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MEASUREMENTS OF OPTICAL TURBULENCE PARAMETERS ABOARD THE
AIRCRAFT CARRIER USS LEXINGTON

I. INTRODUCTION

The purpose of this paper is to report on further results of optical
turbulence measurements made on board the aircraft carrier, USS LEXINGTON,
while on training operations in the Gulf of Mexico. These measurements were
a follow-up to measurements made on the same ship in July, 1979(1)
which had revealed several phenomena requiring further interpretation.

A knowledge of near-ship effects on optical turbulence are required as
preparatory to the at-sea, long-path DF laser transmission measurements over
water; the USS LEXINGTON is proposed to be used as the transmitter platform for
these experiments. Furthermore, this data will extend the Ship's Atmosphere
model base.

2. OPTICAL TURBULENCE MEASUREMENTS

The most popular model for predicting small scale fluctuations in the
optical index of refraction is based on fluctuations in temperature and
humidity. In the inertial subrange of locally isotropic turbulence, the
magnitude of the fluctuations can be represented by the structure function
parameters for temperature (C$) and humidity (qu). Thus, the refractive index

structure parameter (CNZ) can be written(2)

Cn2 = B(CT2 + 2a Crq + a2 Cq2 )
where B is a conversion constant, a is a factor which depends upon the type of
radiation propagating and CTq is the temperature-humidity co-spectrum structure
parameter. The latter term characterises the correlations of
temperature-humidity fluctuations. For optical propagation CT2 is generally
the dominate term although for over water paths the qu term can contribute to
CNZ in the IR region. The basts for the structure constants stems from spatial

filtering of the correlations which fall off with separation r according to
Manuscript submitted July 27, 1982. 1
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(n(x) - n(x+r))2 =Cy2 r 2/3

Although the correlations between temperature and hunidity fluctuations
can add to or substract from the refractive index fluctuations the Cyq term
was neglected in the measurements made on the USS LEXINGTON as was Cq . The
Ct structure constant is determined from the temperature difference (at)
measured between two probes studied at a distance r apart (normally 10 to
15 cm). Once At) (measured in terms of an RMS voltage) is determined, it can

be related to Cy2 by

2
. p -6 2
cN2 = (2627 5 x P x 10 ) - ( AT )
T2 r 173

where T is the air temperature in degrees K, P is the atmsopheric pressure in
inches Hg and r is the probe separation in meters (= 0.10m). This method of

determining CN2 thus neglects any contribution from humidity fluctuations.

3. USS LEXINGTON

A description of the aircraft carrier USS LEXINGTON has been reported
elsewhere{1:3). 1In brief, the LEXINGTON is a training carrier operating for
10-14 days in the open waters of the Gulf of Mexico. In that sense she is not
a truly operational ship and only hosts fixed wing aircraft of T2, TA-4J and
C-1 type. Figure 1 shows a top view of USS LEXINGTON.

4, EXPERIMENTAL EQUIPMENT
The equipment used to measure the near-ship optical turbulence is shown
schematically in Fig. 2. It consisted of a Contel model MT-2 microthermal unit

with modified probe system as discussed below, a RMS log amplifier, a HP 59313A
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4 channel analogue-to-digital converter and a HP 9825A calculator. The output
from the log amplifier was proportional to the log of CNZ.

The original probe system provided with the Contel system(4) was replaced
with the probe assembly built for use in the Harris microthermal probe
system(s). The probe wires used were 2 micrometers in diameter, half the
diameter used in the previous measurements on the LEXINGTON. The probes were
set 10cm apart on a wind vane which could be clamped to any suitable rail. The
assembly could be mounted up to 38 meters from the control unit, Figure
3 shows a photograph of the vane assembly mounted on the starboard gun tub
railing. The choice of a smaller diameter wire was twofold: firstly a number
of the plug-in probes were already available and secondly the finer
wires would provide a higher CT frequency response. Digitization was done at
the rate of two points/second with a time constant on the log amplifier set to 1
second. This sampling raté was limited by the HP 9825A accessing the A-D
converter., The digitized turbulence data were recorded onto magnetic cassette
tapes for later analysis.

Some measurements were also made of the Ct turbulence frequency spectrum in
the near-ship environment. To accomplish this the output from the log amplifier
was diverted to a HP3582A low frequency spectrum analyser. The resulting
spectra for frequency intervals from 0-10 Hz to 0-100 Hz were then stored onto
magnetic cassette tape using a HP 85 computer(5). The system time constant
chosen for these measurements was 0.01 second.

During this series of experiments contamination of the probe wires by
sea-salt was considered as a possible source of error in measuring CNZ,
particularly if the relative humidity is between 80-90%.(7) However, each pair
of wires was not used for any period greater than 3 hours. In most cases probe

fatlure made it necessary to change the wires more frequently, Examination of




the unbroken used wires under magnification revealed very little deposit on the
wires,
5. LOCATION OF PROBES ON LEXINGTON

During this series of measurements only one microthermal probe system was
used for the three locations selected on the LEXINGTON. These locations
included the forward rail on the starboard (STBD) gun tub, forward of the
middle port hole in the secondary conning station (SCS) and outside the forward
starboard hanger bay door. Figure 1 shows the placement of the probe
system in the STBD gun tub and SCS while Fig. 4 gives the position for
the probe assembly adjacent to the forward hanger bay door.

The probe position selected just outside the SCS port hole (Fig. 5) should
be free from most near-ship effects except for & possible influence on Ct
values due to a modified wind flow arising from the leading edge of the flight
deck forward st’ucture pointing into the wind.

At the hanger bay door the probe assembly was mounted on top of a 3.2
meter step ladder located about 1 meter from the life-guard rail on the deck.
Figure 6 shows the location of the step ladder relative to the railing. This
location is near beam center of the future ship-to-ship laser transmittance
measurement.

6. CALIBRATION

The calibration procedure adapted for the microthermal probe system was
that provided by the manufacturer, Contel. This procedure entails switching a
301 k@ resistor across one of the probe wires at a rate of about 6 Hz. In this
way a given output voltage can bde related to a known value of change in probe
resistance. Nuring calibration the RMS log amplifier is maintained in the
system so that the calibration factor (k) includes the gain component. After
calibration the output signal can then be related to RMS (AT) by:

————




N av Re 1
RMS (AT) = X 5 m NZ

where Rp is the probe resistance, R. the internal calibration resistance, a is

the thermo-resistive coefficient for the probe wires (3.50 x 10-3 2/0C) and AVe

the RMS output voltage correspondiag to AR. Rp for the probe wires used in

the measurements was typically between 56 and 61 Q. CN2 can be related to
RMS(AT) by the “ollowing expression:

e\l ={2627.5 Px10-6 RMSJAH}Z

where T is the air temperature in degrees K, p is the atmospheric pressure in

inches Hg and r is the probe separation in meters (0.1 m). Thus, the voltage

output from the log amplifier is proportional to log Cy.
In the previous series of measurements(1) on the LEXINGTON 4 um diameter

wires were used on the original Contel probes. Consequently, the lower

values of Ry [~ 20 2 including 100ft cable) increased the noise figure for the

whole system. Since calibration signal levels were not much higher than the

noise level, it was necessary to add the signals orthogonally.

With the 2 um diameter probe wires used in the current set of

measurements the noise level was considerably reduced. Typically, log

Vo = 0.1 and log Ve = 1.7. (Note that the Contel microthermal probe system was

originally designed for an optimum probe resistance of 90 Q. Decreasing Rp

will Tower the effective probe sensistivity as seen by the bridge and broaden

the bridge balance point,) Figure 7 provides an example of a calibration run.
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7. DATA ANALYSIS

CN2 turbulence data were recorded for periods of 8 minutes; the recording
interval being limited by the storage capacity of the HP 9825A to 960 data
points. Figures 8 and 9 reproduce the CN2 data measured at the starboard gun
tub while Fig. 10 shows the data from the SCS site. A1l data collected during
aircraft launches are shown while only a representative sample of the data are
shown for the background. The figures also show the time, the type of aircraft
and catapult launched from, and changes in ship's course. The type of aircraft

are designated as follows:

T T-2 "Buckeye" dJet Trainer
A TA-4d Trainer version of A-4 jet
c C-1 “Cod" twin engine propellar

driven aircraft
The aircraft launch information was taken from various logs maintained on the
ship during flight operations.

It should be noted that the scale on the left hand side of the turbulance
plots represents the output of the RMS log amplifier, The calibration factor
allows the C\2 on the right hand scale to be easily determined because of the
direct proportionality between the output voltage and Cy. All figures show
data plotted for 0.5 second intervals.

The data analysis has been divided into several parts. In the first
instance the data have been examined and compared with the data from the 1979
experiments. Using the limited bulk meteorological data available, values of
CN2 are then predicted and compared with the background values of CNZ measured.
Then the influence of high CNZ values at the hanger door on the ship-to-ship
tracker performance is examined. Finally, several frequency spectra of Cy data
taken during no-launch periods are presented and analysed. The following sec-

tions will describe the results of these analyses.




8. RESULTS AND DISCUSSION

A. CN2 Background levels.

The first major observation made about these data is that the mean CNZ
values during no-launch periods were at both STBD and SCS locations generally
of the order of 5 x 10-15 or less except for the period 1022 to 1253 hours on
23 March where values of CyZ during the no-launch periods were 10-14 n-2/3 op
greater. This value is in good agreement with the measurements made by Horton
from the STBD gun tub. In an open-sea environment an average value of CN2 =
10-15 m-2/3 js regarded as being typical. It would appear that near-ship
effects on CNZ at these two locations are minimal if the ship is steaming into
the wind. The higher values of CN2 after 0910 hours on 23 March (Figs. 9d to
9h) are most probably explained by a small change in wind direction with the
probes, measuring turbulence in air that may have passed over the flight deck
and catapult. The data recorded on 23 March (Figs. 8a and 8b) reveal
macro-variations with periods ranging from 1/2 to 2 minutes.

During this period the ship's course was 1500 and the wind direction 330,
Hence, the ship was travelling not all that far off normal to a wind of 13 kts.
At the ship's speed of 20 kts the data do suggest that it could have passed
through macrohomogenieties with scale size of the order of 35m that occurred
across the wind flow. These large scale variations were not so evident on the
other two days when the ship was steaming into the wind. Alternatively, the
variations in CNZ could be the result of an air flow oscillation being set up

at that site due to the ship's movement.
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B. Influence of Aircraft Launch on Cy2

The thermal micro pulses or spikes recorded at aircraft launch in most
cases peaked at a level 100 to 1000 times higher than the average background
level prevailing. When the launches were made on the port catapult and CNZ
measured at the STBD gun tub (Figs. 9a to 9d), the decay time before the CN2
level returned to the background level generally lasted up to 30 seconds. With
launches made using the STBD catapult the decay was 15 seconds or less (Fig.
9f). Decay times measured from Horton's data for STBD catapult launc’ and
TA-4J jet aircraft also gave values close to 15 seconds. Repeated pro sire
failure when the STBD catapult was used limited the number of records two.
Failure was most likely due to small grit-1ike particles hitting the . jile
wires. The broader pulses recorded during the use of the PORT catapult
indicate the wave of turbulent air has spread out by the time it has reached
the STBD gqun tub and therefore is taking longer to disperse. The levels of the
2 spikes recorded with STBD catapult (Fig. 9f) were noticeably higher even
though the background C\Z was nearer 10-14 than 10-15m -2/3, Horton in his
analysis of the 1979 data provided a word of caution when interpreting the
meaning of these thermal spikes. He says these spikes really do not represent
true CNZ changes but simply represent temperature pulses of short duration.
This must be regarded as the most plausible explanation until further work is .
done with an optical system. ;

The data recorded at the SCS location reveals thermal spikes peaking at

times from 500 to 1000 times the background CN2 level (Figs. 10a to 10h). The

decay time to return to the background level was the order of 30 seconds. This

is expected as the probes were exposed all the time to the full influence of
the aircraft exhaust which would be slower to dissipate as the ship was

steaming into the turbulent air as it is formed.




C. Predictions of Background Cy2 Using Bulk Method

Recently several papers(8,9) have been published on the verification of
using the bulk method for calculating overwater optical turbulence. This
method allows the readily available shipboard meteorological measurements to be
used to predict turbulence over water. The theoretical understanding of the
relationships involving the basic parameters is now well understood. Further-
more, the recent experiments undertaken by Davidson, et al(9) in Monterey Bay
have indicated that the bulk method estimation of CyZ can be expected to be
adequate 50% of the time where horizontal homogeneity exists on a scale of the
order of 10 Km upwind. However if inhomogeneity is know to exist then the
prediction can be considerably in error. This method requires only four
parameters, air temperature, relative humidity and wind speed at a height z
above the sea surface and the sea surface temperature. As an exercise
Cn2 was calculated using the expressions given by Friehe{2). The bulk
parameters used were taken from the ships meteorological records which had the
required parameters tabulated every hour. For the wind data (G) the wind
over the deck readings were used. This parameter was recorded every time a
launch occurred. The value of z was taken as 14 meters. Table 1 summarizes the
hourly meteorological data for the times CNZ measurements were made, In all
except one case the air temperature was greater than the sea surface
temperature (i.e. AT<0). This is conducive to stable conditions existing in
this region of the atmosphere. Hence, the bulk aerodynamic formula which
provides CTZ for stable conditions was used. This expression taken from

Friehe(z) is
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(aT)2

= 3,12 x 10-3 (1 - 0.635 X)

where
X = [(ZaT/U2)] (1 + 0 .212 (ag/at)

and
UAT < 25.

The results of these calculations converted to Cy2 are also given in Taple 1.
Since only hourly values were available, the same values were plotted with the
experimental data + 1/2 hour either side of the hour. These values are

shown as dashed lines in Figs. 8 to 10. Apart from the period from 9010 to
1253 on 23 March the predicted CN2 values, surprisingly, show reasonable

agreement within a factor of 3 to the mean measured CN2 data.

D. Turbulence Effects On Ship-to-Ship Tracker Performance

A set of measurements of CNZ were also made between the hanger bay door on
the starboard side and the life-guard rail. Figure 6 showed the probe
assembly at this location. The results of four 8 minute recordings are
reproduced in Figs. 11a to 11d. At first glance these data reveal a high level
of CNZ; generally 2.5 times higher than the normal overwater value. At this
location such values are expected because warm air with temperature of the
order of 359 C exists in this doorway. Hence, the hotter air can mix with the

cooler air outside the door to produce a strong turbulent medium. It would be

10

[P




expected that this strong turbulence would not extend very far beyond the
perimeter of the ship. Knowledge of the turbulence level at this location is
required to determine its influence if any, on the tracking performance of the
ship-to-ship measuring system. Turbulence in the beam path contributes to beam
wander and spreading and hence can increase the tracking error. For the
ship-to-ship system, better than 140 yradian precision tracking(10) is required
if the whole laser beam is to be captured by the 60" receiver. The question
now is to determine the magnitude of the extra beam wander due to the increased
turbulence at the hanger bay door. The variance in beam wander (in terms of
angular units) for a collimated beam with a uniform intensity profile
distribution, is given by (11)
L
<82> =2—22—§f b(z)']/3 CNZ(Z) (L-z)2 dz
where b(z) is the radius of %he be:m at distance z. If it is assumed that b(z)
and Cﬁ(z) do not vary significantly with z then the variance is given by
-1/3
<82> = 0.75 b(0) N2 L
If one divides a 5 km path into three segments such that Cy2 = 10-12 m-2/3
for the first 25 m, CN2 = 10-13m -2/3 for the next 25m and ey = 10-14p-2/3
for the remainder of the path and assuming all 3 individual values add up
orthogonally then <82> can be computed for each segment to give the RMS beam

wander as

/<872> = /(25.0 + 2.6 + 50.4) x 10~12

= 8,8 uyradian.
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The radius of the collimated beam was assumed to be 0.41m. Considering
that the above calculation is for a very extreme case, the increase over the
situation where CN2 = 10-14 m-2/3 for the whole 5 km path is only 1.7 uradian.
In reality, the increase in beam wander would be much less than this because
the value of Cy2 = 10-12m-2/3 would extend very little beyond the ship's
perimeter. However, what really is more important to take into account is the
straight out refractive effect that the large temperature change near the
doorway would have in deflecting the beam since this distinct temperature
change will produce a step change in the refractive index of the air, Hence,
by applying Snell's law, the angular change can be determined. At X = 3.8 um
the refractive index of air at temperatures of 300 C and 15° € is 1.00025906
and 1.00027273, respectively. Now if small angles are considered, i.e. the
refractive index boundary is close to normal to the beam then n'v s ni where n
and n' are the refractive indices of air for 300 C and 152 C, while i and v are
the incident and refracted angles, respectively. This results in an angu-
lar change of about 14 yradians. Since this §oundany would be fluctuating
with time the angular change in beam wander would also fluctuate. The deflec-
tion calculated above represents a maximum value. Thus, as might be expected,
this hot air "curtain" has a much greater effect on beam wander than the tur-
bulence generated near the doorway. The hot air coming from inside the hanger
bay (the steam reservoirs for the starboard catapult just inside the doorway
contribute most to heating the air) that forms this “"curtain" could be con-
siderably reduced by having a screenplaced between the doorway perimeter and
the tracker van.

In Fig 12b note that the change in ship course has produced a marked
decrease in CNZ. Prior to the change in course the atmosphere in this location

was in full sunlight while after the change the area was shaded by the ship's
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deck. Whether or not the absence of direct sunlight brought about a reduction
of Cy s difficult to say. It could also be due to a change in the movement
of air along tﬁe ship. Horton in his analysis reported slow changes in CNZ
after the ship changed course and attributed this to possibly some large

oscillation of the air flowing slowly along the ship.

E. Freguency Spectra of Microthermal Fluctuations

During the Cy measurements made on board the LEXINGTON the opportunity was
taken to record several low frequency spectra of the two point differential
temperature fluctuations (AT) (see Section 4). Figures 13a, b and ¢ show
spectra that were recorded during no launching at the SCS location. 1In Fig. 13
the fall off in output for frequencies less than 24z is due to the frequency
analyser. Even though AC coupling had to be used to remove a large DC offset
from the microprobe output, the frequency response still remains very flat
above 24z, Reproduced in Fig. 13d is a frequency spectrum when the probe wires
are capped. This spectrum indicates a fairly flat frequency response above
5Hz. (The spectrum analyser in this case was DC coupled to the microthermal
probe system which accounts for the large excursion near 1Hz.)

The Kolomogorov or inertial-subrange model predicts that the exponent in
the RMS frequency spectra power law should be -5/6. Values deviating fro?
-0.83 indicate a departure from the Kolomogorov spectrum. Now in many cases,
particularly if turbulence is strong, it is found that £-0.83 i1l hold for the
lower portion of the spectrum but depart significantly at frequencies, say
above 50 Hz.(12) A break point along the power law curve allows a value for
the inner scale to be determined. Strictly, turbulence spectra should be
measured using only a single microthermal probe and these spectra be studied
for power-law behavior, Hence, the RMS AT fluctuation frequency spectra

presented here will provide only a guide to the actual power-law behavior;
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partial or complete cancellation of signals from the 2 probes can occur and the
probe separation of 10cm limits the extent of the spectrum. Examination of the
slopes (Fig. 14) determined from the curves fitted to the spectra measured on
the LEXINGTON when they were plotted on a log-log scale, indicate small changes
at 10 and 25 Hz. The slopes for the spectral region below 10 Hz were 1,0
(Figs. 13c and 14b) while for the region 10 to 25 Hz they were 0.5 and 1.4 and
for greater than 25 Hz (Fig. l4a), 1.15. These values of the slope indicate
that when these measurements were made (for constant wind and significant data
averaging), departure from the Kolomogorov 5/6-law is implied. This may follow
from the fact that turbulence conditions at the time were not strong and the
turbulence was influenced by the location of the probes close to the ships
structure. Furthermore, the model is known (12) to be more realistic under
strong turbulence. However, in view of the existence of an error of unknown
magnitude arising from using 2 probes to measure the spectra, this conclusion
must be regarded as only tentative. The establishment of any inner scale
dimension from the data in Fig. 14 was thus not possible.

Several frequency spectra were recorded during aircraft launches but no
noticeable change was observed in the frequency spectra after the initial AT
impulse was recorded by the microthermal probes.

Notwithstanding the above, the usefulness of the AT fluctuation spectra
are limited. One use which could be seen for this type of data is to determine
the degree of contamination that the probe wires receive from salt deposit in a
maritime environment. Contamination of this nature will drastically reduce the
frequency response and increase the AT readings. A frequent check on the

frequency response would give the bufld up of contamination on the wires.
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9. CONCLUSIONS

The data reported here made a small but worthwhile contribution to the
data hase for the nearship effects on optical propagation. 1In the first
instance the data recorded with microthermal probes has confirmed the presence
of strong thermal impulses immediately after launch at the starboard gun tub
site. As referred to in an earlier section these impulses could possibie be
due to a thermal spike and not to turbulence. It is highly unlikely that in
the short space of time after the launch an equilibrium situation would exist.
One interesting aspect to emerge from ths analysis is the modest agreement seen
between a majority of the measured background CN2 data and that predicted from
the bulk parameters. Provided homogeneity is known to exist upwind the bulk
parameterization method for determining Cy2 can be used to predict CyZ with
moderate accuracy.

At the hanger bay door very high values of CNZ were found to exist. How-
ever the CNZ value would be expected to drop very quickly once outside the
ship's perimeter. Calculations using the extreme value measured for CNZ only
slightly increased the RMS laser beam wander for the ship-to-ship tracker.
However, a greater effect on the beam wander would occur from the straight
refractive effect when such a distinct drop in air temperature is encountered
by the beam. However, the estimated bending in the beam of 15 yradian fell
well within the 140 uradian tracker pointing accuracy limit set for beam
wander and spreading.

Unfortunately due to the short period on board the LEXINGTON, insufficient
time was available to collect CNZ data at any of the aft sites, as was done for
the set of measurements in 1979. If further measurements are made on the
LEXINGTON using both optical and microthermal probe systems then these sites
need to be included.

16




10. RECOMMENDATIONS

The measurements of CyZ made to date on the LEXINGTON have provided an
insight into some of the effects the ship's environment has on optical
turbulence. These data provide the basis for planning future measurements of
near ship optical turbulence using optical instrumentation. There is the
requirement to design a compact, portable optical system with say a physical
pathlength of 1 to 2 m which can make turbulence measurements at a point
location. A modified open, White cell system that can accept an
almost-collimated laser beam, combined with a suitable TV or IR recording
camera, could be a possible candidate for such measurements. It is essential
in any such folded system that the beam be as nearly collimated as possible.
For any focussing of the beam within the cell would lead to difficulty in
interpreting the effect; of turbulence on beam wander and spreading recorded at
the exit. Even so, there still remains the problem of how to intepret the
results when a beam passes through the same irregularities, say 100 times.
This must be seen as a major limitation to using a multiple pass co-axial
optical system. Alternatively, an an optical system based on the Schlieren
method could be adopted to record beam turbulence. In this situation an almost
parallel beam of non-coherent light would only pass through the same
irregularities once or twice depending on the configuration adopted.
Furthermore, a Schlieren system should be able to be designed to measure
turbulence radially about the system's axis for a large crossectional volume
using a point source. Any optical system which is used in a maritime
environment will have practical problems. For example, increased scatter of
the beam will occur after reflection at the mirrors as they become éoated with

salt, contributions will be made to beam scatter by the aerosol and, in the
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case of the Schlieren method achieving overall mirror stability.
In the case of the first two effects, operating at longer wavelengths (IR) will
reduce the severity of the scatter problem.

The measurement of the direct influence of turbulence on optical beams
immediately takes into account the effects of temperature and humidity
fluctuations and the interaction between the two, on refractive index. In the
maritime environment humidity fluctuations are known to play an important role
for propagating IR beams. Furthermore, the spatial filtering imposed by a two
probe microthermal probe system would be removed., If a He:Ne laser is used a
larger region of the sub inertial range can be covered assuming the inertial
sub-range model! criteria apply; the lower limit using a He:Ne laser and a 100 m
path would be about 8 mm. An optical system would also provide a better under-
standing of the effects on turbulence of the large temperature fluctuations
observed during aircraft launch. It would be advantageous then to make
microthermal fluctuation measurements concurrently with measurements of optical

turbulence.
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TABLE 1.
SUMMARY OF METEORQOLOGICAL PARAMETERS DURING MICROTHERMAL
PROBE MEASUREMENTS
Local Relative Wind Wind )
Date Time T air T water Humidity Speed Over Deck Cy
(o} (885 (%) (m/s)  (mis) m2s3
3/22 1555 24.4 21.1 78 6.8 N/A 1.1x10-14
1655 24.6 21.1 80 7.3 N/A 7.2x10-15
1755 24.6 21.1 81 5.7 N/A 7.3x10"
3/23 0655 24,1 24.4 90 3.1 9 4.3x10-17
0755 25.6 " 81 3.1 14.5 7.6x10-
0855 25.6 " 78 5.7 14.5 7.6x10-1
0955 25.6 u 74 . 2.6 14.5 7.5x10-
1055 25.6 " 74 2.6 N/A 7.5x10-
1155 25.8 " 78 2.1 13.5 1x10-
1255 26.7 " 67 2.1 13.5 2.8x10-15
1355 26.6 " 71 2.6 13.5 2.6x10-
1455 26.3 " 71 3.1 13.5 1.9x10-1
1555 26.1 " 72 1.6 12.5 1.5x10-15
1655 26.1 " 70 1.0 11.5 1.5x10-15
1755 6.0 " 70 0 13.0 1.4x10-15
3/24 0755 25.4 24,4 82 5,2 14.5
0855 26.2 " 81 5,2 14.5 1.7x10-15
0955 26.2 " 78 6.2 13.5 1.7x10-15
1055 26.6 " 77 6.2 14.5 2.6x10-15
1155 26.7 " 78 6.8 14,5 2.9x10-15
1255 30.1 " 58 6.8 14,5 1.9x10-14
1355 27.9 " 66 6.8 13.5 6.8x10-15
1455 28.4 " 66 4.2 15.5 8.7x10-15
1555 28.4 " 66 3.1 13.5 8.9x10-15
18
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Fig. 2 — Schematic of microthermal probe system and
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