the carrier signal.
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The spectral lines have a specific spectral signature.[11,12] Hence, the filter
device (AOTF) needs to be able to select the spectral line in an accurate
way. Consequently, the applied RF frequency needs to have an accuracy of
1 kHz. The resolution is set at 5 kHz, which is sufficient to precisely recon-
struct the spectral signature.
To have a high efficiency inside the AOTF, enabling the detector to cap-

ture as many photons as possible, both AOTFs should be driven with a
wavelength-depended optimal power level (Figure 2). Due to the used
phase-locked-loop (PLL) concept of the RF generator, and a fixed output
power level of the RF amplifier, an average power value is chosen for the
two dedicated frequency regions highlighted in Figure 2. For building the
two optical chains, two commercial AOTFs of Gooch and Housego are
used, which are described by Dekemper et al.[8,14] Both AOTFs have a dif-
ferent voltage standing wave ratio (VSWR) behavior. Consequently, power
compensation is needed in order to aim at the requested power levels
inside the crystal (60 and 170mW depending on the frequency range). Due
to the limited RF amplifier input signal, the RF generator may only apply a
maximum output power level of þ 3 dBm.

Practical instrument setup

In order to retrieve the four Stokes components at 0�, 45�, 90�, and 135�

for polarization detection, a double channel system is used. The double
approach is needed due to the limitation of envisaging only two orders
using a single AOTF. They represent two of the Stokes components (0�

Figure 2. AOTF tuning curve as a function of wavelength (blue solid curve) and acoustic power
as a function of the wavelength (red dashed line). The vertical green regions indicate the to-
be-observed wavelengths. The horizontal orange regions indicate the corresponding necessary
RF frequency (left side Y-axis) and the RF power (right side Y-axis).
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and 90�). To detect the other two (45� and 135�), an additional identical,
but tilted, channel is needed. Each channel consists of a pupil entrance,
front-end optics to bundle the light, an AOTF for wavelength selection,
and an optical detection system enabling the detection of the þ1 and �1
order of the diffracted light beam. Both channels need a relative tilt of 45�

in order to retrieve the four polarizations (Figure 3).

Optical setup

Two dedicated optical chains are used. The auroral light enters the instru-
ment via the pupils (Figure 3A). Two transparent glass windows are
mounted inside the mechanical enclosure of the instrument. After light
entering, front-end optics (Figure 3B) focuses the incoming light onto the
optical apertures of the AOTFs (Figure 3C). These filters diffract the light
into two times aþ 1 and �1 order beam. Both double beams are projected
onto the cameras (Figure 3D) at the end of the baseplate. Hence, four (two
times two) bundles of light are of interest and are projected onto the com-
plementary metal oxide semiconductor (CMOS) cameras, each representing
a Stokes component (0� and 90� for the horizontal channel, 45� and 135�

for the tilted channel). The cameras are not used as imagers, instead the
optical beams (þ1 and �1 order) are projected onto the left and right side
of each image, enabling a clear distinction between both diffracted orders.
The optical elements are chosen in such a way that a maximum number of
photons is bundled in as less pixels as possible, in order to increase
the SNR.
For the instrument two, CS2100M-USB Quantalux 2.1 Megapixel

Monochrome sCMOS cameras from Thorlabs are used.[15] These cameras

Figure 3. ASPA optical dual-channel concept: (A) entrance pupil, (B) front-end optics, (C) AOTF,
and (D) detector.
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are connected to an external laptop, using a USB 3.0-connection, enabling
a separate readout of both channels (Figure 4).

Electronics

The instrument consists of different electrical elements. A block diagram is
shown in Figure 4.
The RF generators need to be programed at the correct frequency. For

this, a Spartan-6 field programmable gate array (FPGA) is used. This device
drives the PLLs of both RF chains by using low-voltage differential signal-
ing (LVDS). The FPGA is also responsible for the readout of the tempera-
ture probes. The inclinometer is used to determine the elevation of the
instrument line of sight when pointing at auroras. The data is transferred
using a USB connection.
Both AOTFs need a specific frequency and power level, hence, a double

RF chain is designed (each driving an AOTF) containing an RF generator,
an RF amplifier, and driving electronics. The RF generators are based on
the PLL-principle, using an in-house designed frequency synthesizer – volt-
age controlled oscillator (VCO) combination to generate the appropriate
frequencies for the two channels. Due to the fixed amplifier gain and the
maximum allowable input signal, the RF generator output needs to be atte-
nuated, before being applied to the RF amplifier (Figure 4) in order to
achieve the desired output power levels. The initial generated output power
of the RF chain lays much higher than the requested 60mW (¼
þ17.78 dBm) and 170mW (¼ þ22.30 dBm).

Figure 4. Block diagram of the ASPA-instrument.
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It is has been shown by Ma�ak et al.[16] and Vanhamel et al.[17] that a
portion of the applied RF energy is transformed into heat by the transducer
of the AOTF. Hence, the RF chains not only need to compensate for the
VSWR behavior, but also for the heat loss. Further, in each channel a
switch is implemented, driven by the FPGA, using an input–output (IO)-
line, to switch off the RF chain in order to make dark images of the
observed scenery. This is necessary to remove any background noise in the
final measurements. A power supply unit (PSU) is installed generating all
applicable DC-voltage levels, using 230 V AC as input. This voltage is also
directly used to power the heating system.
The laptop uses an in-house developed graphical user interface (GUI) to

easily operate the instrument and to readout the inclinometer, using a USB
connection (Figure 4). Several parameters can be adapted inside the GUI
(e.g., frequency settings, integration time, and sweep boundaries) The soft-
ware also assures that no RF is sent to the AOTFs at startup to avoid any
damage to the transducers by connecting the RF to the ground using
the switches.

Thermal balancing system

The instrument is designed to be used in the harsh environment of the
polar regions. Temperatures can drop as low as 25 �C below zero. The used
electronics are mostly commercial components, hence the environment in
which they need to operate has to be above þ5 �C. For this, a 90W bi-
metal feedback heater is installed inside a thermal box. This heater is self-
regulated, using a bi-metal thermostat. Two small fans are set up inside the
box in order to distribute the generated heat. The box itself is also isolated
from the inside-out using isolation foam. Inside the metal enclosure, the
temperature is monitored at four locations. Two probes are mounted onto
the enclosure of the AOTFs to check for any increase in the temperature
due to the heating of the transducers. This value is used in the calculations
of the data to compensate for any frequency drift inside the AOTFs. The
two remaining probes are fixed in the vicinity of the electronic boxes.
All optics and electronics are implemented inside a thermal box. For effi-

ciently using the space inside the enclosure, both RF generators, the PSU
and the FPGA module are stacked on top of each other.

Instrument test results

The performance of the instrument was tested beforehand, especially the
output power level of the RF chains had to be characterized to assure a
correct driving of the AOTFs. In addition, the temperature inside the
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thermal box has to be maintained at an acceptable level between þ10
and þ20 �C.

RF power output level and harmonic suppression

Both RF chains were subjected to power measurements. The desired output
level must be 170mW in the frequency domain from 80 to 105MHz and
60mW in the domain from 125 to 155MHz. The VSWR values of both of
the Gooch and Housego AOTFs were measured (Figure 5) using a vector-
network analyzer. It is clear that both devices have a different VSWR
behavior. Specifically in the upper-frequency region (140–160MHz), the
VSWR is relatively high (3:1 to 5:1). This region is used in the ASPA-
instrument to measure the blue line (427.8 nm). Hence, the RF chains need
to generate appropriate power levels to compensate for the power reflec-
tion. The higher power enables the conversion of an acceptable amount of
energy at the transducer to have an effective optical efficiency level.
Due to the variable VSWR, the necessary RF chain output power level is

dependent upon the frequency range. To compensate for this anomaly,
together with the heating of the transducer,[16,17] different attenuator set-
tings are used at the output of the RF generator enabling the RF amplifier
to generate the different power levels, depending on the frequency domain
(Figure 4). More specifically, to achieve the requested 60mW (¼
þ17.78 dBm) inside the crystal, the RF chain needs to generate an average
of 174mW (¼ þ22.40 dBm) in the 80–105MHz domain. In order to have
170mW (¼ þ22.30 dBm) inside the crystal, an average level of 871mW (¼
þ29.40 dBm) is necessary in the 125–155MHz range.
The second and third harmonic level suppression for both AOTFs is

measured in the two frequency ranges using a spectrum analyzer and is

Figure 5. The voltage standing wave ratio (VSWR) properties of the two AOTFs under test.
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shown in Figure 6. It is clear that the requirement of being below �25 dBc
is reached for the second and third harmonics, and this in the complete
frequency range.

Temperature measurements

During the assembly of the instrument, the feedback heating system was tested
and performed well in a lab environment. Further testing at low temperatures
was done during a field campaign. During these measurements, the tempera-
ture inside the metal enclosure was monitored at four different locations.
In Figure 7, the temperature variation as a function of time is shown for

two probes mounted inside the instrument (probe #0 and probe #1). It is
clear that, although the outside temperature was around �20 �C, the internal
temperature was at a comfortable level (between þ15 and þ18.5 �C). The
observed hysteresis is linked to the bi-metal thermostat of the heating system.

Conclusion and future work

The instrument was used in an international field test campaign in Skibotn,
Norway, in February 2020, together with two other French teams. There it
was placed on an observation deck, on top of the observatory of The Artic
University of Norway (UIT). The mechanical box was mounted onto a
solid tripod, able to withstand the wind gusts. During the campaign, the
team was able to observe the auroral light several times. It is clear that the
current setup must be seen as a proof of concept. Further adaptations are
necessary in order to miniaturize the instrument to an acceptable level. The
idea is to shrink the instrument toward a hand luggage sized box (55 �
40� 20 cm, below 10 kg) in order to allow fluent and easy transportation
by backpack, car, and airplane. In order to do this, the thermal box can be

Figure 6. Second and third harmonics levels of the two RF chains in the applicable fre-
quency regions.
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made smaller and lighter if the RF driving system and the driving electron-
ics are adapted. This can be done for instance by using a digital RF driving
system instead of the current PLL based setup. Integrating the capability to
steer the RF power to the most optimal value (Figure 2) can lead to further
optimization of the results. This is part of future work.
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