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The Fabry-Perot Interferometer (FPI) has long been established as a remarkably versatile
high-resolution system for a wide range of spectroscopic purposes. This system screen out
rays with a specific wavelength by letting multiple reflections occur between two glass
plates called etalon. It has been used for estimating wind velocity and temperature in the
mesosphere and the thermosphere which is much difficult to deduce with other observa-
tional methods. We have developed two types of FPI, the all-sky FPI and the scanning FPI
as a part of international cooperative research project between CRL and University of Alas-
ka, Fairbanks.

After several operations in Japan for improving total systems, we installed these instru-
ments in Alaska. The scanning FPI, installed in the Poker Flat Research Range, is used for
vertical wind feature in the vicinity of aurora. The all-sky FPI, installed at the Eagle observa-
tory, is used for ionosphere - thermosphere coupling study with cooperative observations
with HF-radar.

We have developed an automatic observation system for operating the instrument and
data analyzing software for retrieving parameters with high precisions.
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progress in the investigation of the amount of
solar energy supplied to the Earth’s atmos-

1 The Significance of Neutral-
Wind and Temperature Obser-
vations in the Thermosphere phere via these particles.

Using Fabry-Perot Interferome- Energy is also known to be supplied to the
ters mesosphere and the lower thermosphere from

below. At the boundary layer of the mesos-

Charged particles originating from the sun phere and the lower thermosphere (a boundary

undergo complex interactions with the magne-
tosphere surrounding the Earth before reacting
with the atmosphere at both poles, creating
dynamic electromagnetic effects, such as auro-
ral activity. The energies of these particles are
eventually supplied to the neutral particles in
the thermosphere and mesosphere as light,
heat, or kinetic energy. Although models of
this systempajrzjexist in individual casesizj,
there has been little observation and scant

referred to as the “mesopause”) located at an
atitude of approximately 85 km, the horizon-
tal wind speed becomes nearly zero, and the
rotation of this layer is nearly synchronous
with the ground surface. This is a strange
phenomena, considering that horizontal winds
of velocities exceeding 50 m/s are constantly
present between the ground and the
mesopause. Presently, this phenomenon is
explained in terms of the breaking of gravity
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waves propagating from below4). However, a
guantitative investigation of this mechanism
through wide, long-term observation has yet to
be undertaken.

Climate changes such as those associated
with global warming are thought to be related
to this energy balance in the mesosphere and
thermosphere, the importance of which is
becoming increasingly recognized. However,
direct observation of this region using satel-
lites or radiosonde is difficult; remote sensing
using radio waves and light is considered to be
more effective in continuous observation of
thisregion.

The ultra upper atmosphere constantly
emits a faint light, both during the day and at
night. This emission is caused by photoion-
ization and photodissociation by sunlight and
by the collisions between the particles them-
selves. This phenomenon, known as “air-
glow”, consists of light at a specific wave-
length. When this emission is measured at
highly precise wavelength resolutions, the
velocity of the radial motion of the air (i.e.,
the wind) producing the glow can be deduced
from the shift between predicted and observed
wavelengths, and the temperature of the air
can be estimated from the spectral wavelength
width. Auroras seen in polar regions are pro-
duced by the excitation of the atmosphere by
precipitation of high-energy particles from the
solar wind along the magnetic line of force of
the Earth. Although the mechanism of lumi-
nance differs between the aurora and the air-
glow, common spectrometric methods may be
used to observe both phenomena, as they both
represent atmospheric emissions at a specific
wavelength.

As part of a cooperative research project
with the University of Alaska Fairbanks
(UAF), the Communications Research Labo-
ratory (CRL) has developed the Fabry-Perot
interferometers (FPI). These instruments use
a pair of glass plates in a configuration
referred to as an “etalon” to cause multiple
reflections and interference patterns of light in
order to screen out rays of a specific wave-
length with extremely high resolution. One of

the goal of the Alaska Project is to conduct an
study of the interaction of the ionosphere and
thermosphere in the polar regions; in this con-
text optical observation using FPI is expected
to provide a valuable means of understanding
thermospheric dynamics.

In this paper, the principles of FPI obser-
vation and the FPI program developed by the
CRL (CRLFPI) will be presented, as well as
some of the results of observations using this
FPI.

2 Principles of Observation with a
Fabry-Perot Interferometer

Schematic diagram of etalon
Light rays entering from the upper left
undergo multiple reflections between two
mirrors facing each other and create inter-
ference as they exit at the right.

Fig.1 shows a schematic diagram of the
optical device known as the etalon, which
forms the core element of the Fabry-Perot
interferometer. Two glass plates with mir-
rored surfaces specially coated to produce a
reflectance of approximately 90% are placed
facing each other, in a precisely parale posi-
tion set using piezo actuators or high-precision
screw heads. Asshown in Fig. 1, when light
enters the two parallel glass plates (refractive
index n', where n' > n) placed a distance d
apart in a medium with arefractive index of n
at an incidence angle ofo, the optical-path
difference is CD-n = AE-n', which can be
expressed as AB + BC = 2ndcoso . For light
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with wavelength) , the phase differenceg
between the primary (reflected O times) and
secondary (reflected once) emerging light can
be expressed as

¢ =2mn/A *2ndcos® =4mndcosB®/ A D

Here, the distance is normalized to the
amplitude of the incidence angle. When the
amplitude transmittance of the reflective
membrane of the etalon plate is t, the ampli-
tude reflectance is r-exp(ix ), and the phase
change upon reflection isx . Therefore, the
amplitude of the light ejected from the inter-
ferometert can be expressed as

= 4+ explip)l * expli0) +Er - explin) + exp(2ig)+ <+
£4(1 - rexp(i( $ +22) @)

“
|

If the intensity transmittance of the reflec-
tor membrane of the etalon plate is T, and the
intensity reflectance is R, then T =2, R = r2
Wheng =¢ + 2 ,

T=T/KI-R * exp(i6)) ?)

Since the intensity transmittance of the
entire etalon Trp can be expressed as the
square of the absolute amplitude transmit-
tance, or Trp =171 *,

Tep =T%/(1 + R* -2Rcosd) 4

When the light reflected from both plates
isin phase, or wheng =2mm (m=0,+ 1, + 2,
...), the intensity transmittance of light will be
maximum (Tre = 1), and whens = (2m + 1)1t ,
Tee will be minimum. If the surface area of
the light source is sufficiently large, then the
parts illuminated on the focal plane at maxi-
mum transmittance will form concentric ring
patterns, as shown in Fig.2. These rings are
called fringes, and their intensity cross-section
follows the function given by Equation (4),
known as the Airy function.

Equation (4) is a function of § , so it will
be converted into afunction of distance afrom
the center or the fringe, which will actually
appear on the CCD camera. By Taylor expan-
sion of Equation (1), we obtain

{ L) MNFLL D G R SRR ) 1
An example of a laser fringe actually

observed by the CRLFPI (wavelength

623.7 nm; infegrated 10,000 times)

¢=i@3€{(l_@_’+9‘1_] ©)

Whene E- 0, theno E- tane = a/f. Using this
relationship, we obtain

_ Amnd _ a’ at B
¢= i (1 2f’+24f4 J (6)

where a is the distance from the fringe center
and f is the focal distance form the focus lens.
Since a << f, the third term can be ignored.
Inserting this result into Equation (4), we
obtain

T2

T = )
2
1+R2-2Rcos[4’:’d[1— a J”Z]

2f*

If the air emitting the observed airglow is
moving in the radial direction, the Doppler
effect will shift the wavelength) of the air-
glow, and thisin turn will shift the peak posi-
tion of the fringe. Further, an increase in the
air temperature will cause the width of the
fringe to increase. Therefore, information
about the wind speed and air temperature can
be obtained by calculating the changes in the
fringe position and width based on the stan-
dard position and width.
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Fig.3 shows the relationship between the
wavelength of the incident light and the fringe
peak position, when the etalon gap d = 20.49
mm, space permeabilityy = 4ntx 107, and f =
0.6 m. The right vertical axis represents the
motion of the luminescent body (in this case,
wind speed) calculated from the Doppler shift
at an incident wavelength of 557.7 nm. This
presentation, using a as the parameter, is
called the R-space. However, the relationship
presented here is not linear; in other words, as
the fringe radius increases, the change caused
by the same wind speed will be smaller. A lin-
ear relation can be obtained by using & as the
parameter instead of a, as in Fig. 4, which
shows the relationship between the wave-
length of the incident light and the fringe peak
position. The parameters and vertical axis are
the same asthosein Fig.3.

[km/s]

Wnd Velacity

i7[e )k Correlation between the wavelength
of the incident light and the position
of the fringe peak in R-space

The horizontal and vertical axes represent
fringe radius and wavelength, respectively.
Here, the etalon gap is set asd = 20.49 nm,
space permeabilitypy = 4nx 107, and f =
0.6 m. The right vertical axis represents
the motion of the luminescent body (in this
case, wind speed) calculated from the
Doppler shift at an incident wavelength of
557.7 nm.

When detecting the temperature, the fringe
cross-section of the laser is used to determine
the instrumental function. If we assume that
the wavelength of the laser beam is ideally
uniform, the spectral width of the laser will
not be affected by temperature, and so the
measured airglow can be considered to have
been emitted from air at a temperature of 0°K.
The fringe pattern created by alaser beam can

iZ[e N Correlation between the wavelength
of the incident light and the position
of the fringe peak in X-space

Notation isthe same asin Fig.3.

be represented by Equation (7); this pattern is
dependent only on instrumental parameters.
In comparison, observations of actual airglows
will reveal temperature-dependent spectral
widths, and so the fringe patterns will repre-
sent a convolution of the temperature distribu-
tion and the instrumental functions. Thus, the
atmospheric temperature will be able to be
determined by deconvolution of the airglow
fringe using the instrumental functions.

Equation (7) represents an instrumental
function for an ideal etalon. With actual
etalons, factors such as microscopic defects of
the mirror surface, imperfections in flatness,
and finite etalon diameter must be taken into
consideration. The spatial resolution of the
detector is also an important factor.

Segsjandieifor more details on the theory
of Fabry-Perot interferometers.

3 Scheme of the CRLFPI

3.1 Optical System

There are currently two types of Fabry-
Perot interferometers: the scanning FPI and
the all-sky FPI, categorized based on their
respective pre-optical systems (preceding the
etalon). Scanning FPI has been in use for a
long time, to perform observations of a rela-
tively limited region of the sky using mirrors
and the like. The al-sky FPI uses a fish-eye
lens to make observations of the entire sky at
once. One model of each type was devel oped
for the CRLFPI for the purpose of performing
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measurements of thermospheric dynamics in
the vicinity of auroras with large temporal
variations. Fig.5 represents a schematic dia-
gram of the CRLFPI optical system. (For
details on the instruments, seef7iandis).)

Scanning FPI All-sky FPI
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Left: scanning FPI; Right: all-sky FPI.
Rear optical systems (positioned behind
the etalon) are common.

-
—
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Since airglows feature extremely low
luminous energy, their signals must be multi-
plied electronically. In contrast, auroras fea-
ture relatively high levels of luminous energy,
but they are also subject to marked temporal
variations, and so a high temporal resolution is
required during observation. Therefore, the
CRLFPI uses a Photon Counting Imager (PHI;
Hamamatsu Photonics K.K.) for multiplica-
tion.

One of the characteristic of the CRLFPI is
that it uses dichroic mirrors to perform simul-
taneous observations at two wavelengths,
which means that it is capable of making

observations of wind speed and temperature
simultaneously, at altitudes corresponding to
two different airglow regions.

Generally, airglow is observed with an FPI
using the atomic oxygen line at 557.7 nm and
630.0 nm. In recent years, improvements in
detector sensitivity have made it possible to
observe OH emissions (at 843.0 nm, for exam-
ple). Measurements at wavelengths of 557.7
nm (with a peak altitude at approx. 95 km for
airglow and at approx. 110 km for auroras)
and 843.0 nm (approx. 86 km) are effective
for estimation of the wind velocity and tem-
perature in the lower thermosphere and
mesosphere, and measurement at 630.0 nm
(approx. 250 km) is effective for the F region
in the ionosphere, located above.

The CRLFPI has been moved to Alaska,
U.S., along with various control systems,
which will be discussed in later sections. The
scanning FPI has been installed at the Poker
Flat Research Range of the UAF (65.12°N
147.43°W), and the all-sky FPI has been
installed at the Eagle Observatory (64.78°N
141.16°W).

3.2 Data Retrieval System

Fig.6 represents a schematic diagram of
the CRLFPI systems (other than the optical
system), consisting of the data-processing sys-
tem for the acquisition of fringe images as
digital data and their storage within worksta-
tions, a drive/control system for the motors, a
housekeeping system to maintain the required
observation conditions, and an automatic
observation system for conducting continuous,
long-term, unmanned observations lasting sev-
eral months.

The data-retrieval system consists of a
CCD camera (Hamamatsu Photonics
VH5200), an image processor (Image Systems
Co., Ltd.), and a workstation to control image
retrieval and data storage (Sun Microsystems,
Inc.). The CCD camera acquires images at a
video rate of 30 images/sec., and sends them
to the image processor, where A/D conversion
is performed, along with integration. The
threshold and the number of images integrated

ISHII Mamoru et al. 177



Data Ritrieve flow

e e e Communication/Control

House keeping

Automatic Observation

Calibration Laser

Automatic Obsevation
System Controller

Network

Work Station

eaimine o ==
i G e atiabnieul ) [ Pl g L ey | Ciideeige bl | Motor Ctrl.
= e h ral e T RIS S Location of | Image Proc. Ctrl.
Prism Software Data Saving
Turlet e = 1 Samba
! O E Modem Cntl. | Schedule.txt
Etalon Temperature | | Aot Preference.txt
Controller |__ _____ L Obs.-Catl ! Status.log
LI . . '
ol s s e Etalon ! y  Compressor | (software) ! Shutdownlog
M e S
: : | l r — ..’ L J
/ : E ! | ! ; Zisih I|  Image Process
B | i | | | Monitor
Focus —=——_MW-_"7° :.:.:_ TR ™ | ™ (- |

Light Sensor

CCD Monitor

S _i_n CCD power supply

Image Processor

Schematic diagram of the CRLFPI systems (other than the opftical system)

The instruments shown in red, green, black, and pink represent the data-retrieval, drive/control, house-
keeping, and automatic observation systems, respectively.

in the A/D conversion are set within the work-
station environment. The integrated digital
images are then sent to the workstation, where
they are stored. The data size for a single
channel is approximately 492 KB for a binary
image of 512x 480 pixels at 16 bits/pixel and
a header of 128 bytes. Normally, observation
is performed using two channels, in which
case the header will be shared, so the data size
will be approximately 983 KB. The observa
tion time will depend upon the brightness of
the airglow and the performance of the optical
system, but is has been empirically confirmed
that for auroras, an integration of two minutes
will produce a sufficiently high S/N ratio in
terms of analysis. In cases of observations
where luminance is insufficient, it is possible
to improve the SIN ratio through digital sum-
ming of multiple images.

In the Alaska Project, a data-archiving sys-
tem (the SALMON system) is being devel-
oped for automatic data transfer from the
observation site to the Koganei campus of
CRL, as well as for automatic data analysis
and publication. Transfer of CRLFPI observa-
tion data is currently effected through this
SALMON system.

3.3 Drive/Control System and House-
keeping System

Step motors (Mellec Co. Ltd.) are used to
adjust the mirror of the scanning FPI, the
prism turret that guides the laser for calibra-
tion, the wavelength filter turret for acquisi-
tion of each channel, and the focus of the
CCD camera. These parameters and
sequences are controlled by the same worksta-
tion used for the image-retrieval system.
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The housekeeping system consists of (1) a
thermal-control unit to suppress temporal vari-
ations in the etalon gap, (2) a cooling-water
circulation unit to cool the PCI, and (3) a dry-
air circulation unit to prevent condensation on
the PCI head. The temperature is constantly
kept at 40° C by (1), with heaters and thermo-
stats. Unit (2) is controlled by the automatic
observation system described in the next sec-
tion.

3.4 Automatic Observation System

The basic principle of the automatic obser-
vation system is to manage the observation
schedule with the PC by starting up the house-
keeping system and the calibration lasers in
the designated order at startup, and by shutting
them down at the end of the observation peri-
od. This information is transmitted to the
workstation as soon as the PC is ready for
observation, and upon receiving the message,
the workstation starts up the control programs
for the drive/control system and the image-
retrieval systemsto begin data acquisition. At
the end of observation, a message is sent from
the PC to place the program in standby mode.

The reason behind this complex system
lies in the fact that the automatic observation
system was a later addition to a system origi-
nally designed for manual observation.
Improvements are being made to ssimplify the
system and to upgrade it into a more fool proof
system. The new system, slated for imple-
mentation in the spring of 2003, will perform
data retrieval, drive/control, and automatic
observation from asingle PC.

3.5 Data Analysis Software

The wind speed is determined from the
change in fringe radius, assuming that the
speed changes uniformly across the entire
coverage in the scanning FPI observation.
The S/N ratio can be improved by integrating
once along the fringe circumference. Howev-
er, slight imperfections in the installation of
the optical systems may cause the fringe to
deviate from a perfect circle. In such a case,
corrections are made by referring to the shape

of the laser fringe before integration. This
procedure is significantly more important for
temperature estimations. When integration is
performed without such correction, the fringe
will have a wider form, resulting in estima-
tions of higher-than-actual temperatures.

With all-sky FPI observation, each part of
the fringe contains information concerning the
wind and temperature for corresponding
regions of the entire sky. In our analysis, to
estimate the wind speed and temperature, each
fringe is divided into 24 sectors with a center
angle of 15e.

For both scanning and all-sky FPI obser-
vations, a standard reference point for a zero
wind speed is required to calculate the
absolute wind speed. Suggested methods for
setting such a reference point include: (1) the
use of data from cloudy days, when airglow is
considered to be sufficiently affected by Mie
scatteringr1oi; (2) using the mean value of a
single nighttime observation[i1ifa2]; or (3)
performing fringe order conversion from laser
fringes. Each of these methods has its advan-
tages and drawbacks, and at present, there is
no definitive method for the establishment of a
standard reference point. Our present analy-
sis adopts method (2).

Fig.7 shows the flow of the analysis soft-
ware. This program performs automatic pro-
cessing for the procedures listed above. This
system is presently incorporated into
SALMON and is set to perform a fully auto-
matic analysis.

4 Example of Analysis

4.1 Thermospheric Vertical Winds in
the Polar Regions

Vertical winds in the thermosphere in
auroral zones with velocities sometimes
exceeding 100 m/s, defying traditional predic-
tions, have been observed and have begun to
receive wide attention in recent yearsi13j.
Since vertical winds cause changes in the
transfer of kinetic momentum and composi-
tional structure of the atmosphere, they may
significantly affect our understanding of the
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structure of the thermospherer1z).

The data presented here were collected
from observations using the scanning CRLFPI
at Poker Flat, Alaska, during the period from
Oct. 1998 to Feb. 1999. The visible atomic
oxygen emissions from the thermosphere (at
557.7 nm and 630.0 nm) were observed at a
temporal resolution of two minutes. The auro-
ral-luminance data in the geomagnetic N-S
direction collected using the meridian scan-
ning photometer (MSP) of UAF were treated
as simultaneously observed data.

Fig.8 shows selected results. The horizon-
tal and the vertical axis represent the elevation
angle from the observation site and the inten-
sity of the auroral luminosity at 557.7 nm,
respectively. The auroral distribution during
upward and downward winds observed by the
CRLFPI differed significantly from the aver-
age of the entire data set. It was found that
auroral luminosity decreases at the zenith and
toward the pole during upward winds and
increase toward the pole and decrease toward
the equator during downward winds. This
suggests the possibility that the wind system
may change as a function of the position of the
aurora12].

Auroral Distribution of Vertical Wind [$57.7nm]
! L [— T

Upward Wi

[R]

intensity

50 100 150
North<== Scan Angle [deg] —->South

Fig.8 Correlation between the vertical wind
and auroral position (stafistical distri-
bution)

Data are for 88 clear, nighttime skies
between Sept. 1998 and Feb. 1999. Solid
and dotted lines represent auroral distribu-
tions observed using the meridian scan-
ning photometer (MSP) at the University
of Alaska Fairbanks during observation of
upward and downward winds, respective-
ly. The dashed line and shaded area show
the averages and the standard deviations of
the aurora distribution on the hour for the
same data set.

4.2 Interactions between lonized and
Neutral Particles

Above 100 km in the polar regions, there
is a complex exchange of kinetic momentum
between ionized and neutral atmospheres. In
this region, a horizontal circulation of plasma
is driven by the momentum of the high-speed
plasma from the sun. Plasma constitutes only
a small percentage (approximately 1%) of the
atmosphere at an atitude of 250 km and con-
stitutes approximately 0.01% at an altitude of
100 km. However, when a stable plasma flow
persists for a certain amount of time, neutral
winds are known to be driven by the ion drag.
In addition, when there is a sudden change in
the plasma flow (such as in a reversal of the
interplanetary magnetic field), the delay in the
motion of the neutral atmosphere causes a col-
lision between the plasma and neutral winds,
resulting in the generation of heat (the fly-
wheel effect)[14].

Fig.9 shows the velocity vectors of neutral
and ionized atmosphere observed simultane-
ously using the CRLFPI and the HF radar of
the UAF and the University of Saskatchewan
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Blue: Thermosphere vertical winds in the F region observed with CRLFPI; Red: Motions of the plasma
flows observed with the HF radar at the University of Alaska Fairbanks and the University of

Saskatchewan.

on Nov. 24, 2000. At 06:34 UT, neutral
winds (blue) and plasma flow (red) featured
vectors pointing to the west and northwest,
respectively, but at 07:00 UT, the plasma flow
began to accelerate in a stable manner in the
northwest direction. In response to this accel-
eration, the neutral winds gradually began to
shift to the northwest, picking up speed. At
08:46 UT, the speed of the plasma flow was
300 m/s, and the neutral winds had achieved a

speed of nearly 180 m/s.

Conclusions

Development of the CRLFPI commenced
in 1993, and after numerous collaborative
observations in Japan, it was instaled in Alas-
kain Sept. 1998 to begin continuous automat-
iC observation.

The Fabry-Perot interferometer is general-
ly considered to be an extremely difficult
instrument to handle, due to the susceptibility
of the etalon to temperature changes of the
surrounding air, the susceptibility to damage
of the PCI even at normal levels of visible
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light, and other difficulties. The observation
site selected must feature minimal artificial
light, and specific measures to prevent dust
and condensation on the various electronic
devices are required. In this context, our
efforts to develop a system for long-term auto-
matic observation and to create software to
retrieve wind-speed and temperature informa:
tion may prove quite useful. In particular,
satellite-borne Fabry-Perot interferometers
such as the DE-2 (launched in 1981) have pro-
duced impressive results, and recent years
have seen the development of more advanced
instruments (such as UARS and TIMED).
Regrettably, a satellite-borne FPI has yet to be
developed in Japan, but we believe that with
the progress of meteorological research, the
significance of mesospheric and thermospher-
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