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Abstract⎯A PZT type telescope for observations of gravity gradient and lunar rotation was developed, and a
Bread Board Model (BBM) for ground experiments was completed. Some developments were made for the
BBM such as a tripod with attitude control system, a stable mercury pool and a method for collecting the
effects of vibrations. Laboratory experiments and field observations were performed from August to September of 2014, in order to check the entire system of the telescope and the software, and the results were compared to the centroid experiments which pursue the best accuracy of determination of the center of star images
with a simple optical system. It was also investigated how the vibrations of mercury surface affect the centroid
position on Charge Coupled Device (CCD). The results of the experiments showed that the effects of vibrations are almost common to stars in the same view, and they can be corrected by removing mean variation of
the stars; and that the vibration of mercury surface can cause errors in centroid as large as 0.2 arcsec; and that
there is a strong correlation between the Standard Deviation (SD) of variation of the centroid position and
signal to noise ratio (SNR) of star images. It is likely that the accuracy of one (1) milli arcsecond is possible
if SNR is high enough and the effects of vibrations are corrected.
DOI: 10.1134/S207510871704006X

INTRODUCTION
Photographic Zenith Tube (PZT) is a kind of positioning telescope which was developed more than
100 years ago, and it can observe not only latitude but
longitude because it measures both zenith distance
and hour angle of stars when they pass the meridian
near the zenith. Thus, the PZT had long been used for
observations of Earth rotation as one of major telescopes in the International Latitude Service (ILS) and
the International polar motion service (IPMS) [1]. It
was looked at again after Charge Coupled Device
(CCD) was used as a sensor instead of a photographic
plate. Hirt and Bürki [2] developed a transportable
digital zenith camera which is similar to the PZT for
automated determination of deflection of the vertical
(DOV), and attained the accuracy of 0.1 to 0.15 arc
seconds in field observations. This accuracy is comparable to that of the Earth rotation with stationary large
PZTs [1]. It was also shown that PZT could be applied

to field observations by taking the advantage of tilt
compensation mechanism.
The latitude ψ and longitude λ components of
DOV (ξ, η) are obtained by differentiating geoidal
height (Ng) as,

ξ = −(1 r )(∂ N g ∂ψ),

(1)

η = −(1 r cos ψ)(∂ N g ∂λ),

(2)

with geographical latitude ψ [3]. These equations
show that the geoidal height can be obtained from the
DOV, and vice versa. Li et al [4] succeeded in detecting the variation of DOV in Beijing with the accuracy
better than 0.05 arcseconds from the gravity surveys
made at the network along the area. On the contrary,
it is easy to imagine that we can detect gravity change
by DOV observations if the accuracy is high enough.
On the other hand, observation of lunar rotation
using a telescope like PZT set on the Moon was pro-
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Fig. 2. Optical system of the telescope. (1) objective,
(2) mercury surface, (3) prism, (4) CCD.

Fig. 1. BBM of the telescope like PZT.

posed by RISE (Research In SElenodesy) project of
the National Astronomical Observatory (NAOJ) [5].
This is another kind of new observation independent
of Lunar Laser Ranging (LLR). It was expected from
simulations that parameters of lunar rotational fluctuations could be determined with 1.0 milli-arcseconds
(mas) accuracy from observations for longer than one
year with 1.0 mas accuracy [6]. It can contribute to the
study of partial melting zone or a liquid core inside the
Moon, since the libration parameters related to dissipation in the lunar deep interior have an amplitude of
at most a few mas [7].
The authors of this paper have been developing a
telescope like PZT for about 10 years aiming at the
improvement of observations accuracy. At first, a
Bread Board Model (BBM) was constructed, and
basic experiments were carried out in laboratory in
order to confirm the operation of driving mechanism;
also, ray tracing simulations were done to find out the
optical characteristics of the telescope [8]. Then, some
laboratory experiments were performed to pursue the
best accuracy of positioning, and after that observations on the ground were conducted to confirm the
accuracy for the real stars. Part of the experiments
have already been reported [9]. The results of the
experiments were re-analyzed, especially on the vibration of mercury surface, and the accuracy of several
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kinds of experiments were re-evaluated uniformly
here.
DEVELOPMENT OF THE TELESCOPE
The telescope like PZT under development is a
small one with 10 cm caliber and 1.0 m focal length as
shown in Fig. 1. The length of the tube is about half a
meter because incident rays are reflected at the mercury surface set at the middle point of the focal length,
which is a characteristic feature of PZT (Fig. 2).
Expected major technological issues were:
(1) how to avoid tilt of the tube caused by temperature variation;
(2) how to improve centroid accuracy;
(3) how to avoid shift of stellar positions caused by
temperature changes;
(4) how to avoid the effect of vibrations of the telescope and the mercury surface upon the stellar position;
(5) how to keep the mercury surface clean for a long
time.
In addition, some issues were considered specially
for observations on the Moon:
(6) how to normally operate a driving mechanism
of the tube under vacuum and dusty conditions,

306

HANADA et al.

Radiation
Sunlight
°C

Nightside
104 K

100.14
90.08
92.01
87.05
83.88
79.82
75.75
75.75
71.69
67.62
63.56
59.49
55.43
51.36
47.30
43.23
39.17
35.10
31.04
26.93
22.91
18.85
14.78
10.72
6.65
2.59
–1.48
–5.54
–9.61
–13.67
–17.74
–21.80
–25.87
–29.93

Dayside
390 K

Sunlight

Fig. 3. Thermal model of telescope on the Moon for analyses (upper left) and temperature distribution on the tube under MLI
(lower right). The telescope is composed of the tube (CFRP with thermal conductivity of 5 W/m/K, specific heat of 1.256 J/g/K,
weight of 5.120 g, heat capacity of 6.543 J/K, and density of 1.6 g/cm3), objective lens (0.95 W/m/K, 0.838 J/g/K, 3.750 g,
3.140 J/K, 2.5 g/cm3), and MLI (absorption coefficient 0.8 and effective emissivity 0.6) [10]

(7) how to steadily set the telescope on the lunar
regolith.
The existing and possible solutions of these issues
are described in this paper.
(1) It is anticipated that the tube may incline due to
asymmetric thermal expansion under solar radiation
from a certain direction, which can shift the star position on CCD if the inclination is not very small. PZT
can compensate the effect of tilt making use of a mercury pool set at the middle point of the focal length.
The light falling vertically always focuses into an image
at the same position on a CCD even if the tube rotates,
since the mercury surface is always a level. The tilt of
80 arcseconds is allowed for the positioning accuracy
of 1.0 mas, according to ray tracing simulations.
Noda [10] conducted thermal analyses of a cylindrical tube made of a material with low coefficient of
expansion, Carbon Fiber Reinforced Plastics
(CFRP), installed vertically on the lunar surface,
using the thermal analysis software TAS (Thermal
Analysis System). One side of the tube is lit up horizontally by the sun. As a result, the temperature distribution was almost axially symmetric, namely there
was a small temperature difference between opposite
sides of the tube, if it was coated with Multi-Layer
Insulations (MLI) (Fig. 3). This tendency was also
confirmed by thermal vacuum tests using a smaller
tube of CFRP with a diameter of 80 mm and a height
of 300 mm (Fig. 4) [11]. We can expect that the tube

on the moon hardly inclines to more than than 80
arcseconds under the sunlight.
(2) Centroid experiments were performed to pursue the accuracy in determination of central position
of stellar images in cooperation with JASMINE
(Japan Astrometry Satellite Mission for INfrared
Exploration) project of NAOJ, and an accuracy of
about 1/300 of pixel size was attained. Centroid estimation was done using the algorithm which regards
the difference between the calculated and the real cen-

Fig. 4. A tube for thermal test in a vaccum chamber [11].
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Fig. 5. Device for the centroid experiments. There are a CCD camera, an objective, and a pinhole plate in front, installed on the
optical rail.

ters of a star image depending on the coordinate of
CCD [12].
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(3) Temperature changes can deform optical
devices themselves, as well as the structural elements
of the telescope, such as the tube. It is expected that
the temperature changes by about 50 K with the period
of about 27 days even near the pole, while the temperature difference is up to about 300 K in low latitude
area on the Moon. Ray tracing simulations are appropriate to study the deforming effect of temperature
changes. Kashima et al. [13] proposed to adopt Diffractive Optical Elements (DOE) for the objective lens
of the telescope in order to reduce the effect of temperature changes. Optical characteristics of DOE are
determined by diffraction gratings rather than the
radius of curvature, and it is possible to reduce the
effect of temperature change by adopting the materials
with low coefficient of temperature expansion or low
coefficient of refractive index, without changing the
optical characteristics. According to the simulations,
the objective lens with DOE seems to reduce the effect
of temperature change to about one fifth compared to
that with conventional lens, and the temperature
change of up to about 10 degrees is allowed as the
result. (Fig. 6) [14].

21
Temperature, °C

25
30
Temperature, °C

Fig. 6. Relations between temperature change and shift of
the central position of a stellar image for conventional lens
(upper) and DOE (lower). Shaded areas indicate the range
where the shift is less than 1.0 mas [14].
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It might be difficult to attain such an accuracy in
field observations using the telescope, since there are
more disturbing factors than in the centroid experiments, such as atmospheric turbulence, ground vibrations, vibration of mercury pool, and temperature
fluctuations. The configuration of the centroid experiment, on the other hand, is simple consisting of only
a CCD camera, an objective lens and a light source (a
pinhole plate) as shown in Fig. 5. The results of laboratory experiments were compared to those of the field
observations using the telescope with the centroid
experiments as a reference.
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Fig. 7. Variation of surface accuracy of mercury pools 0.5
and 1.0 mm deep in various tilts. PV⎯peak to valley;
rms⎯root mean square.

If there is a certain number of stars in a field of
view, on the other hand, it is possible to distinguish the
special pattern of the shift of stellar images due to uniform or axial symmetric temperature changes, and to
correct for them [8].
(4) Mercury pool is where the vibrations are most
easily generated among the parts related to the telescope. It is important to develop a mercury pool which
is hardly affected by vibrations, or where resonance
hardly occurs, for highly accurate observations. A
mercury pool usually has a shallow base with a nearly
triangular cross section, because shallower conical
base attenuates surface waves faster, and because triangular cross-section has longer natural period compared to rectangular cross-section with the same maximum depth [15]. Longer natural period narrows the
frequency range of external vibrations which can
induce the vibration of the mercury pool surface,
because only external vibration with a frequency longer than the natural period can excite the vibrations.
The base with triangular cross-section is also preferable because it requires less amount of mercury. The
optimum diameter and the depth for respective telescope is to be chosen.
The diameter necessary for the mercury pool is
determined considering caliber, field of view and
inside diameter of the tube. Since the telescope
described here has the caliber of 100 mm, the field of
view of 0.5 degrees and the inside diameter of 100 mm,
the diameter of the mercury pool should be larger than
80 mm; it was decided to choose the diameter of
84 mm considering the inside diameter [16].
Concerning the depth, on the other hand, three
kinds of mercury pool with the depths of 0.25, 0.5 and
1.0 mm, respectively, were chosen for comparing the
performance. Mercury pool with the depth of shallower than 0.25 mm or deeper than 1.0 mm was not
practical because the former was hardly spread over
the entire area, and the latter always looked rippled.
Surface accuracy of the mercury pools was measured
with Zygo interferometer (GPI-XP) at Advanced

Fig. 8. Cross-section (upper) and photo (lower) of the
mercury pool used for the BBM of the telescope [17].

Technology Center of NAOJ for the tilt range from 270 to 270 arcseconds. In comparison between the
mercury pools 0.5 and 1.0 mm deep, the former was
more stable and better in surface accuracy in the case
of no tilt (0.53 λ PV and 0.09 λ rms for 0.5 mm depth
and 1.63 λ PV and 0.11 λ rms for 1.0 mm depth).
Regarding the comparison between the depths of 0.5
and 0.25 mm, on the other hand, the former was better
than the latter in terms of stability, although the difference in surface accuracy was not very large as shown in
Fig. 7. Therefore, the mercury pool with the diameter
of 84 mm and the depth of 0.5 mm was adopted for the
experiments and the observations for the time being
[16]. The effect of vibrations of the mercury surface
induced by ground vibrations will be evaluated in the
laboratory experiments described later in this paper. A
method for correcting the effect of vibrations is also
proposed.
(5) Mercury is easy to react or be contaminated
with metals and air. It is important to keep the mercury surface clean for a long time. Tsuruta et al. [17]
developed a mercury pool as shown in Fig. 8. Mercury
is sealed in a vacuum container (stainless steel) with an
optical window in order to maintain a certain pressure
against vacuum lunar environment, and the mercury
contacts only the base plate made of copper amalgam.
There is a ring around the mercury which prevents its
spill. The surface is kept in good condition for at least
several days.
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operates normally even in vacuum. The driving mechanism was operated periodically for 91 hours in vacuum, with a kind of a flywheel instead of the tube
attached to the top of the axis of the reduction gear
(Fig. 9). The maximum rotation speed was about
3.6 degrees/s, which was faster than in the observation
mode on the Moon. After the experiments, there was
no problem in rotation angles of the motor, power
consumption, and temperature of the components.

Fig. 9. Test module of the driving mechanism in a vacuum
chamber.

(6) The tube of the telescope is kept vertical by an
attitude controller composed of two sets of motors
with reduction gears, a frame with a tripod, a twocomponent tilt meter and a computer. The error of
verticality is within 0.001 degrees (3.6 arcseconds)
depending on the resolution of the tilt meter [8]. Taniguchi [18] performed vacuum test of the driving
mechanism in order to confirm that the mechanism

(7) It is anticipated that the telescope set on the
lunar regolith subsides after landing because the lunar
regolith is not a hard rock but light and loose powders.
Tsuruta [19] tested the subsidence of an object similar
to a telescope on the lunar regolith after landing, using
regolith simulant and a falling object. Two kinds of
falling objects (one is 196 g in weight and 5 cm in
diameter, and the other one is 226 g and 2 cm) were
used in the experiments, and the subsidence after falling from the height of 20 cm was measured by a laser
interferometer (5526A, Keysight). The falling objects
were selected with the dimensions and weight proportionate to those of the telescope on the Moon, by
applying the law of similarity. The objects subsided to
maximum several tens of microns just after landing,
and stopped subsiding a few hours later (Fig. 10).

Laser
interferometer
Dropping
mechaism

Laser
interferometer

Regolith
simulant

Regolith
simulant

Falling object
Fig. 10. Device for experiments with objects falling on regolith simulant, and the falling object on the regolith simulant (bottom
right).
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Fig. 11. Variation of centroids of star images in x and y directions. Five brightest star images are shown from bottom to top according to the brightness.

RESULTS OF GROUND EXPERIMENTS
(1) Centroid experiments
The centroid experiments were performed with the
objective to attain the best accuracy in determining the
central position of star images (centroid). The results
of the centroid experiments have already been
reported [12, 20]. We reanalyzed the data obtained on
April 01, 2015, with the same software as was used for
the laboratory experiments and the field observations,
in order to compare the results to each other. The data
consists of 1.207 pictures taken every two seconds,
with 9 artificial star images recorded on each picture.
The images of 5 brightest stars were used for the analysis. Each star image has the brightest position near
the center, and luminous intensity decreases by normal distribution with the distance from the center. The
software determines the centroid by fitting the star
image to normal distribution function, and the axis of
the function is regarded as the centroid.
Variations of the centroids of the five artificial stars
are shown in Fig. 11. The CCD camera was moved
slowly in vertical direction (y direction in the figure) at
a constant velocity of about 0.43 μm/s, which simulates the motion of real star images. The linear trend
was removed by least square approximations at first.
High-frequency variations, such as random noise, are
dominant as shown in Fig. 11, and there are also
lower-frequency components which are common to
almost all the stars in the same picture. The former

variations are independent of stars and can be
regarded as arising from so-called centroid accuracy in
which random noise is dominant. The latter variations, on the other hand, seem to come from environ-

Centroid accuracy, m
1.0E–06

All (X)
HF (X)

All (Y)
HF (Y)

1.0E–07

1.0E–08
10

100

1000
S/N

Fig. 12. Relation between centroid accuracy and SNR.
“All” means variation of the centroid for all the components, and “HF”—for high-frequency components (f >
0.15 Hz).
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mental noise such as mechanical vibrations and air
fluctuations.
We can know that the higher components are
almost random also from the fact that the accuracy
represented by SD is almost proportional to SNR
which is defined as the ratio of the peak amplitude of
a star image to SD of noise outside the image (Fig. 12).
The SD of noise is calculated over the area of
16 ×16 pixels except the area of a star image which is
put in the center of the area. The SD of the variation of
higher components is standard for the accuracy of the
laboratory experiments and the field observations
described in the next sections.
(2) Laboratory experiments
The laboratory experiments were performed on
August 19, 2014, using the BBM and an optical system
generating artificial stars. Light emitted from a tungsten lamp is concentrated on a reticule with 21 pinholes, and the expanded light is paralleled through a
collimator (CL-1000, Pearl Opt. Ind. Co.), which
simulates the light from real stars. The tube of the
BBM receives the light reflected from a slant mirror
set on an aluminum frame (Fig. 13). Star images are
recorded on a video camera (MTV63-VTN, Mintron
Enterprise Co. Ltd.) which can take pictures of stellar
images at the rate of 30 frames/s. Three components of
velocity seismometers (MTKV-1C, MTKH-1C, Sato
Trading Co.) were set on the frame for monitoring the

Fig. 13. BBM of the telescope (front) and collimator for
artificial star images.
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Fig. 15. Spectra of the variation of centroids in 3 sets of experiments.

ground vibrations and mechanical vibrations of the
frame.
Three sets of measurements were made, and in the
first experiment a plain mirror was used instead of the
mercury pool for comparison. Only 4 star images were
recorded on the CCD screen of the video camera due
to limited area. The results of the 2nd experiment are
shown in Fig. 14 as an example. Common variations in
Fig. 14 are more dominant than in the centroid experiments as shown in Fig. 11, in addition to the fact that
the scatter of the centroid position is about two times
larger than that in the centroid experiments. The common variations are also recognized in the spectra of
variations of centroid positions in the 2nd and the
3rd experiments (Fig. 15), where the peaks around 0.2
and 5.5 Hz are strong, and the amplitudes are about
1.0 μm, which corresponds to 0.2 arcseconds for this
telescope. These periodic variations seem to come
from the mercury pool, since there are no such variations in the spectra of the 1st experiment. The vibrations of the mercury surface are discussed in the next
section. The spectra of the ground vibrations, on the

other hand, show no peaks which might affect the
variation of centroid positions (Fig. 16).
The common variations are removed by subtracting
the average value of variations in the 4 sets of data from
each set of data, because the brightness of the star
images is similar to each other, and the common variations are dominant. The results are shown in Fig. 17
together with their spectra in Fig. 18. It can be confirmed that the common components are almost completely removed from the figures, and we regard the
SD of residuals as the centroid accuracy of the laboratory experiments. The SD of residuals are more than
two times larger than those in the centroid experiments. The differences in the centroid accuracy will be
discussed later.
(3) Vibrations of mercury surface
Vibration of mercury surface can be simulated theoretically. Assumingly, the surface of mercury pool
is given by the function z = ζ(r, θ, t) with radial distance r, azimuth θ, height z and time t. Then the solution of the equation is given by
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Fig. 16. Spectra of ground vibrations in 3 components for the periods corresponding to the experiments on centroid.

ζ=

FJ 1(kr ) cos θ cos ω t
gka{J 0(ka) − J 2(ka)} 2

(3)

and the magnification factor is expressed by

G( f ) =

J 1(kr )

(4)

kaJ 1'(ka)

,
where F is the amplitude of external vibration, Jn is the
Bessel function of the first kind, k = ω c, c = gh, ω
is the angular frequency of the external vibration,
f = ω 2π , and a and h are the radius and depth of the
mercury surface, respectively [21, 22]. Resonance
curves for the mercury pools 84 mm in diameter with
the depths of 0.25 and 0.5 mm are shown in Fig. 19.
There are a lot of peaks around 5 Hz, and the mercury
surface is likely to vibrate at about 0.5 and 5.5 Hz,
excited by ground vibrations, although the cross-sections are different between the theoretical model (rectangular) and the actual one (triangular). The resonance frequency of the triangular vessel is theoretically
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estimated to be about 1.3 times longer than that of the
rectangular one [15].
The vibration test was performed for the mercury
pool used in the laboratory experiments, in order to
confirm that it actually vibrates at about 0.5 and
5.5 Hz. The mercury pool was put on a vibrating platform, and vibrations at frequencies of 0.1, 0.3, 0.5, 1.0,
2.0, and 5.0 Hz were applied for 60 s. The surface
shape of the mercury pool was monitored by a laser
interferometer. Time variation of the shape of the mercury surface was estimated by fitting the fringe pattern
of the surface shape to the function:

f ( x, y) = A sin(α x − β y)
+ B cos(α x − β y) + ax + by + c.

(5)

Then, the direction of the fringe pattern (corresponding to inclination direction of the surface),
wavelength of the fringe (inclination angle), and phase
of the fringe (vertical displacement) are expressed by
tan–1(β/α), cos(tan–1(β/α))/α, and tan–1(B/A),
respectively. Spectra of time variation of the parameters defined above are shown in Fig. 20. The mercury
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Fig. 17. Residual of the variation of centroid position after common variations removal.
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Fig. 18. Spectra of the residual of centroid position shown in Fig. 17.

surface proved to vibrate at about 0.5 and 5.5 Hz in
certain conditions. It is likely that external vibration
with lower frequency excites the vibration of the mercury surface to a greater extent.
(4) Field observations
For the first time, the BBM of the telescope
received real stars in the campus of Mizusawa VLBI
Observatory of NAOJ on September 16, 2014. The
main objective of this experiment was to estimate the
accuracy of the BBM in determining the central position of real stars on CCD array, but it was not supposed to obtain geophysical data such as DOV or

Earth rotation parameters, since the software for
reducing the star position on the CCD to that in the
Earth-related reference system has not been developed
yet. Several stars of magnitudes from 7 to 8 were
observed with 0.5 second exposure time as shown in
Fig. 21. Of six sets of observation data, only two were
used for the analysis because the sky was not so clear
as to obtain the SNR data of sufficient quality. Later,
these experiments were repeated several times; however, they failed after that but we could not succeed in
obtain better data than the first experiments on Sep.16.
About 20 pictures were obtained with intervals of
1.0 s in each set. The centroid position of stars in the
field of view was determined in the same way as in the
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Fig. 19. Resonance curves of mercury pools with the diameter of 84 mm and the depths of 0.25 mm (upper) and 0.5 mm (lower).

laboratory experiments. A cooled CCD camera for
astronomy (BJ-42L, Bitran Co.) was used for recording the star images Most of stars were too dark for the
video camera used in the laboratory experiments to
record them with sufficient SNR, so the data with high
sampling rate comparable to vibration data could not
be obtained. An example of variation of the centroid
position of stars is shown in Fig. 22. The SNR is generally lower (from about 4 to 13) than in the laboratory
experiments as shown in Fig. 23.
The variation of the centroid position looks larger
than that in the laboratory experiments. SD of the
variation becomes smaller if common variations have
been removed as was done for the laboratory experiments, although the improvement is not very high
(Fig. 22). The reason for such low improvement seems
to be that the SD of the random error is as large as that
of the common components. The effects of vibrations
of the mercury pool in this case should have been
removed like in the laboratory experiments.
DISCUSSION
Comparing the results of the laboratory experiments and the field observations, SD of the variation
of centroid position appears to be larger in the latter
than in the former. Ground vibrations and vibrations
of the mercury surface can affect the SD of the variations. However, their effects should occur in the common variations, and they have already been removed
for both cases. The amplitudes of ground vibrations,
on the other hand, were not very different between the
two kinds of experiments.
Another possible cause is that the star images are
darker in the field observations than in the laboratory
GYROSCOPY AND NAVIGATION
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experiments where the tungsten lamp was used as a
light source. Actually, SNR of the star images in the
field observations were much smaller than those in the
laboratory experiments. There is a result of numerical
simulations showing that the centroid accuracy is in
inverse proportion to SD of noise. In the model, normally distributed numbers were assigned at 16*16 grid
points, and random numbers were added for the SNR
to be 10–4, 10–3, 10–2, and 0.1, respectively [9].
Random noises mainly come from shot noise (or
Poisson noise), and the SD of the shot noise is known
to be equal to the square root of the number of photons
included in a pixel. It is understandable that the centroid accuracy is in proportion to square root of the
number of photons because the signal-to-noise ratio
in each pixel equals to N N = N . There is an
empirical relation:

σ = 1.5

N,

(6)

where σ is uncertainty of centroid estimation, and N is
the number of photons [23]. Although the definition
of SNR used in this paper differs from that for the shot
noise, they are essentially identical. The number of
photons included in a pixel outside of star images is
supposed to be in proportion to that included in the
pixel at the peak of the image. Then the relation can be
expressed as

nsur = N sur = cN p,

(7)

where N sur and nsur are the number of photons and SD
of noise included in the outside pixel, respectively; Np
is the number of photons included in the peak pixel,
and c is a coefficient. Then the SNR is expressed as
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Fig. 20. Spectra of vibration of the mercury pool. The frequency of external vibrations applied to the mercury pool is from 0.1 Hz
(top) to 5.0 Hz (bottom). Three components of fringe patterns, direction (left), wavelength (middle) and phase (right), are shown.

SNR =

Np
N sur
N sur
=
=
.
nsur c N sur
c

(8)

By substituting (8) for (6), we get the relation

σ = c ' SNR ,

(9)

where c' = 1.5/c. This equation means that the centroid accuracy is in inverse proportion to the SNR.
Let us study the relation between the SD of centroid variation and the SNR for the centroid experiments, the laboratory experiments and the field observations. It has been reconfirmed that the SD of cen-

troid variation is in inverse proportion to the SNR as
shown in Fig. 24. This means that the errors accompanying the centroid estimation after correction of systematic errors are almost random errors stemming
from the shot noise. It is also possible that the centroid
accuracy will be attained to 1.0 mas if the SNR is high
enough.
CONCLUSIONS
BBM of the telescope of PZT type was constructed, and laboratory and field experiments were
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Fig. 21. Star images recorded on CCD camera.

(2) These errors are somewhat larger than those in
the centroid experiments which attained the error of
measurements less than about 0.01 arcseconds
(1/200 pixel).

(1) The centroid estimation errors in the field
observations were from about 0.1 to 0.5 arcseconds,
and those in the laboratory experiments were from
about 0.02 to 0.05 arcseconds.

(3) The residuals of the variation of the estimated
centroid after removing the systematic and common
errors are almost random, and SD of the residuals is in
inverse proportion to the SNR of star images.
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Fig. 22. Variation of centroid position in the field observations.
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carried out using the BBM of the telescope, in order to
find out the accuracy of a small and portable telescope
in observing star positions. The results and conclusions are presented below.
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Fig. 23. Distribution of luminosity of star images observed in the field observations. Star image is recorded in a CCD array composed of 16*16 pixels, and arrays are arranged closely in two lines and three rows for comparison.
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can be corrected by removing the mean value of the
variations.
(6) DOV and Earth rotation will be observed as
soon as software products capable of transforming
coordinates has been developed, and after the stability
of observations has been evaluated in long term.
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