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Abstract: The importance of automatic observation systems for ground-based
optical instruments is increasing since clustered measurements are being made with
only a few operators. We have developed an automatic observation system for use
with both a scanning and an all-sky Fabry-Perot interferometer. This paper describes
the optical system of the instrument, its performance when observing auroras, and the
details of the automatic observation system. The S/N ratio of the observed fringe
exceeds 500, even if the auroral activity is low. Using the Internet or telephone lines,
an operator can monitor and control multiple optical instruments from a remote site.
In addition, we introduce a new analysis software for estimating the emission intensity,
wind velocity and temperature. Once the system is further improved by modifying it
to enable radio communication, the construction of remote-controlled, relocatable
observatories will become feasible, representing a remarkable evolution in optical
measurement technology.

1. Introduction

The upper atmosphere emits a weak light both night and day as a result of
photoionization, photodissociation by sunlight, and collisions between particles. This
light, also known as airglow, has a specific wavelength spectrum. The mechanism by
which aurora are generated in the polar regions is quite different from that of airglow,
but aurora emissions also have specific wavelengths. High wavelength-resolution meas-
urements of this light provide information on the velocity of air movement {wind) along
the line of sight in terms of the difference between the anticipated and measured
wavelengths, information regarding the temperature can be obtained by measuring the
spectral widths of the emissions. To estimate wind velocities and temperatures, precise
information on the intensity of each color (or wavelength) is necessary.

Optical observations using Fabry-Perot interferometers (FPIs) can be a very
powerful approach for obtaining these precise spectrometries. The Fabry-Perot etalon
is a combination of two optical flats placed in parallel with a space inbetween. When
monochromatic light falls upon the etalon, the light undergoes a series of transmission
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and reflections, The emerging rays produce an interference pattern, the bands of which
are known as “fringes”. The location of the peak and the width of the fringes contain
information on the velocities and temperature, respectively, of the light emitting
atmosphere.

The fundamental theory behind the use of this instrument was established about
one hundred years ago (Fabry and Perot, 1896, 1897), and FPIs have been frequently
used for airglow/aurora observations since the 1920s (Babcock, 1923). Despite such a
long history, however, the importance of FPI observations continues to increase.
Conventional FPIs have a narrow field of view (~1-2 degrees), and the region of
observation must be scaned to deduce the spatial distribution of the thermosphere and
the mesosphere (Burnside et al., 1981; Hernandez, 1982; Sipler et al., 1983 ; Meriwether
et al., 1986:; Biondi et al., 1988:; Crickmore et al., 1991; Buonsanto et al., 1992; Aruliah
and Rees, 1995; Smith and Hernandez, 1995; Innis er al, 1996, 1997). Rees and
Greenaway (1983) developed an all-sky FPI using a fish-eye lens, which has a wide field
of view (~160 degrees). This instrument can be used to produce a two-dimensional
distribution of the neutral wind and temperature from one fringe image. Such a wide
range of observation capabilities is one of the merits of passive optical measurements
(Reeset al., 1984; Batten et al., 1988; Biondi et al., 1995; Nakajima et al., 1995; Conde
and Smith, 1998; Ishii et al., 1999). Optical observations using FPIs installed onboard
satellites have also been used to observe the spatial distribution of wind and temperature
over large areas (Hays et al., 1984; Killeen and Roble, 1988; Killeen et al., 1988).

In spite of these revolutionary improvements, the observation area of ground-based
FPIs is relatively small compared to that of satellite measurements. Recent studies,
such as the investigation of neutral heating by aurora in the polar region (Walterscheid
et al., 1985), require observations over a wide range and with a high time resolution.
To solve these problems, an automatic observation system would be a powerful tool not
only for satellite FPIs, but also for ground-based FPIs. Simultaneous observations
from multiple observatories are necessary to cover a wide observation area. An
automatic and remote control system is indispensable if a small number of operators
(ultimately one person) are to manage multiple instruments at several remote sites.
Such automated control systems have been described in a number of publications (Sipler
et al., 1983; Meriwether et al., 1983, 1986).

This paper describes the all-sky and scanning FPIs with automatic/remote control
systems that have been developed by the Communications Research Laboratory. The
advantages of these optical instruments are (1) two different wavelength emissions can
be measured using a dichroic mirror, and (2) a high time-resolution enabling a high-
S/N-ratio image (exceeding 500 in 1-2 min for aurora; 5 min for airglow) to be
obtained. Two-channel measurements using an FPI have been reported in some
previous studies (Sica er al., 1986). Initially, these instruments were developed for
local operation; automatic/remote control systems were added later. Thus, some
redundancies exist in each system. For example, a separate PC is used for the
automation system. However, these redundancies also enable the automatic control
system to be independent of the main FPI system. Furthermore, operators can easily
switch from the local observation mode to the remote mode, or vice versa.

We have developed two FPI systems that will be described in the next section.
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These instruments will be installed in Poker Flat Research Range, Alaska, as part of a
cooperative project with the Geophysical Institute, University of Alaska, Fairbanks. In
most cases, the operator will be situated in Tokyo, Japan. To compensate for the
difficulty in making frequent visits to the observatory, the automatic observation system
contains multiple safety systems and current status displays.

In section II, the original systems of each optical instrument and their operation
performance (for the observation of auroras) are described. Section III describes the
FPI-34AUT automatic/remote control system. In section IV, we introduce the analy-
sis software used to calculate the wind velocity and temperature from the observed
fringe image. The last section presents a brief conclusion and the future prospects of
these automated systems.

2. Optical system and their performances

Our optical system was initially introduced by Ishii et al. (1997), but it is worth
describing the present system here because some improvements have been made since
Ishii’s paper was published. These instruments have already been used for some studies
(Ishii et al, 1999; Kosch et al., 2000a, b). We have developed two types of FPIs.
One is a conventional FPI that can scan the sky with a narrow field of view (1.4 degrees,
full angle). This FPI can be directed towards the desired portion of the sky using a
moving mirror system. The other FPI has a wide field of view (140 degrees, full angle);
it can be used to obtain two-dimensional observations of the emissions. The two
instruments are identical, except for their fore-optical systems. The core of each FPI
is a 116mm clear aperture, capacitance-stabilized Fabry-Perot etalon (Queensgate
Instruments, Ltd., U.K.). The nominal etalon gap is 20.49 mm, corresponding to a free
spectral range (FSR) of 9.766 X107 ""m at 630.0nm. The gap can be piczoelectrically
scanned. The reflectivity of the inner surface of the ctalon (R) is 90£2.5% in the
wavelength region between 557.7nm and 850.0 nm (theoretical finess: 29.8). Figure
1(a) shows schematic diagrams of the scanning FPI and the all-sky FPI. The beam
passing through the etalon is separated by a dichroic mirror that reflects emissions
longer than 600 nm and allows shorter wavelength emissions to pass through. With this
mirror and the interference filters, emissions at two different wavelengths can be
simultaneously observed: one at 557.7 nm and the other at either 630.0, 843.0 or 850.5
nm. The wavelength of peak transmission and the full-width at half-maximum
(FWHM) values of these filters are given in Table 1.

System calibration using lasers is often required during observations. To save time
and labor during calibration with automatic observation systems, the laser fringes for
the two channels are simultaneously obtained. Two kinds of laser tubes are used for
the calibration; a He-Ne green laser for the shorter wavelength (wavelength: 543.5nm;
05LGRO235, Melles Griot Ltd.), and a He-Ne red laser is used for the longer wavelength
{wavelength; 632.7nm; 117A-1, Spectra Physics Ltd.). Figure 1(b) shows a sche-
matic diagram of the simultaneous calibration. These laser emissions are merged with
a fiber optics bundle (FBC-2-2-5-B, Fujikura Ltd.) and simultaneously untroduced into
the instrument. Figures 2(a) and (b) are examples of calibrated laser fringes that have
been obtained simultaneously (integration time: 5min33s). The absence of emission
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Fig. 1. (a) Schematic diagrams of Fabry-Perot interferometers developed at the Communications
Research Laboratory; leftside of foreoptics: scanning Fabry-Perot interferometer, rightside
of foreoptics: all-sky Fabry-Perot interferometer.
(b) Schematic diagram of two-channel simultaneous calibration: two different wavelengths
of laser emissions are merged with fiber optics and transmitted to the etalon. The beam is
split by a dichroic mirror, and fringe images of the two beams are produced.

Table 1. The center wavelength and the full width at half~-maximum (FWHM)

of the filters.
Scanning All-sky
Peak wavelength (nm) FWHM (nm) Peak wavelength (nm) FWHM (nm)
557.521 2.0 557.700 1.9
630.841 2.7 630. 664 2.6
843.034 1.0 843,134 1.0

850.496 1.0 850.636 1.1

contamination opposite lasers has been confirmed.

Photon Counting Imagers (PCls, Hamamatsu Photonics Co., V5102UHX (S-20,
S-25)) are employed to detect the fringes of weak emission. The PCI is a 3-stage
proximity-focusing image intensifier with a phosphor screen output. The PCls are
cooled to — 15°C with a Peltier refrigerator to reduce thermal noise, and the heads are
cooled by the circulation of water at a temperature of less than + 15°C.

The enhanced fringe image is optically coupled to a CCD camera with a 512 by 480
pixels matrix. The video signal from the CCD camera is digitized with an A-D



M. Ishii et al.
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Fig. 2. Examples of calibration fringes obtained with two different wavelength laser emissions:
(a) 632.7-nm He-Ne laser and (b) 543.5-nm He-Ne laser.
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(a) laser fringe (632.7nm) with Smin 33s
exposure time, (b) laser fringe (543.5nm) with 5min 335 exposure time, (¢} aurora fringe
(630.0nm) with 2min exposure time, and (d) aurora fringe (557.7nm) with 2min

The first two fringes were simultaneously obtained, as were the last two.
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converter to reduce thermal noise from the PCI and CCD. The digitized video images
(30 frames/s) are accumulated in the image processor to produce an image with a good
signal-to-noise ratio. The accumulation time can be externally adjusted to the intensity
of the incoming light. In addition to the accumulation time, the transfer of data
between the image processor and the computer and the software control of the image
processor require about 10s to save an image. The exposure time for a high §/N ratio
is 1-2 min for aurora and 5 min for airglow; thus, the required time to store the data is
much shorter than the observation time.

Figure 3 shows cross sections of the lasers ((a) and (b)) and observed aurora
fringes ((c¢) and (d)). Each fringe is obtained after summation in the azimuthal
direction. The center of fringes are determined from the center of the laser fringe
measured on that particular night. Figures 3a and 3b show the first-laser images
obtained on Nov. 25, 1998, and Figs. 3¢ and 3d show the first observations obtained on
that same date. The condition of the aurora was quiet when these images were
obtained (auroral luminosity was ~1kR even at OI557.7nm, which usually has an
intensity of more than 01630.0nm). In spite of these weak aurora, the fringe shapes
were not influenced by thermal noise.

Table 2. Summary of the instrument parameters of the Fabry-
Perot interferometers.

Parameter Value

Foreoptics

Field of view Allsky  140° Scanning 1.4°

Etalon (Queensgate Model ET116)

Clear aperture 116 mm
Reflectivity (at 557.7-850.0nm) 0.90+0.025
Theoretical reflective finesse 23.5-40.3
Nominal optical spacing 20.49mm

PCI detector (Hamamatsu Model V5102UHX)(S-20, §-25)

Collecting area 18 ¢ mm
Resolution S-20 20.21line pairs/mm
S-25 25.41 line pairs/mm
Amplification factor (photon counting mode) 10" fi/fc
Quantum efficiency at 557.7 nm 10 %
at 630.0nm 11 %
at 843.0nm 4.7%
at 850.5nm 4.2%
Dark count {0°) S-20 8.2 cps/mm*
S-25 4, 1cps/mm?*

CCD detector (Hamamatsu C3077-02)

Imaging area H 8.8mm vV  6.6mm
Pixel number H 768 V493
Pixel size H 11.0¢m vV 13.0um
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Figure 4 shows the temporal variations in the fringe peak and bottom intensities as
well as the S/N ratio for the cross section of the fringes. The data set is the same as
that used in Fig. 3 (Nov. 25, 1998). The solid and dotted line in the first and third
panels show the intensities of the first peak and the first bottom of the fringes,
respectively. The second and fourth panels show the S/N ratio of the fringes. These
panels show that the SN ratio exceeds 500, even for weak aurora, with a 2 min exposure
time. The other optical parameters are shown in Table 2.

One UNIX workstation is used to control the observation sequence and store the
data images. Figure 5 shows a system diagram of the scanning FP1. The workstation
also controls the stepping motors on the mirrors (for the scanning FPI only), the filter
wheels, the prism turret for introducing the lasers, and the focusing lenses. In addition,
the workstation sends commands to the image processor to integrate the video image
and download the data to hard disk.

A few obstacles must be overcome to have fully automatic/remote control of these
optical instruments. (1) Some devices, especially the PCls, are very fragile, and any
strong light (e.g., sunlight) can damage them. Thus, some kind of protection system is
required. (2) The overall system contains independent electric devices. At the start
of the observation period, some of these devices must be turned on sequentially. For
instance, the water cooler and the dry air compressor should be turned on first; once the
water temperature has decreased to (< +15°C), the PCI power should then be turned
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Fig. 5. System diagram of the optical control unit and the data retrieving unit.
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on. (3) The full size of the fringe image data is large (~half a mega byte for each
image). Since the instruments can measure airglow/aurora emissions with a high
temporal resolution (5min33s for airglow, 1-2min for aurora), a huge set of files is
produced during an observation period. Consequently, the workstation requires a huge
number of hard disks. The present system has an 8 G byte HD that has been parti-
tioned. The automatic system must be able to assign the data sets to appropriate
directories during the daytime.

3. Automatic observation system

The automatic observation system (FPI-34AUT, A.D. Inc.) consists of three parts:
a main control box, a personal computer (PC, Fujitsu, FMV SIV165), and sensors.
The system diagram for FPI-34AUT is shown in Fig. 6.

The start and end times of the observation period are controlled by the PC, and the
observation schedule is written in a file named ‘schedule.txt’. Read/write operations to
this file can be performed from a remote site through the Internet or over a telephone
line. Also, the present observation is shown in a file named ‘status.txt’ that can be
accessed from any distant site.

The main control box contains the power supply switches for the dry air compres-
sor, water cooler, calibration lasers, motor controller, CCD camera, PCI controller and
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Fig. 6. System diagram of the automatic observation system (FPI-34AUT). The workstation, PCI
controller, motor controller, CCD power supply and image processor shown in this figure are
the same as that shown in Fig. 5.
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image processor. When the start time arrives, the main box switches on the power to
these instruments sequentially in the above order. The FPI-34AUT has sensors for
monitoring the temperature and the flow of the cooling water as well as the flow of dry
air. In addition, information on the stability of the He-Ne red laser frequency
(wavelength 632.8 nm), the PCI head temperature, and the voltage from each controller
is directly obtained. The PC checks these parameters and when they satisfy their
criteria, the PC moves on to the next process. These criteria are defined in a setup file
named ‘preference.txt’ on the PC; the operator can edit the file from a remote site even
during observations.

Figure 6 shows the configuration of the software in the PC and workstation. The
software for the automatic observation system is installed in the PC. The modem for
communicating to the remote site is also cennected to the PC. The software for the
motor controller and image processor are installed in the workstation. The obtained
fringe images are also saved on hard disks at the workstation. Some files containing
information on the automatic observations are treated as common files for the PC and
workstation using a software named ‘Samba’ (Blair, 1998). This system allows the PC
and workstation to communicate reliably. The PC rewrites the common files every
10s, and the workstation checks the files to determine the start/end of observations.

Once all the equipment is ready to perform the observations, the workstation
receives information from the status file and starts the observation program. Finally,
two important requirements must be satisfied before automatic FPI observations can be
performed: fragile equipment, such as the PCI, must be protected from strong light, and
the system must be protected against shutdowns in the electric power supply. For the
former requirement, this system has two safety measures. The first is a gate circuit,
which the original PCI controller also had. A photo-multiplier unit monitors the
output intensity of the PCI and if the intensity exceeds the criterion, the unit stops the
power supply to the PCI head for 10s.  After 10s, the system checks the intensity once
again and if the intensity still exceeds the criterion, the system repeats the process. This
system guards against bright light emissions, which can occur quite suddenly. The
other safety feature has a similar function but is not as sensitive. This sensor monitors
the light levels outside the observatory and ensures that the power to the PCI controller
is turned off during the day.

To guard against shutdowns in the electric power supply, our system has two UPS
(Uninterruptible Power Supplys) systems: one for the workstation and the other for the
FPI-34AUT. Short shutdowns do not pose a problem. The UPS maintains the supply
of electricity to the dry air compressor, stabilization laser, PCI, CCD, image processor
and PC. The water cooler and motor controller are not supported because they require
a relatively high power supply and short interruptions in their operation (several
minutes) are not critical. The FPI-34AUT ends the observation period if a relatively
long shutdown occurs (= 10min), and all electric devices except for the dry air
compressor are stopped at the same time. The dry air compressor continues to function
for 1 min after the shutdown to prevent moisture from condensing on the PCI heads.

The operator can change the parameters during observation period. For example,
if the operator finds that the quality of the fringe images is poor, the gain of the PCI or
the focus can be adjusted.
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When the observations are completed, the FPI-34AUT rewrites the status file to the
common directory and switches off all the equipment except for the dry air compressor.
The dry air compressor continues to operate for 20 min after the end of the observation
period. The workstation stops the observation period when it obtains an end signal
from the status file and waits until the start time of the next observation period.

Observation data files are initially saved to a temporary directory on the worksta-
tion. The file management program starts with the “cron” system in UNIX (Sun OS
4.1.4) at noon. The program searches for available space on each disk and moves the
files to a directory that has sufficient space.

4. Determination of wind and temperature in the thermosphere

Figure 7 shows the software used to estimate temperature and wind velocity. The
programs for the first two processes, the determination of the laser fringe’s center and
the calculation of the cross section for the 24 directions, are written with C language.
The remainder of the programs are written with the IDIL. programming language
(Interactive Display Language, version 5.1, Research System Inc.).

The most important part of the analysis is the fitting routine. We use two types of
fitting routines; the first process is a Gaussian fitting to the laser fringe peaks and the
second is a deconvolution of the observation fringe peaks with the instrument function.
The former routine is used in part (a), and the latter one is used in part (b) of Fig. 7.
The Gaussian fitting is important for estimating the shape of the laser fringes and the
effect of the etalon gap drift. The distortion of a laser fringe is estimated from the
spatial variations in the radius of the laser fringe in 24 directions. Observations of the
fringe shapes are adjusted before superposing the cross sections in 24 directions. The
etalon gap drift is estimated from the temporal variation in the radius of one laser fringe.
The temporal drift of the fringe peak is ~1.5 pixels in 7 hours, corresponding to a
velocity of ~100m/s.

One laser image was obtained for every ten observations (every 20 min for aurora
observations and every hour for airglow observations) to remove this artificial effect.

The Gaussian fitting routine was carefully selected to suit our uses. To examine
the performance of the fitting programs, the programs were applied to simulated
Gaussians that were numerically generated from precisely known values of the model
parameters. Here, the fitting performance of the software used in part (a) is shown,
The performance used in part (b) is not shown here because it was examined in Conde
(2000). The fitting program in part (a) uses a gradient-expansion algorithm to
compute a non-linear least squares fit to the Gaussian function with four parameters:
peak position, peak height, peak width and background level. Iterations are performed
until the y-square changes by a specified amount (1.0X 10" ) or until a maximum
number of iterations (= 20) have been performed.

The peak height of the simulated Gaussian is randomly selected from between 72
and 3600. This height corresponds to a 2-min observation of an aurora with various
luminosities. The amplitude of the thermal noise is fixed at 100, which is a typical value
for our instruments. The position and width of the peak position are given as 54 and
5, respectively. The statistical distribution of results that fit these parameters is then
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Fig. 7. Analysis procedure for estimating physical parameters from row fringe data.

considered for a large (10000 elements) set of simulated Gaussians. Figure 8 shows
the calculated error values versus the peak count rate. The peak count rate means the
ratio between the actual peak height and the maximum height (=3600).

We used a scheme described by Conde (2000) to determine the peak and back-
ground emission, the peak position and the temperature of the neutral emission layer.
The instrument function is generated by taking the cross section of the laser fringe
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Fig. 8. Calculated error values versus peak count rate for determining the peak position and width.
The peak height of the simulated Gaussian is randomly assigned a value between 72 and
3600; the amplitude of the random noise is fixed at 100. The statistical distributions of fit
results are considered for a 10000 element set of simulated Gaussians. The peak count
rate represents the ratio between the actual peak count and the maximum count (=3600).

obtained at the first calibration. The scheme of Conde (2000) was designed for the
analysis of backscatter spectra recorded during an atmospheric Doppler lidar experi-
ment and calculates five parameters: temperature, Doppler shift, molecular and aerosol
peaks and background. Since we do not need information regarding aerosol peak, this
value is fixed.

The typical error estimates for the wind velocity and temperature in the OI 630.0
nm fringe image using the above program are ~ =5m/s and £20K, respectively.

5. Concluding remarks and future prospects

We have developed a scanning and an all-sky FPI that utilize an automatic
observation system. This new system makes it possible to control fragile optical
instruments from a remote location. A personal computer controls the observation
period; when the observation period begins, the system switches on the equipment in a
pre-fixed order. Certain sensors monitor the system conditions, such as the cooling
water temperature, the flow of water and air, and the temperature and voltage of the
detectors. Two protection systems have been installed to prevent damage to the fragile
detector

We have also developed a new analysis code to estimate the emission intensity,
line-of-sight wind velocity and temperature. Compared with the performance of our
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previous version, the precision of these parameters has been considerably improved.
We examined the performance of three Gaussian fitting programs and selected the best
one for our use. The program described in Conde (2000) was used to estimate these
physical parameters. The effect of the etalon gap drift was removed using laser
calibration data.

Since the automatic observation system was added to an already existing optical
system, the total system has some areas of redundancy. If necessary, a more compact
version of this system could be established. In addition, cable communication (Inter-
net or telephone line) is presently used to communicate with the system from a remote
location. Once the system is modified for radio communication, a relocatable optical
observatory will become possible, representing a remarkable evolution in optical obser-
vation technology.
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