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ABSTRACT 

A 62-cm active optics telescope model with a Shack-Hartmann wavefront analyzer was used to 
measure the mirror seeing effect. The degradation of the imaging quality due to the generation of 
microthermal convection was quantitatively evaluated from diurnal monitoring measurements over 
90 days and nights. The dependence of mirror seeing on the temperature difference between the 
mirror and the ambient air and the effect of flushing flow to blow away the microthermal turbulence 
were measured. 
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1. Introduction 

The imaging quality of ground-based large telescopes is 
normally limited by the presence of wavefront aberration 
produced in the atmosphere. The degradation of the 
"seeing" takes place predominantly in the upper atmo- 
sphere, in the dome boundary layer, around the dome 
slit, in the telescope tube, and above the primary mirror 
surface. In order to maximize the imaging performance of 
costly large telescopes, the evaluation of the atmospheric 
seeing has been elaborately carried out recently to iden- 
tify the best sites for these new telescopes. The effect of 
the boundary layer also has received attention to identify 
the best location on the site, the optimum height of the 
telescope above the ground, and the best shape of the 
dome. Significant design efforts have been made to re- 
duce the effects of heat gained during the day and re- 
leased during the night from the dome. 

The effects of so-called mirror seeing were first quanti- 
tatively studied by Lowne 1979, who used a Schlieren 
camera to measure the mirror seeing for a 25-cm mirror. 
He found that the seeing degradation is roughly propor- 
tional to the temperature difference between the mirror 
and the ambient air and that the rate of degradation is 
about 075/° C. His measurement, however, covered the 
temperature difference larger than 2° C and smaller than 
8° C. To study the effect of mirror seeing on high-resolu- 
tion imaging, more accurate measurements are definitely 
necessary especially for situations with smaller tempera- 
ture difference. Barr et al. 1990 have recently given the 
results of their careful experiments to measure the mirror 
seeing for a 1.8-m mirror placed in a closed, unheated 
mirror-polishing facility. They evaluated the effect of 
flushing wind that passes over the mirror to reduce the 
mirror seeing degradation for a number of cases with 
controlled mirror-to-air temperature differences ranging 

between — 2° C and 2° C. They found that no mirror 
seeing could be detected in the temperature difference 
range between — 0.5° C and 0.5° C, but the effects be- 
came increasingly large for larger temperature differ- 
ence. Flushing did reduce the seeing degradation due to 
the mirror, at least momentarily, until the air layer above 
the flushing flow got disturbed by returning flow. 

The present paper reports the results of our extensive 
attempts to evaluate the seeing degradation observed in a 
62-cm engineering telescope built originally for an active 
optics experiment. 

2. Seeing Monitoring Setup 

The actual setup used for the present experiment is 
shown in Figure 1. The basic telescope system was origi- 
nally designed to verify the technical feasibility of the 
active optics concept (lye 1989; lye et al. 1990). The 
primary mirror was a 62-cm diameter Pyrex glass mirror 
of spherical meniscus shape with 2.1-cm thickness and 
300-cm radius of curvature. The mirror was supported 
both axially and radially by nine prototype actuators de- 
veloped for the Japan National Large Telescope (JNLT) 
and at three fixed points. The supporting forces at these 
12 points were continuously monitored by high-precision 
load cells. A Shack-Hartmann wavefront analyzer with an 
internal light source was located at the center of curvature 
of the mirror (Noguchi et al. 1989). A CCD camera, 
electrically cooled to — 18° C, was used as the detector 
of the wavefront analyzer to measure the distribution 
of about 300 spots produced by a microlens array which 
was placed at the exit pupil of the telescope. The cen- 
troids of these spots were measured to an accuracy of 0.05 
pixel by means of bisectioning to evaluate the wavefront 
aberration. 

The control computers were used to adjust the support- 
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ing forces of the nine actuators either by an open-loop 
mode or by a closed-loop mode. The supporting force 
distribution was kept to the prescribed values in the 
open-loop mode. On the other hand, the force distribu- 
tion was adjusted in the closed-loop mode to compensate 
for the figure error of the mirror surface measured by 
the wavefront analyzer. The telescope system can be 
tilted to any elevation angle. The details of this basic setup 
and the essential results of the original experiments were 
reported in lye et al. 1990. 

Equipments added to this basic system to carry out the 
present experiments were a set of 20 temperature sen- 
sors, an electric fan with a flow-guide nozzle, and wind- 
velocity sensor. In the present experiments, the main 
personal computer controlled three dedicated computers 
which monitored and controlled the Shack-Hartmann 
camera, the actuators, and the temperature sensors. The 
telescope was pointed toward the zenith throughout the 
present experiments. The entire system was located in an 
8-m-high laboratory built for testing balloon-borne tele- 
scopes on the Mitaka campus. 

3. Measurements 

3.1 Temperature Monitoring 
The present experiments were designed to monitor 

the change of the wavefront aberration continuously over 

24 hours under the natural diurnal cycle of temperature 
variation. No active attempt was made to control the 
thermal environment of the laboratory except for the 
contiguous on-off operation of an electric fan to blow away 
the turbulence, which naturally helped to mix the air in 
the laboratory. The number of measurements is therefore 
very large, amounting to about 60,000 measurements of 
aberrations in 81 runs over 90 full days. This enabled us to 
attain improved statistical significance in the measured 
results. 

The temperature distribution was monitored by 20 
calibrated bead thermistors with 0?01 C resolution. The 
air temperature was measured at the opposite sides of the 
telescope truss at six levels: 5, 13, 78, 138, 203, and 263 
cm above the mirror. The temperature of the structure 
was also monitored at one point on the front surface and at 
two points on the back surface of the mirror, at three 
metallic actuators, and at two points on the telescope 
truss. The layout of the thermistors is also shown in 
Figure 1. 

3.2 Zernike Expansion 
The wavefront aberration %(r,0) measured by the 

Shack-Hartmann analyzer was expanded by a complete 
orthogonal set of Zernike polynomials as 

z(r,0) = Σ A°R°(r) 
n (1) 

+ Σ Σ (A™cosm0+ß'"sinm0)R:(r) , 
η 1 m l 

where fí^(r) are the radial functions of the Zernike circle 
polynomials, A and Β are the expansion coefficients for 
U™ = Rn{r) cosmG and U~m = R™{r) sinm0, respec- 
tively, with η — m being even. 

The number of modes actually used in the Zernike 
expansion, Νζ, should in principle be infinite. In practice, 
however, we have taken Nz = 27, including all the modes 
A and Β ™ with 1 < η < 6 and 0 < m < η, except for the 
trivial mode with η = m = 0. 

As a global measure to represent the imaging quality 
under the presence of seeing degradation, we use the 
Strehl number S defined by 

S = 1 - 2ιτ2 STR2/X2 , (2) 

where STR2 is given by 

STR2 = Σ {2(A„0)2/(n + l)} 
" 2 (3) 

+ Σ Σ [«a 1)]. 
η 1 ??ι 1 

In addition to this "raw" Strehl number, denoted Sraw 

hereafter, we use "intrinsic" Strehl number Sint, in which 
the contribution from the image displacement compo- 
nents Aj1, Bl, and A2 are removed. The intrinsic Strehl 
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number Sint is therefore defined by an expression similar 
to equation (2) where STR2 is replaced by 

STRL = Σ {2(A„0)2/(n + l)} 
n = 4 

00 η (4) 

Σ Σ [{(A:)2+(ß':)2}/(n+i)]. 

The raw Strehl number Sraw gives a measure to evaluate 
the central intensity of the point-spread function normal- 
ized to that for the diffraction-limited image. The intrinsic 
Strehl number Sint gives the corresponding measure to 
evaluate the central intensity when the wavefront aberra- 
tion of tilt terms Aj, ßj, and the defocus term A2 are 
removed by means of a fast image stabilizer and an auto- 
focuser. Considering the wavelength response of the 
CCD chip, we assume that the effective wavelength λ of 
measurement was about 700 nm. 

It should be noted that equation (2) gives an approxi- 
mate expression to evaluate the Strehl ratio and that the 
values derived from equation (2) depart from the actual 
Strehl ratio, giving lower values, especially when the 
phase error is large. We discuss, however, only the rela- 
tive changes of Sraw and Sint under various conditions and 
will not deal with the absolute values in this paper. The 
usage of the approximate expression (eq. (2)) for the Strehl 
ratio should, therefore, be adequate. 

3.3 Mode of Measurement 
A wind-flow guiding nozzle with an outlet 70 cm wide 

and 2 cm high and a 40-cm square inlet was placed in front 
of an electric fan to generate a laminar flushing wind flow. 
The effect of flushing wind to blow away the microturbu- 
lence was evaluated by measuring the difference of wave- 
front aberrations with the fan turned on and turned off. 

Continuous monitoring of the wavefront aberration 
allowed us to evaluate the generation of microturbulence 
under an unstable thermal stratification. For a typical 
run, the S hack-Hartmann measurement was continu- 
ously carried out at 2-minute intervals for 24 hours. The 
electric fan was turned on and off at 4-minute intervals to 
allow comparison of wavefront aberration with and with- 
out flushing flow alternatively. The timing to start expo- 
sure was set to ensure that the flushing flow produced by a 
fan becomes a steady stable flow. The electric fan was 
turned off as soon as the exposure was finished. 

Three parameters, i.e., the exposure time, the height 
of the blower, and the power of the blower, define the 
mode of measuring runs. The summary of measuring runs 
in various modes is given in Table 1. 

4. Measuring Temperature and Flushing Wind 

4.1 Diurnal Temperature Variation 
Figure 2 shows a typical example of the diurnal varia- 

tion of mean temperatures of the air, the glass mirror, the 
metallic actuator, and the metallic truss. The variation of 

TABLE 1 
Number of Runs of Measurements 

Blower Blower Exposure time 

Voltage Height 3 sec 10 sec 30 sec Total 

100 V 13 cm 
33 cm 
60 cm 
88 cm 

8 
5 
4 
4 

8 
3 
4 
2 

5 
3 
4 
2 

21 
11 
12 

8 

60 V 13 cm 
33 cm 
60 cm 

4 
2 
6 

40 V 13 cm 12 

Total 37 21 23 81 

16.0 

4.0 

Truss (2)^ 
..-do *♦ Actuator (2) 

"% (¾¾ ν Mirror (3) ν1 

Oh 6h 12h 1 8h 
Local Time 

Oh 6h 1 2h 

Fig. 2-Diurnal variation of mean temperature of the air, the mirror, 
the actuator, and the telescope truss. The number of sampling points to 
derive the mean temperature is shown in parentheses. The variation of 
all the sampling points is also shown for reference. Note the presence of 
time lag in the temperature variations of the mirror and of the actuator 
with respect to that of the air. 

the temperature of the mirror and the actuators shows 
significant time delay of the order of a few hours with 
respect to that of the ambient air because of their large 
thermal inertia. Such a diurnal cycle of temperature vari- 
ation produces a temperature difference between the 
mirror and the ambient air. Due to this time lag, the 
mirror is generally warmer than the air during the night 
and cooler than the air during the daytime. The tempera- 
ture difference is larger on clear days and smaller on 
cloudy or rainy days. 

Figure 3 shows a typical example of the diurnal varia- 
tion of the air temperature measured at six levels above 
the mirror surface. The air temperature at 5 cm and at 13 
cm above the mirror showed smaller amplitude of diurnal 
variation as compared with those at higher levels. This is 
partly due to the structure of the telescope center section 
of the present setup which prevented air circulation and 
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Sensor Height 
5 cm   

-4.0' ' ' ' 1       1     " 1 

Oh 6h 12h 18h Oh 6h 12h 

Local Time 
Fig. 3-Diurnal variation of the temperature deviation of the air with respect to that of the mirror, ΔΓ. The air temperature was sampled at various 
heights above the mirror surface. The upper panel shows the temperature deviation of the air with respect to the mirror temperature, while the lower 
panel shows that with respect to the mean temperature of the mirror and the actuator. 

enhanced radiative heat exchange with the air. The 
trapped air is cooled down during the night but not as 
much as the air above the center section, because the 
mirror surface is generally warmer than the air during 
the night. 

The upper panel of Figure 3 takes the mirror tempera- 
ture as the reference temperature, whereas the lower 
panel takes the average temperature of the mirror and the 
metallic actuators, to define the temperature difference. 
Since the thermal inertia is much larger for the mirror-ac- 
tuator assembly than for the mirror itself, the time delay 
between the variations of the air temperature and the 
material temperature is also larger for the latter case. The 
derived values of the temperature difference, therefore, 
show larger amplitude of diurnal variation. 

4.2 Temperature Profile 
Figure 4 gives a normalized vertical profile of the night- 

time air temperature averaged over 90 nights. The mirror 
temperature was used for reference to calibrate the time 
variation. Significant change of mean temperature is ob- 
served near the mirror surface. The vertical temperature 

profile for the stable stratification, where the mirror is 
cooler than the air, is not exactly symmetric to that for the 
unstable case, where the mirror is warmer than the air. 
In the case of unstable stratification, the Brunt-Vaisala 
frequency described in a later section is evaluated from 
the measured temperature profile. The convectively un- 
stable zone appears to reach up to 15 cm above the mirror 
surface. 

4.3 Wind-Velocity Profiles 
Figure 5 shows the measured profiles of flushing wind 

flow. The vertical thickness of the flushing flow was about 
10 cm at the mirror center (Fig. 5c). The wind velocity 
was fairly uniform along the transverse direction of the 
flow as shown in the transverse profile measured over the 
mirror center at the height of the flow center (Fig. 5b). 
The wind-velocity profile along the stream shows a slight 
increase and a subsequent drop instead of a steady de- 
crease downward (Fig. 5a). This is probably because the 
measurement for this profile was not carried out exactly at 
the height corresponding to the center of the flow. Unfor- 
tunately, the wind-velocity measurement along the flow 
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Fig. 4-Mean vertical profile of the nighttime air temperature. The mirror temperature was used for reference to calibrate the time variation. The 
Brunt-Vaisala frequency Ν2 calculated from this vertical temperature profile is also shown. 
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Fig. 5-Wind-velocity profiles: (a) profile along the flow, (b) transverse 
profile, and (c) vertical profile. 

was carried out only at this height during the entire runs 
and we have no additional data to confirm this. 

5. Zernike Coefficients 

5.1 Diurnal Variation 
Figure 6 shows an example of the diurnal variation of 

temperature, dispersion of the Zernike coefficients for 
astigmatism Af, and the Strehl numbers Sraw and Sint 

measured over 36 hours. Since the drift in temperature 
caused slow but long-term variation of Zernike coeffi- 
cients, the dispersions from the running mean of five 
consecutive measurements over 20 minutes were evalu- 
ated for each Zernike coefficient to represent the fluctuat- 
ing components. 

It is noted that the astigmatism and the Strehl numbers 
show larger dispersion during the night than during the 
daytime. The period showing larger dispersion precisely 
coincides with the period when the mirror is warmer than 
the ambient air. This fact strongly indicates that microtur- 
bulence is generated from the warmer mirror surface. 
The long-term slow variation of lower-order aberrations 
can be ascribed mainly to the thermal drift of the mechan- 
ical structure and partly to the real change in the air 
stratification. We assume that the deviation of aberrations 
from their corresponding running means is entirely due 
to air turbulence and call them the contribution from the 
mirror seeing. Micro turbulence arising from the warm 
mirror can be effectively removed by flushing wind flow 
as will be shown in Figure 7. 

5.2 Flushing Effect 
Figure 7 shows the Strehl intensities plotted against 

the temperature difference between the mirror and 
the air ΔΓ(= Tmh. — Tair). When the flushing flow was 
not applied, the degradation of the Strehl intensity is 
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Without flushing wind With flushing wind 

Fig. 6-Diurnal variation of the temperature Τ, temperature difference between the mirror and the air ΔΤ, Zernike coefficients for astigmatism A2, 
and the Strehl numbers Sraw and Sint. 

observed as is shown in the upper-left panel for tempera- 
ture difference ΔΤ > 0. This can be interpreted as the 
generation of convective bubbles rising from the mirror 
surface, which perturb the wavefront. The exposure time 
for each measurement was 3 sec. The measured values 
therefore correspond to the time-averaged wavefront. 
Since the motion of the convective bubbles is predomi- 
nantly vertical, the time average in this case can be inter- 
preted as the "vertical" average. 

The amount of degradation appears significantly re- 
duced by turning on the fan to generate flushing wind 
flow as is shown in the upper-right panel. Since the 
flushing flow transports the convective bubbles horizon- 
tally, the time average here may be interpreted as the 
"horizontal" average. Flushing flow of 1 m sec-1 conveys 
bubbles well across the mirror surface during a 3-sec 
exposure time. Comparison of the upper-left and upper- 
right panels indicates that the "horizontal" average is 
more effective than the "vertical" average in reducing the 
wavefront perturbation. This is a plausible result if one 
considers the columnar structure of the convective layer. 

Comparison of upper panels for Sraw and lower panels 
for Sint in Figure 7 shows that the contributions from 
wavefront tilt and defocus terms are very large. This 
result indicates the importance of developing and utiliz- 
ing a fast autoguider and an autofocuser for observations 
that require high angular resolution. 

5.3. Exposure Time 
Figure 8 shows the effect of different exposure time to 

measure the aberration. Due to the limitation of the light 
source, exposure time was set to 3, 10, and 30 sec to 
assure high-enough S/N to allow bisectioning of the spot 
images. The intensity of the light source was adjusted to 
give constant S/N ratio independent of the exposure time. 
Naturally, the values of the Strehl numbers defined in the 
present paper increase as the integration time increases 
from 3 sec to 30 sec, since the contributions from the 
short-term variation of the seeing are averaged out in 
long-exposure measurements. The shortest time constant 
of actual atmospheric seeing variation can be as small as 2 
msec (Roddier, Northcott & Graves 1991). Mirror seeing 
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Fig. 7-Strehl intensities Sraw and Sint versus temperature difference between the mirror and the air, ΔΤ, showing the generation of mirror seeing (left 
panels) and the effect of flushing flow to remove the mirror seeing (right panels). 

helps in reducing the turbulence attributable to a warm 
mirror even at such a short time scale. 

5.4 Evaluation of the Temperature Difference 
In order to evaluate the effects of flushing flow speed 

and of the flushing flow height under various temperature 
conditions, many 24-hour runs of measurement were 
carried out on clear days and cloudy days for each cate- 
gory of setup parameters. 

The temperature difference between the mirror and 
the air was measured using three different definitions. 
ATj is the difference between the mean of the mirror 
temperature sampled at two points on the backside of the 
glass mirror and the mean of the air temperature sampled 
at two points at 5 cm above the mirror surface. AT2 is 
defined as the difference between the mean temperature 
of the mirror sampled at three points (one at the front 
surface and two at the back surface) and the mean air 
temperature sampled at two points at 5 cm above the 
mirror surface. ΔΓ3 is the difference of the mean tempera- 
ture of the mirror at three points and the mean air tem- 
perature sampled at 12 points as was shown in Figure 1. 

Since the backside of the glass mirror is exchanging 
heat with the massive actuators, the amplitude of the 

-2.0 -1.0 0.0 1.0 

ΔΤ(= Tmir - Tair) 
Fig. 8-Mean Strehl intensities Sraw and Sint versus temperature differ- 
ence ΔΓ at various exposure times, showing the averaging effect. 

measurements by Barr et al. 1990 showed the presence of 
turbulence at 1-millisec exposure. Therefore, the actual 
image degradation due to the seeing effect would be 
larger than the value measured in the present experi- 
ment. 

Barr et al. 1990 showed by comparing the interfero- 
grams taken at 1-millisec exposure that the flushing flow 
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diurnal temperature variation is even smaller than that of 
the front surface of the mirror. There is therefore a rela- 
tion such that lATJ < lATgl < ΙΔΓ3Ι. 

Figure 9 shows the Strehl numbers Sraw and Sint versus 
temperature differences AT1, ATg, and ΔΤ3 for measure- 
ments with the flushing flow turned off extracted from 37 
short-exposure runs. The Strehl number shows the simi- 
lar dependence on the three indices of the temperature 
difference. However, it should be noted that the image 
degradation coefficients as derived from the gradient of 
the right side of the curves in Figure 9 are quantitatively 
different according to the definition of the temperature 
difference. We shall use the index ΔΤ1 hereafter unless 
otherwise noted. 

If we accept seeing degradation so far as Sint > 0.8, it is 
necessary to maintain the temperature difference be- 
tween the mirror and the air just above the mirror in the 
range ΔΓ < Io C. 

5.5 Flushing Efficiency 
The efficiency of the flushing flow is evaluated by a 

normalized efficiency introduced by Barr et al. 1990. The 
normalized efficiency of the flushing flow to improve the 
imaging quality is defined by 

Ε — {(Sint)on (Sint)off}/(Sint)off , (5) 

where (Sint)on and (Sint)off are the measured intrinsic Strehl 
number with and without flushing flow. The flushing is 
effective for improving the imaging quality when the 
flushing efficiency Ε > 0. On the other hand, the flushing 
can deteriorate the imaging quality when Ε <0. 

5.6 Height of the Flushing Flow 
Since the upper edge of the center section of the tele- 

scope truss structure was at about 10 cm above the mirror, 
it prevented direct flushing of the air just above the 
mirror surface. The actual height of the flushing flow was 
set either at 13 cm, 33 cm, 60 cm, or 88 cm. 

Figure 10 shows the normalized flushing efficiency Ε 
versus the temperature difference ΔΓ(= Tmir — Tair) be- 
tween the mirror and the air. The air temperature was 

Ms.ieeae μ θ s e 

-2.0 

ΔΤ(= Tmir — Tair) 
Fig. 9-Mean Strehl intensities Sraw and Sint versus temperature differ- 
ence ΔΓ for three definitions. 

measured at 13 cm above the mirror for these experi- 
ments and the data for three blower levels above the 
mirror are shown. The data for a blower height of 60 cm 
are omitted in this diagram, since they fall between those 
for 33 cm and for 88 cm . The wind velocity was set to 1 m 
sec1, and the exposure time was 3 sec for the upper panel 
and 30 sec for the lower panel. 

The flushing efficiency was positive in a convectively 
unstable situation, ΔΤ > 0. Namely, in convectively un- 
stable cases where the mirror is warmer than the air, the 
flushing flow can remove convectivo bubbles and con- 
tribute to improve the image quality. Although the 
amount of degradation due to the generation of convec- 
tion and the resulting amount of improvement by flushing 
flow are small near the convectively neutral situation with 
ΔΓ = 0, the present measurement with much improved 
accuracy has shown that the onset of convection takes 
place at ΔΤ = ΔΓ0, where 0 < ΔΓο < 0?2 C. 

Barr et al. 1990 confirmed the presence of mirror 
seeing for ΔΓ > 0?5 C. Although the definitions of ΔΓ 
are different between the present experiment and that 
carried out by Barr et al., it is likely that mild convection 
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Fig. 10-Flushing efficiency Ε versus temperature difference ΔΓ for 
measurements with three different blower heights, showing the effec- 
tiveness of flushing flow near the mirror surface. Flushing efficiency is 
calculated from S,.^ and Sint for short-exposure runs (upper panel) and 
for long-exposure runs (lower panel). 
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is actually generated even at situations with 0° C < ΔΓ 
< 0?5 C. 

Figure 10 shows that the flushing efficiency is positive 
and is larger for flushing flow blown closer to the mirror 
surface. Namely, the flushing is effective in reducing 
degradation of the image when blown at heights of 13 cm 
and 33 cm but not so much at 88 cm. 

If the mixing length, or the turnover length, of rising 
bubbles is long enough, we expect that the height of the 
flushing flow plays an important role. Namely, by assum- 
ing that the air layer below the flushing height is turbu- 
lent while the layer above that can be kept undisturbed, 
we expect naturally better seeing by setting flushing flow 
at a height closer to the mirror surface. Flushing flow 
helps to prevent convective bubbles rising far up into the 
optical path. 

If the mixing length of convective bubbles is relatively 
short, flushing flow above the convective zone will not 
contribute to reducing the aberration. The main role of 
the flushing flow in the convective zone to reduce the 
aberration will be the "horizontal" averaging effect as was 
described before. Anyway, Figure 10 appears to be con- 
sistent with these expectations. 

It would be worth noting that in convectively stable 
cases where the mirror is cooler than the air by ΔΓ < 
—2° C, the image can be slightly degraded if the flushing 
flow is turned on. Namely, the flushing efficiency be- 
comes slightly negative as is barely seen in Figures 10 and 
11. This phenomenon can be interpreted as the excitation 
of turbulence, and possibly a gravity wave as well, by the 
flushing flow in the stable air stratification, as will be 
discussed in Section 6. 

5.7 Wind Velocity 
The driving voltage of the electric fan was set at 100 V, 

60 V, and 40 V during the present experiment. The wind 
velocity measured by a wind-velocity sensor of bridge 
resistor type with velocity resolution of 0.05 m sec-1 was 
1.0 m sec-1, 0.5 m sec-1, and 0.2 m sec-1, respectively, for 
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Fig. 11-Flushing efficiency Ε versus temperature difference ΔΓ evalu- 
ated at various flushing wind velocities. Flushing efficiency was evalu- 
ated from Sraw and from Sint for runs with a short-exposure time of 3 sec. 

100 V, 60 V, and 40 V. 
Figure 11 shows the flushing efficiency Ε versus tem- 

perature difference ΔΤ at different wind velocities. Al- 
though there is a tendency that stronger wind provides 
larger flushing efficiency, the difference is not very signif- 
icant. This means that even a mild flushing flow can 
contribute to removing the convective bubbles. This re- 
sult, however, will depend on the size of the mirror and 
the time resolution of the measurement. 

6. Analysis 

6.1 Convection 
The Rayleigh number R defined by 

R= -aTd4N2/Kv (6) 

should be used to characterize the convective motion. 
Here, α, κ, v, ¢/, and Ν denote, respectively, the expan- 
sion coefficient, thermal-conduction coefficient, viscos- 
ity, thickness of the convective layer, and the Brunt- 
Vaisala frequency, as given in equation (7). There is 
a certain critical Rayleigh number Rc beyond which {R 
> Rc) the convective motion actually sets in. 

Instead of using the Rayleigh number, we use here the 
Brunt-Vaisala frequency introduced in the mixing-length 
theory and make rough estimations on the thickness of the 
thermal convective zone, the velocity of the convective 
bubbles, and their turnover time. The expression for the 
Brunt-Vaisala frequency, which is used as a criterion to 
predict the convective instability {N2 < 0), is 

N2 = g{{d\nT/dh)ad-{d\nT/dh)} = ig/cp-§T/§L)g/T , (7) 

where cp and g denote the specific heat at constant pres- 
sure and the gravitational acceleration, respectively, and 
δΓ denotes the temperature difference over a vertical 
scale of ôL. 

The vertical profile of Ν2 evaluated from the measured 
temperature profile is shown in Figure 4, which suggests 
that the air stratification up to about 7 cm above the 
mirror surface is convectively unstable. In practice, con- 
vective bubbles will overshoot up to 2-3 times the thick- 
ness of the unstable zone. We therefore assume that the 
convection zone typically has a thickness of about 20 cm 
or so in the present experiment. It is interesting to relate 
this value with the efficiency of the flushing flow at various 
heights (cf. Fig. 10). Namely, the fact that the flushing 
efficiency was large for runs with the blower set at 13 cm 
and also at 33 cm above the mirror but not so much for 
runs with the blower set at 88 cm appears compatible with 
the present estimation of the depth of the convective 
zone. 

The mean velocity of the convective bubbles can be 
evaluated by the following equation: 

{dT/dh — glcjLglV2T (8) 
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where L is the mixing length and dT/dh is the tempera- 
ture gradient. Assuming L = 7 cm and evaluating dT/dh at 
the midlevel of the convection zone in Figure 4, we obtain 
a velocity of about ν = 2 cm sec1 and a turnover time for a 
bubble of about 15 sec. 

The acceleration in convective motion is proportional 
to the superadiabatic gradient \dT/dz — {dT/dz)ad\, which 
is generally much smaller than the actual temperature 
gradient \dTldz \ for the present experiment. Hence, the 
temperature difference δΓ over the height difference bL 
gives an acceleration due to the buoyancy of α = kg, 
where the reduction factor k is of the order k = 0.001. 

6.2 Gravity Wave Oscillation 
The flushing efficiency as calculated for Sraw became 

slightly negative when the electric fan was turned on for 
cases with a convectively stable air stratification with ΔΓ 
< — 2° C. Although the amount of degradation is small, 
it was observed not only for runs with an exposure time of 
3 sec but also for runs with 30-sec exposure (cf. Figs. 10 
and 11). The degradation was not confirmed for the range 
—2° C < ΔΓ < 0° C. No corresponding degradation was 
confirmed for Sint. 

The generation of turbulence by the flushing flow is 
a natural explanation for this. It is, however, noted that 
the degradation was not significantly reduced by increas- 
ing the exposure time, suggesting the presence of a long- 
period component in this phenomenon. The fact that 
degradation can be seen only for Sraw and not for Sint 

suggests that the long-wavelength components, if any, 
were excited. 

Another possibility is the excitation of gravity oscilla- 
tion of the air in the building. Although rigorous analysis 
taking the boundary conditions into account is beyond the 
scope of the present paper, a simple consideration is 
given here. The frequency of the internal gravity oscilla- 
tion in a stable case can also be given by the Brunt-Vaisala 
frequency Ν. The frequency of this oscillation at 1 m, for 
example, above the mirror surface gives the oscillation 
period Ρ = 2it/N of about 11 sec. This corresponds 
roughly to the oscillation period of a gravity wave with a 
wavelength corresponding to the horizontal size of the 
cavity of the building. Whether the long-period compo- 
nent likely observed for runs with stable air stratification 
is due to the generation of turbulence or due to the 
excitation of gravity wave oscillation by the flushing fan 
requires further study. 

7. Conclusion 

Some remarks should be made before summarizing 
the conclusions of the present experiments. First of all, 
as was mentioned before, the present measurement used 
an integration time equal to or longer than 3 sec due to 
purely technical reasons. The measured amount of image 
degradation due to micro turbulences will, therefore, be 

smaller than the actual values. On the other hand, the 
approximate expression of equation (2) for the Strehl ratio 
gives somewhat overestimated values of the image degra- 
dation. Second, a light source placed at the center of 
curvature of the mirror was used to evaluate the mirror 
seeing. The region along the telescope tube where the 
wavefront aberration is measured is therefore essentially 
a conic region with the prime focus as an apex of the cone, 
instead of a cylindrical region which the light from stars 
passes through. Third, the measurement was done in a 
closed laboratory without active ventilation. 

Despite these limitations, we summarize the conclu- 
sions of the present experiments as follows. 

(1) The wavefront perturbation due to the convection 
generated by a warm mirror was quantitatively measured 
by means of a Shack-Hartmann camera. About 60,000 
measurements were carried out under various conditions 
over 90 days and nights to evaluate the quantitative char- 
acteristics of mirror seeing with a high statistical accuracy. 

(2) The mirror-seeing degradation was confirmed to be 
present when the mirror is warmer than the ambient air. 
Since the mirror and its support mechanism have larger 
thermal inertia than the surrounding air, the temperature 
of the mirror does not fall immediately in response to the 
temperature drop of the ambient air during the night. 
Therefore, the degradation due to the mirror seeing gen- 
erally takes place during the night. 

(3) The temperature inversion generates convective 
bubbles. Due to the high accuracy attained in the present 
measurements, the deterioration of the Strehl numbers 
due to the mirror seeing was confirmed to be present for 
ΔΤ(= Tmir — rair) > 0.2° C. 

(4) These bubbles, however, can be flushed away by 
means of a laminar wind flow generated over the mirror 
surface. Wind flushing is proved to be useful to improve 
imaging quality under the presence of degradation due to 
mirror seeing. A laminar flushing flow should be gener- 
ated and guided to pass over the mirror as close as possi- 
ble to the surface. 

(5) The wavefront tilt terms were identified among 
others to play the major role for the mirror seeing. 

(6) Theory of convection was used to estimate the 
thickness of the convective zone, the velocity of the con- 
vective bubble, and the circulation time. Convective 
bubbles are found to rise up to about 20 cm above the 
mirror surface for the present setup. 

(7) Slight degradation of the Strehl number Sraw was 
observed by turning on the flushing flow when the air is 
in a stable stratification with AT < — 2° C. This is partly 
due to the generation of turbulence which mixes the cool 
part of the air below the flow with the warm part above the 
flow. Possible excitation of long-period gravity wave oscil- 
lation of the air in a building cavity is also remarked. 

(8) The present experiments indicate the importance 
of controlling the mirror temperature to satisfy the condi- 
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tion ΔΤ < Io C and installing a wind-flushing capability 
for any costly large telescope to reduce the degradation of 
image quality due to the generation of mirror seeing. 

The authors are grateful especially to Profs. Y. Yama- 
shita and F. Roddier and Dr. L. Barr for their helpful 
comments on the original manuscript. 
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