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TUNABLE DIODE LASER HETERODYNE RADIOMETER MEASUREMENT
OF ATMOSPHERIC ABSORPTION OF SOLAR RADIATION

By

Charles N. Harward! and Gary E. Copeland?
- ABSTRACT

A Tunable Infrared Heterodyne Radiometer (TIHR) wnich uses a diode
laser as the local oscillator as well as methods for the evaluation of
the excess noise characteristics of the Tunable Diode Laser (TDL) are
described. Preliminary atmospheric absorption data taken with the TIHR
are presented which show the capability of the TIHR for making the

highest resolution atmospheric measurements to date.
INTRODUCTION

A Tunable Diode Laser (TDL} has been used as a local oscillator (LO)
in a heterodyne radiometer coupled to a heliostat to measure the absorp-
tion of solar radiation by atmospheric constituents. The use of the TDL
as an LO in a heterodyne system has been demonstrated only a limited
number of times (Ku:and Spears, 1977, Hackett, 1977; Mumma et al., 1975;

—-and Harward, 1977). With- the exception of Mumma et al. (1975}, the
heterodyne system has been used to detect radiation from a laboratory
blackbody or the presence of gas in a cell through which laboratory
blackbody radiation passes. The only other successful demonstration of
the TDL as a LO was by Frerking and Muehlner (1977), who mounted a
TDL along with the photomixer in a liquid nitrogen (LN;) dewar. The
use of LN2 cooling limited the useful tuning range of the TDL and thus
the number of atmospheric species that could be detected. In our

present system the TDL is mounted in a commercial closed-cycle cooler.
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The wavelength tuning range of this TDL is now self-limited and
extends from 8.9 to 11.2 cm™!. Therefore the number of species which
can be detected is greatly increased. For a few days near the end
of the period covered by this grant, our present system was operated
and the atmospheric species HNOs, Oi, H20, and CO2 were detected.

EXPERIMENTAL DETAILS

Figure 1 shows the optical schematic for the heterodyne radiometer.
The TDL LO is mounted in a commercial closed-cycle cooler which has been
modified to reduce frequency fluctuations that can be induced mechani-
cally during the cooling cycle of the cooler. Radiation from the TDL
is collected and collimated by the £/1 lens. For coarse wavelength
identification or for isolation of a single TDL mode, the collimated
.radiation is refocused by an f£/8 lens and passed through a monochromator.
For single-mode operation or for use of the mode selection etalon, the
monochromator is bypassed and the TDL radiation is combined with solar
radiation via a 1:1 beam splitter. Solar radiation is directed to the
beam splitter by a hel:ostat and is mechanically chopped and filtered
using an eight-micron high-pass optical filter prior to the beam splitter.
The combined TDL and solar radiation is focused onto a LN;-cooled HgCdTe
photomixer by an f/1 lens. The TDL radiation reflected by the beam
splitter is mechanically chopped and divided by a second beam splitter
One part is directed through a gas cell, and the other is directed
through a 2.54-cm solid Ge etalon.. Both portions of the chopped TDL
radiation are focused onto LNiz-cooled HgCdTe detectors. These two legs
make up the fine wavelength identification section of the Tunable

Infrared Heterodyne Radiometer (TIHR).

The TIHR can be operated either as a scanning radiometer or at any
fixed wavelength within the operating range of the TDL LO. In the
former operational mode, the rf output from the photomixer is processed
through a single IF filter. In the fixed wavelength operating mode
the rf output is processed through an eight-channel IF filter bank. In
either mode, the output from a second square law crystal detector
following the IF filter(s) is synchronously detected. The fixed wave-

length mode provides a multiplex advantage useful for quantitative
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measurements of the vertical distribution of selected atmospheric species,
and the scanning mode can be used in the selection of optimum regions for
the fixed wavelength operational mode. The scanning mode spectra taken
at different times of day can be used as input data to an iteration
scheme to yield vertical profiles of selected atmospheric species.

MODE SCANS

For the successful operation of tﬁe TIHR, tha spectral and excess
noise characteristics of the TDL LO must be investigated. During the
initial phases of our work, the spectral characteristics of the TDL as
a function of current and temperature were investigated by using the
monochromator to scan the TDL output. Figures 2 and 3 show the results
of such mode scans. The operating temperature was 16 K, and the diode
current was the independent variable. After each scan of the TDL modes,
the current was increased by 0.1 A, the pen was offset from the previous
scan by a small amount, and then a new mode scan was made. Figure 2
shows the laser modes for currents from 0.25 to 1.25 A, while figure 3
shows modé scans for currents from 1.25 to 1.75 A. The TDL tases in
a single longitudinal mode at wavelengths of about 11.16 u for a current
between 0.25 to 0.45 A. This is shown in figure 2. Between 0.45
and 0.55 A it jumps to another single longitudinal mode at X = 11.10S u.
This latter mode lases only over a small current range before jumping
to another longitudinal mode with the addition of several small transverse
modes. From currents of 1.45 to 1.65 A 2 longitudinal modes dominate
the output of this TDL, but small transverse laser modes still appear.
From these mode scans it can be concluded that this TDL can be used
as an almost single-mode LO from threshold to a current of 0.95 A.
Possibly it can be used as an LO from 1.45 to 1.65 A with some type

of mode selection device.

Figure 4 indicates that this amalysis is correct. The top trace
in this figure shows the heterodyne signal obtained by beating the TDL
against a 1,000 K blackbody. The intergrated noise in the output of
IF amplifiers is shown in the lower trace. This is the excess noise
induced by the TDL output. This noise has been limited to a 100-MHz
bandwidth by a 100-MHz low-pass filter. The independent variable of




this figure is the current through the TDL. For certain currents the
integrated noise increases very rapidly for small changes in TDL current,
as seen in the lower trace of figure 4. Such increases occur at 0.5,
1.08, 1.23, 1.30 to 1.5 and around 1.7 A. These sudden increases in TDL-
induced noise occur at currents where the TDL is in transition from one
mode to another (regions where the TDL modes are jumping rapidly from
one mode to another). The noise is caused by competition between the
laser modes for the laser power (Harward, 1977), or by a resonance
phenomenon between the TDL electron and photon distribution (McCumber,
1966) by a beating between closely spaced transverse modes (Ku, 1977;
Harward, 1977). The presence of the noise in the IF causes the black-
body heterodyne signal to be very noisy as evidenced by the upper

trace in figure 4. At currents where the IF noise is high or changing
rapidly, the heterodyne signal is unusable.

Figures 5 and 6 show mode scans of the TDL taken at a temperature
of 21 K. Figure 5 shows the TDL laser modes for the current scans from
0.3 to 1.3 A in 0.1-A steps, while figure 6 shows these mode scans from
1.3 to 1.8 A, The current tuning range of single frequency modes has

been considerably reduced.

At this higher temperature, the tuning range of single modes has
become so restricted that the TDL is not useful as an LO at the lower
currents. The only modes which appear useful for heterodyne purposes
are the ones which occur at 10.84 and 10.68 u for the current ranges 0.9
to 1.3 Aand 1.5 to 1.8 A, respectively. Figure 7 shows the 1,000 K
blackbody heterodyne signal and excess ncise induced by the TDL. This
figure was generated in the same manner as figure 4. The TDL appears to
be quiet enough for good heterodyne operation for currents less than
0.7 A, but the poor tuning characteristics of the TDL at these lower
currents eliminates this set of currents from consideration. The mode
noted at 10.8 u for the set of currents from 0.9 to 1.3 A from figure 5
appears to be a good candidate as a possible LO as is seen from the
quiet heterodyne signal and low intergrated IF noise in figure 7 (although
even this mode is contaminated by excess noise at the lower current end
of its tuning range). The mode at 10.68 u is not useful since figure 7
shows the 1.5 to 1.8 A current range to be completely dominated by excess

noise.
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Figures 8 and 9 show the characteristics of the blackbody heterodyme
signal and the excess noise for the TDL operating at temperatures of 45
and 70 K respectively. These two curves demonstrate the change in the
noise characteristics of the TDL a- the temperature increases. In the
45 K case the whole current tuning range of the TDL is dominated by
excess noise except for the first 0.15 A after the lasing threshold is
reached. For the 70 K curves, the TDL noise characteristics have changed
so that much of the current tuning range shows very little excess noise.
Therefore, the total tuning range is useful for heterod)me purposes. Mode
scans te.zal that the TDL operates on only single modes over this tuning
range. Thus, the TDL radiation does not need to be passed through a
mode selection device thereby increasing the TDL power at the photomixer.
The reason for the change in the operating characteristics of this TDL

is not well understood at present.
IMPROVEMENTS IN CHARACTERIZATION PROCEDURES

The characterization of the excess noise in the TDL is a very labo-
rious and time-consuming process when the techniques used to obtain the
previous characterizations are applied. Even for characteristics taken
for every degree kelvin over the TDL operating temperature range, one is
never quite sure that all the optimum operating conditions have been
determined. Sometimes small changes in either current or temperatures
alter the excess noise and/or the spectral character of the TDL. In
order to determine the best temperature and current ranges, a real time
"picture" of the TDL output needs to be obtained. One way to obtain
a real time spectral output of a TDL is to use a rapidly scanning Fabry-
Perot etalon. A scanning etalon consists of a pair of flat plates which
are maintained parallel. Spectral scans are obtained by displacing
one of the plates by applying a voltage ramp to PZT transducers upon
which one of the plates is mounted. If the plate is displaced through
one-half wavelength, then one free spectral range of elaton is scanned.
The free spectral range varies inversely as the spacing between the
plates. Thus, in order to determine the spectral output of the TDL,
the plates must be spaced such that the free spectral range of the etalon

is greater than the range of wavelengths emitted by the TDL at one time.




A spacing of 0.5 mm was chosen for the etalon and was used to obtain real
time mode scans. This gave a free spectral range of 10 cm” !, which is
just sufficient to cover the TDL emission range (typically 8 to 10 cm 1y,
Figure 10 shows a real time mode scan obtained for the T.L by scanning

the etalon through one free spectral range. The advantage of this technique
is that any change in the TDL spectral characteristics can be seen im-
mediately. By observing the oscilloscope screen, one can search for aigh-
intensity wide tuning modes in real time, thereby eliminating much of the
time needed to make mode scans with a moncchromator. An additional
advantage is that any excess noise in a TDL mode can be evaluated simulta-
neously by observing the integrated IF output of a photomixer on which

the etalon-filtered TDL radiation is incident. This is shown in figure

10 by the top negative going trace wheve both of the TDL modes have
generated excess noise on the photomixer. If the integrated IF output
shows little or no noise as the etalon is scanned over a TDL mode, then
this mode is useful for heterodyne purposes. If the directly detected
etalon scan also shows the mode to have a wide tuning range, then it is

a good candidate as a possible scanning LO.

This technique has shown good results in that optimum operating
conditions can be found more quickly and reliably than the previously
used methods. However, there are two disadvantages: the first, and
major one, is that the etalon method does not provide the absolute fre-
quency of the TDL modes. This disadvantage can be overcome by making a
mode scan in the conventional .ianner after the optimum operational
conditions are found. A second, but minor disadvantage, is that a photo-
graph of the oscilloscope screen provides the only hard copy of the data.

With proper instrumentation, this problem can be overcome.

The scanning etalon can be used as a mode isolator in addition <o
its role as a diagnostic tool. Figure : shows the etalon-filtered DL
output as the TDL current is scanned. For this figure the spacing
between the etalon plates is held fixed. The upper curve in the figure
shows the blackbody heterodyne signal as the TDL scans acrcss the band-
pass of the etalon. The lower trace shows the output of a 2.54-cm solid
Ge etalon. This trace indicates the spectral half width of the scanning

1

etalon is 0.3 cm !. The variation in the blackbody heterodyne signal is




directly related to a variation in the transmitted TDL power. These
variations make the analysis of the spectra taken with the heterodyme
technique very difficult. The problem is removed if the peak of the
scanning etalon transmission curve is made to follow the TDL output.
This is accomplished by applying a voltage to the external input of the
etalon control module which moves the etalon plates to compensate for the
TDL spectral change. Such a voltage may be obtained by applying a small
dither voltage to the etalon PZT. This causes the transmitted TDL
radiation to have a small AC signal impressed on it. This signal is the
same frequency as the dither signal. Moreover, this signal changes
phase as the TDL output is moved from one side of the etalon transmission
curve to the other. At the peak of the etalon transmission curve, the
amplitude of the induced AC signal at the dither frequency goes to zerc
Thus, if a phase-sensitive detector is connected to the bias network of
the photomixer, then a voltage proportional to the TDL radiation offset
from the etalon peak is obtained. If this voltage is amplified and
introduced into the etalon controller, then the etalon transmission peak
will be moved to correct for the TDL offset from the etalon transmission
peak. Such a feedback circuit is shown in figure 12. The dither signal
is applied to the low voltage input of the etalon control unit. The

low frequency output of the photomixer on which the TDL radiation is
focused is applied to the input to a lock-in amplifier. The feedback
loop is completed by conneciing the output of the lock-in amplifier to

a variable gain voltage amplifier internal to the etalon control

module. The sequence for establishing automatic control of the etalon
peak is first initiated by manually tuning the DC bias on the et:zlon
control module for maximum transmission of the TDL mode that is to be
used. At this point the output of the phase detector should be near
zero. When the variable gain on the etalon control module is increased

sufficiently, the etalon peak is locked to the wavelength of the TDL.

The advantages of locking the etalon transmission peak over the use
of a fixed spaced etalon is seen by comparing figures 13 and 14 with
figure 11. Both figures show the same mode used in figure 11, but the
etalon is tracking the TDL peak. The tracking etalon has removed the

problems shown in figure 11. The temperature was adjusted in figure 14

~1
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to increase the tuning range of the TDL. The decrease in the signals at
the beginning and end of the current scan in figure 14 was due to the
blocking of the TDL. This was done to demonstrate the etalon locking to
the TDL wavelength is accomplished in a short time and with little or no
overshoot. By counting the Ge etalon fringes in this figure, we see that
this mode tuned over approximately a cm ! before cutoff. The full tuning
range of this mode cannot be used if either a constant spaced etalon or

a conventional monochromator is used for a mode isolation.

This TDL mode isolation technique has direct application in TDL
spectroscopy since wider tuning spectral scans can be made, with the
additional advantage that the mode isolator profile does nat cause
power variations in the transmitted TDL radiation. Another advantage
which is realized with the tracking etalon technique is the minimization
of beam-steering effects. If one uses a monochromator to isolate a
single TDL mode beam, then steering effects can cause severe problems.
Some of these are uneven intensity fluctuations of the different beans
in a multibeam spectroscopic experiment; variation in the calibration of
the spacing of the etalon fringes (Flicker et al., 1978) which are
sometimes used as relative frequency markers in spectroscopic systems;
and 1c ;2T optical paths which magnify the effects of beam wandering

due to thermal misalignment.
SOLAR HETERODYNE MEASUREMENTS

Solar heterodyne measurements were made after the optimum TDL modes ;
were selected. These were accomplished with low-noise (2-dB noise
figure), narrow bandwidth (5- to 200-MHz) amplifiers with a 100-MHz low-
pass IF filter. Thus the resulting resolution was 200 MHz because of
the 2 IF sidebands.

The experimental signal-to—noise ratio (SNR) was determined by beating
the TDL with a 1,000 K blackbody. An SNR value of 100 was obtained. The
directly detected spectra have a resolution which is in the range from 5
3 to 30 MHz, Figure 15 shows the similarity between the heterodyne and .

directly detected resolution. This figure shows three different spectra

taken with the TIHR system. These curves were generated with the TDL at
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crrrent threshold and cooled to 15 K. The upper two curves show laboratory

spectra of HNQ3; for different cell conditions. The top spectrum was taken
at a lower !INOj partial pressure but with a small amount of air added in
order to pressure broaden the spectral lines. The bottom curve shows the
heterodyne atmosﬁheric solar absorption spectrum of the same spectral
region.

The similarity between the directly detected and solar heterodyme
spectra is quite remarkable on two counts. First, each line of the
laboratory HNO; spectrum correlates with a line in the atmospheric
absorption spectrum. Second, the low-pressure broadened HNO3 has the
same appearance as the atmospheric absorption spectra. Not only do
these spectra match each other, they also match synthetic HNO; spectra
obtained from spectroscopic parameters. In fact, the number scale on
this figure was obtained from the theoretical positions. Not all of the
lines in the atmospheric spectra match HNQ3 lines, and these are due to
absorption by other atmospheric species. The strong absorption feature
in the solar heterodyne measurement is attributed to CO; and H»0. Figures
16 and 17 show simulated atmospheric spectra generated from the line
parameters and assumed profiles for HNOj, CO2, and H,O. The difference
in these two figures is due to different assumed vertical concentration
profiles of HyQ, where figure 16 has one-half the assumed water vapor
content in figure 17. If the power change in the TDL is taken into
account, the experiment and synthetic absorption spectra compare quite
nicely. No attempt has been made to optimize the fit, since the
experimental spectrum was not normalized for the TDL power variationms,
nor was the heterodyne system calibrated to determine the absolute

solzr intensity.

Figure 18 shows the heterodyne atmospheric solar absorption spectra
obtained with the TDL temperature at 69.9 K. At this temperature the
TDL operates in single modes for the currents used. This is evidenced
by the examination of the etalon traces in the lower part of the figure.

Each of the modes tunes over approximately 0.5 em”?

as indicated by the
number of etalon fringes (spaced 1.5 GHz apart). The cause of the excess
noise seen at the beginning of region G is not precisely known, but it

is probably due to very small transverse modes which are in competition
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for the TDL power. For currents higher than the ones used, the TDU
output definitely becomes multimode with an excess of noise. The
letters at the bottom of the figure indicate different spectral regzions
shown in high resolution in Fourier Transform Spectrometer (FTS) scans
of solar radiation (Goldman et al., 1978). These marked regions show
the TDL single-mode regions and are shown again in figures 19 and 20.

The absorption is caused by ozone, carbon dioxide, and water vapor. The
absorption in different parts of the atmosphere is evidenced in figure

18 by the width of the absorption lines. The lines caused by absorption
in the stratosphere are very narrow (doppler broadened) while absorption
in the lower atmosphere results in wider lines (collision broadened).
This is demonstrated by region E in figure 18, where the stratosphere
ozone lines are superimposed on the CO: absorption line. The spectra seen in
this figure represent the highest resolution atmospheric spectra obtained
to date. The resolution here is approximazely 0.006 cm ! and is 10 times
better than high resolution (0.06 cm !) FTS spectra. In fact the FTS

spectra resolution are just a little less than the distance between the
etalon fringes.

Figure 21 and 22 show atmospheric absorption spectra obtained with
the TDL operating at 70.3 K. The spectral regions covered in these
figures are different from the ones obtained at 69.9 K. Figure 21 was
obtained by scanning the TDL-injection current in a positive manner,
while figure 22 was obtained by scanning the current from high currents
toward lower values. Close examination of the same lettered regions
shows that two different spectral regions are observed when scanning in
this manner. Mode-pulling effects are responsible for these differences.
Once a mode begins to lase, that mode will lase at current lower than
the threshold current for that mode. Hence, the mode will lase at
different wavelengths depending on the direction of the current scan.
Therefore, at each of the temperatures used, the current was scanned in
both manners in order to increase the spectral coverage. Figures 23
and 24 show atmospheric spectra ottained at 70.6 K for the forward and
reverse current scans respectively. We see that the temperature change ¢
causes the modes to cover a slightly different spectral region. Figure

25 shows the spectrum obtained at 70.9 K with the current scanned in

10 |
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the reverse direction. No forward-direction current scan was obtained
at this temperature. Two new spectral regions are obtained at this
temperature, i.e. regions L and M. Figures 26 and 27 show the spectra
obtained at 71.3 K with current scans in the forward and reverse current
directions respectively. Figure 28 and 29 show atmospheric spectra
obtained at 72 K for forward and reverse current scans. The ordinate in
the figure is expanded over previous ones. This illustrates the spectra
better, but of course it does reduce the number of spectral regions

covered in one scan.

Figures 30 and 31 show the atmospheric spectra obtained at 72.5 K
for a current scan in the forward. and reverse directions respectively.
Figure 32 shows the current scan in the reverse direction with the TDL

temperature at 73 K.

This scan includes a new spectral region. Table 1 gives the
approximate wave number range of the lettered regions and atmospheric
species which causé the absorption. The main absorbing species are
CO2 and H»0 in the lower atmosphere and O3 in the stratosphere. While
these scans o the atmospheric spectra are quite encouraging, they are
not useful in a practical sense. This is because of the condensed
nature of these spectral scans. If the singie mode regions are
expanded, then the scans will show the finer details of the atmospheric
spectra. Figure 33 and 34 show the atmospheric absorption spectra with
expanded scales. These scans were obtained with the single-mode region
labeled K in the previous figures. The increase in the detail is
evident in figures 33 and 34 which were obtained with forward and reverse
current scans. The mode-pulling effects in these two spectra are
prominent. The region L is wider in figure 33 than in figure 34, due
to a lower wavelength in the forward current scan than in the reverse

scan.

Differences in the appearance of the absorption lines are related
to the environment where the absorption took place. The broad absorption
line is due to absorption by COz, which takes place primarily in the
lower atmosphere. The narrow lines are attributed to absorption by ozomne

in the stratosphere. This difference in the shape of the absorption

11
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Table 1. Approximate wave number range of the lettered regions and
atmospheric specics which cause the absorption.

REGION WAVE NUMBER RANGE (cm !) ABSORBING SPECIES
A 1064 - 1064.6 03
B 1066.2 - 1067.1 03, CO2, H20
c 1068.3 - 1069.4 0s3, CO2
D 1070.9 - 1071.7 03
E 1072.8 - 1073.7 CO2, 03
F 1075.0 - 1076.0 03, H20
G 1077.4 - 1078.2 0i3, CO2 |
H 1079.4 - 1080.2 03, CO2
I 1081.8 - 1082.5 €02, O3
J 1084.2 - 1085.0 CO2, O3
K 1086.5 - 1087.2 CO2, O
L 1088.7 - 1089.3 03, CO2
M 1091.2 - 1091.8 H20, O3
N 1092.7 - 1093.2 03
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lines caused by pressure broadening is exploited in heterodyne systems

to give profiles of atmospheric species.

Before the atmospheric spectra taken with the TIHR can yield
quantitative information about the atmospheric profiles, several refine-
ments need to be made to the system. The first refinement is the
inclusion of a phase-sensitive amplifier locked to the solar beam chopper.
Input of this phase detector would be connected to the DC bias supply of
the photomixer. This would enable us to measure the amount of chopped
solar-induced shot noise. This chopped noise gives rise to a false
signal from the IF amplifiers, and the signal appears as a positive
offset in the heterodyne signal since the chopped heterodyne signal has
the same phase relative to the chopper as does the solar-induced shot
noise. Since the very low frequency component of the solar shot noise
should be proportional to the higher frequency components, the offset
in the heterodyne signal can be corrected by measuring the low frequency

component.

A second refinement to the system is needed to correct for the
proportionality between the TDL pdﬁer and the heterodyne signal. This
proportionality accounts for some of the variation in the magnitude of
the heterodyne signal. The effect can be corrected for by measuring
the TDL power on the photomixer. One method would mechanically chop the
TDL beam, but this diminishes the heterodyne signal by a factor of 2
(because of the S0 percent duty cycle of conventional choppers). Since
the level of the heterodyne signal is already small, this method would
not be acceptable. Another method involves the use of the mode-
isolating etalon. In this method a 10 percent duty cycle pulse is
added to the bias voltage of the etalon. If the level is sufficient,
then the peak of the etalon transmission will move away from the TDL
emission frequency (assuming the etalon is tracking the TDL mode).

Thus the TDL radiation will effectively be chopped with only a 10
percent off time. The TDL power is then synchronously detected with
either a lock-in amplifier or a boxcar average resulting in only a

10 percent reduction in the heterodyne signal.

The volume of data that can be generated by the TIHR is tremendous:

too much so for hand processing or recording only in the form of x-y
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plots. Thus a third and final addition to the present system would be
an automatic data acquisition system for taking the data and storing on
magnetic tape for later processing.

CONCLUSIONS

A tunable infrared heterodyne radiometer which uses a diode laser
as the local oscillator has been described. Methods for the evaluation
of the noise characteristics of the TDL for their use as local oscil-
lators have been described and discussed. The relative merits of the
different TDL mode isolation schemes have also been discussed with the
conclusion that the tracking etalon offers the best characteristics for
this task. Preliminary atmospheric absorption data has been presented
which shows the capability of the TIHR for making the highest resolution
atmospheric measurements to date. Atmospheric spectra have been shown
for HNO3;, H20, CO2, and O3. The ability of the TIHR to measure the
profiles of different atmospheric species has been pointed out, but
refinements need to be made to the system before these profiles can be

obtained on a regular basis.
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Figure 9. 1,000 K blackbody heterodyne signal and TDL-induced
excess noise at 70 K for currents up to 1.90 A.
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PHOTOMIXER ETALON f/1 TDL

LENS

NEVAN =

L "
ETALON CONTROL MODULE

VARIABLE GAIN AMPLIFIER

LOCK-IN AMPLIFIER
INPUT

ETALON CONTROL
MODULE

LOCK-IN AMPLIFIER

DRIFT CONTROL
OUTPUT

DITHER VOLTAGE FROM LOCK-IN
AMPLIFIER INTERNAL OSCILLATOR

Figure 12. Tracking control circuit for etalon. ‘
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BB HETERODYNE SIGNAL AND ETALON

0 . , .
.66 76 .86

CURRENT (AMPS)

Figure 13. Single mode 1,000 K blackbody heterodyme signal

obtained with etalon peak iocked to the TDL wave-
o length, Bottom trace shows the output of a 2.54-cm
: Ge etalon.




“I4L 30 @3upx Furunl oya aseaadur 03 ¢ osandiy woxy paisnlpe sanieaaduoy],
"uUoTe1S 99 WD-pGtz ' 3o IndIno 9yl Ssmoys adeal wollog °yiSuoioAmm (L 9yl 01
payoo1 jead uorelo yiim pauterqo reudis audpoiraiay ApoqyorIq ) 000°1 opow-a13urgs -1 oandr.

(SdWv) LNIYIND
col N.O. 8 . L
1 1 , L [J c

Q
W
h 4
Q
o
-
o
-
Q
'—\\
NOTVL3 ANV TVNOIS INAQOYILIH 99

n
3
3
}

Y T T



‘wnx1o3ds
EONH P912913p A132911p YiTM Juote wnaidads uoridiosqe ie,o0s odtaaydsouwle audpoxais)f ST aandi

(-4 H A
0598 620" %8 02764 £10°%8 °

T ) I T ),
J
/

S

- \ )

| % 94
N\

]
i )\

ot \/\

LS

WIS IMWIIT Soml
AMFIVONT 41V WSS W01

WM TN
SO I JINSS T M0




31

0?11 pue ‘ZQD ‘E€QNH 103
safyrjoxd paumsse pue sisjouexed saury 9yl woxj poieaausd uniidads dtaoydsowre paje[nurs "9 SanF1y

(1-W3J) YIGHNNIAUM
0- LE8 8- 969 9- 968 h- 968 2- 968 0- 968

I T I ! I 8

!

!
y T
A TSSTWSNGYL

- -

.‘-r

A

BT A ka4

II,P.

PRUSESEEN ay
e —




«©l
ey

‘91 9anS13 jJo 3IBY} J[BY-2UO ST IUSIUOD O O pue ‘0D ‘EONH 103
satrjyoxd pauwnsse pue siojowered aur[ 9yl woij pojersusd wniidads dtaoydsowie paje[nurs L] dINdry

(1-WJ) HIGHNNIAUM

0O° LE8 8- 968 g9-968 - h°- 968 c- 968 0- 968
i 1 1 T T 0
—_ Ab
dz-
—He-
] i ||I...
g du 2
)
. X
1S wn
N
. a9 =
-1
. =S
]
. —{a-
p— mc
” 101




33

‘X 6°69 1t aanjeradwsl T(AL Y3 YImm
pauteiqo so8utay uofela yiim Juoye e11dads uoradiosqe aejos dstasydsowre aufporaisf 8l 2and 1§

LNIYIND

r 1 H O 3 3 a 0 g v

ARARARAMARAADII __::_:::::_:::::::: . (o)

U u T U R U UV W R VY VYT HHH

‘__ # ,.* e

_ e

VOIS INAQOYFLIH ¥VI0S ANV NOTVLI

=
-—-aﬁ“
-zr’“:
":_
Ll

2]
(@)
Z
(7))
7))
w
Q
»
(11 ]

U

(@)
-

o

L ¢
=

(7))




“(8L61
‘‘1e 15 uewpioy) (_wo S/Z0°1 01 0S0°‘T1 woxj vx3ldads dtasydsowle WIOIJSUBLI XDTINOJ ISeY 6 9IndT1y
(;-WI YIBANNNIAVYM
[ 3e ] 0901 SGOl [o,%0] .

T aia—

|
n
SISSOWH0 06
1 ) N DS 260 100 1
T BTN e
_m.m._ m .__. _éi_ 5 2
“T_mz.“ i
1 .r .“_,__ ..? .<
g e
f
SARSOWNOY, b
L " " 4 4 1 . 1 N e N 2261 AN G
1 L) H T 11 7] a

WNODIS

34




b
1
. . “
*(8L61 °°1e 30 uewpron) , WO QOI‘1 03 SLO‘1 Wwoij ei11dads dtioydsowie wiojsuerl aoranog Isej 0z dandry
—} _ (W) HIGNNNIAM
Ui SBOY 060! SO0t . Lo
] W. r v —p . ' T .y . g e 2 v T . 4 v ' L2 | v b v v

a ] -~ i A P YOO SR




3

*$3U91IND SUTSBAIOUT PIBMO] PIUUBIS SBM JUaxand Yl ‘N £°0L 3T sanjyvrodwal qal 9yl
Y3TM poureiqo sedutxj uoyele yiym Buore ga3deds uotadiosqe 1e1os dtxoydsowze oulpordlsH °1¢ sanfty !

LNIYIND

w | r | H o |. 4 3 a ) q

e TR LT g |

) ] , L IBEERRE Tl e $ o
: LR EhLbEidl RALLEL A ;
“ 1L L 2___,
] )
| | I\ .
taﬁ . o M
5 |
e
o
\ 5
ﬂ S
=
tr
wn
2 ”
& o
:
o
2 .




| *SIN[BA MO o,w,__uz WOJ3 POUUBIS SBM JUSIIND YL ‘N £°0L 2® ou:»au,o%_oa 104 943
._n_«: pouysiqo soduiaj uoreze yitm Buore vxideds uvotdaosqe aeyos dyaeydsowie oulporsisy

"

T
4 T

~

O

INFY¥ND
4

" -
e 0

d

D A N O W RETIAT w erme 1328 o

9

‘gz @andry

gi,\\

NOTVLI GNV TYNOIS 3INAQOYILIH YVI0S

s

5 a2




Pk AR 6% it i

NEeA YSTY O3 MOT WOIF POUUBIS SBM IUGIIND OYL N 9°0L 3B eanijexedwol 11aL Y3
‘$98uray . uoyele 31M Buote 81129ds uoridiosqe aefos drxsydsowre eudporaisy

INFH¥ND

4 3 a o

¢z ‘dand1y

I

St
oS Am——

!

NOTVIZ ANV TYNOIS INACOYILIH dV10S

38




il PN

i

,, : ,,.,no:,,-,g MOT 03 43Ty WOIJ POUUBDS SBM JUSIAND OYL ‘) 9°0L 3e eanlerodwsl 7al oY
. Y3ITA paurelqo s93uTIy UOTBIS YITM Suote va3oaeds uoridrosqe aeios otiaydsowie oulpoxolay °pz dandty

| o | INZHUND

.,_v_.. | H | 9 4 3 a 9

I A°

h%i%t

)N

NOTViI ANV TVYNIIS 3INAGOYILIH AVIOS

39




RRE I S L AL A G B i ) i L LA S "
w L . _ e Y
| ‘sonIeA YSTY 03 MOT WOIJ POUUEDS SBM JUIAND Yl 'Y 6°0L 3® sanzexaduwsl 7IqlL 9Y3 .
YITM poutelqo so8urxy uorele YItM Suore Bi1deds uotridiosqe Jevyos dtroydsoule sulpoxslal °sz eandry <
LNTRIND

w|{ 1 | r | H O 4 3 a
| : i
| ' e ] , | £ & § k1 ) | ! W b 2 1| ! ,.
R ”ﬁ

NOTVL3 ANV TYNOIS INAGOYILIH UVIOS




Sl o R il s L TR

f
i
i
|
'
1
i

L __‘..mg._‘ 5,,..»2, 03 MO WOXJ pouUBIS SBM JuaxInd Yyl °Y €°'1/ e sanjexodwsl gL oy3
i ,%maan.e_ sofuray uorwlo Yatm Juore ealzdeds uoridiosqe avios otaioydsowre aulporeloy ‘9z oandty

'NOTVL3 ONV TYNDIS INACOY¥3LIH ¥VIOS




‘sonyeA Moy 01 YSTY WOXJ pauUEDS SEBM JUSIIND Y],

TP RO S A L

‘¥ €£°1, e eanjeradwal 11ql 9y3

UM paurelqo safuray uorelo yitm 3uore valdaeds uoradiosqe Iv1Os d1reydsowie Supoxsaiol

LNZ¥YND

.

H

) 4 3

"Lz danB1y

a

NOTVLI GNV TVNOIS 3INAQOYILIH AV1O0S

42

L p o mrm imeco e i




B R L L it

*o1eds papuedxa "
L PIoN ,,,mazag guﬁ_ 03 MOT WOXJ PAuUUBdIS SBM JUSIAND 3yl °*Y 0°Z. 38 oanjeradmwoal 7qL hd
Yarm Gucmnﬁ_o nuu-_ﬂhm uorela y3aim 3uore vildeds uoridiosqe xe(os orioydsomre oulporsioH ‘gz aandty
Vel LNTHHND
—'

@ |
= E
: |
o :
= |
Ho
g
<




44

, *sonfeA Mol 03 Y3TY WOIJ pouUuEdS SBM JUSIIND BYL ) 0°Z/ I8 danjerodwsl Il
YIIM paureiqo soSurxy uofels yitm 3uore earldads uoridiosqe xeros dtioydsowle SUAPOXIIdY 67 VANBTY

INFHUND
r

AN
1 AL

)

NOTVLE GNV TVYNOIS INAGOYILIH ¥VI0S




LINFHIND

*sanfeA Y31y 03 MOY WOXJ POUURDIS SBM JUSLIND oYL Y S°z/ Ie sxnjuxadwmol gl
Aus: pourelqo safuyxy uoyels yjwm Juore evidads uoridiosqe Jejos dtradsowis sulporaisy

Qg 9andty

NOTVLI ANV TYNOIS 3INACOYALIH ¥V10S

45




i

-sonjeA Moy 03 ydry woxy PoUUBDS SBM JUIIIND dYL N S°CL 3¢ sanjexadwal 1AL -
YaTm pIuUTEIqO SOJUTIF UOTEID YIIM u—jua vxydeds uorzdrosqe xelos staoydsowae QuApoaaldH “I¢ aandty

INTRIND

NOTVLI ONV TVYNOIS 3NAQO¥ALIH ¥VI0S

46




MouU SQON °Son[EA MOT 03 Y3TY WOIJ PouUUBDIS SEM JUSLIND Y]

*uotdea tex3oads
‘X 0°SL e sanjyevaedwol QL

YA ppurelqo saduriy uoyels yiwm 3uore eildads uoridiosqe xejos dtiaydsomye sukporsisy zg 2andiy

WAL
WEELEETTE

)|

LNFHUND

ﬂ

A ARA

b

NOTVLE GNV TYNDIS INAQON3LIH ¥VIOS

47

W

R,




‘UOTIIOIYP PIBAIOF UY PAUUEDS SEM JUSLIND BYL
~ soBuyiy uorel9 YIIn Buore eayvads uoyidiosqe iefos

N W

ANTHIND

' aanjexadwal 74l YITM peureiqo
d11oydsomae sudporaisy popuedxg

*¢¢ aandyy

-l - Ao
‘_rﬁ.vv li-io.ur. ...ncéi

iy

5

v

NOTV1Z ANV TYNOIS INAGOY3LIH ¥VIOS

48

[

k.,




	1980010113.pdf
	0001A02.TIF
	0001A03.TIF
	0001A04.TIF
	0001A05.TIF
	0001A06.TIF
	0001A07.TIF
	0001A08.TIF
	0001A09.TIF
	0001A10.TIF
	0001A11.TIF
	0001A12.TIF
	0001A13.TIF
	0001A14.TIF
	0001B01.TIF
	0001B02.TIF
	0001B03.TIF
	0001B04.TIF
	0001B05.TIF
	0001B06.TIF
	0001B07.TIF
	0001B08.TIF
	0001B09.TIF
	0001B10.TIF
	0001B11.TIF
	0001B12.TIF
	0001B13.TIF
	0001B14.TIF
	0001C01.TIF
	0001C02.TIF
	0001C03.TIF
	0001C04.TIF
	0001C05.TIF
	0001C06.TIF
	0001C07.TIF
	0001C08.TIF
	0001C09.TIF
	0001C10.TIF
	0001C11.TIF
	0001C12.TIF
	0001C13.TIF
	0001C14.TIF
	0001D01.TIF
	0001D02.TIF
	0001D03.TIF
	0001D04.TIF
	0001D05.TIF
	0001D06.TIF
	0001D07.TIF
	0001D08.TIF
	0001D09.TIF
	0001D10.TIF
	0001D11.TIF
	0001D12.TIF
	0001D13.TIF

	notice_poor quality MF.pdf
	0001A04.JPG
	0001A04.TIF
	0001A05.JPG
	0001A05.TIF
	0001A06.JPG
	0001A06.TIF
	0001A07.TIF
	0001A08.TIF
	0001A09.TIF
	0001A10.TIF
	0001A11.TIF
	0001A12.TIF
	0001A12a.JPG
	0001A12a.TIF
	0001B02.JPG
	0001B03.TIF
	0001B04.JPG
	0001B04.TIF
	0001B05.JPG
	0001B06.JPG
	0001B07.JPG
	0001B08.JPG
	0001B09.JPG
	0001B10.JPG
	0001B11.JPG
	0001B12.JPG
	0001B12a.JPG
	0001C02.JPG
	0001C03.JPG
	0001C04.JPG
	0001C05.JPG
	0001C06.JPG
	0001C07.JPG
	0001C08.JPG
	0001C09.JPG
	0001C10.JPG
	0001C11.JPG
	0001C12.JPG
	0001C12a.JPG
	0001E02.JPG
	0001E03.JPG
	0001E04.JPG
	0001E05.JPG
	0001E06.JPG




