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ABSTRACT

This part of the final project report covers
Phase’ III, the integration of the two-stage radiant
cooler into a working breadboard model of a day-
night radiometer. It describes the mechanical,
optical, and electronic design of the radiometer.
The characteristics of the infrared detector are
given and the test instrumentation outlined. The
radiometer operates in the 10.5 to 12. 5 micron
band and has a collecting aperture diameter of
4 inches. The mechanical drive and electronic
bandwidth are designed for contiguous subpoint
scanning at an altitude of 750 n mi and an instan-
taneous field-of-view of 2. 5 mr on a side. The
noise equivalent temperature is less than 170
degrees K, and the noise equivalent temperature
difference at 220 degrees K is less than 2 degrees K,

Part I of the final project report covers

Phase I, preliminary design study, and Phase II,
two-stage radiant cooler.
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1.0 OVERALL CHARACTERISTICS

The breadboard radiometer is shown in Figure 1, and its characteristics
are given in Tahle 1. The components added to the two-stage radiant cooler to
form the radiometer are the scan head (Section 2. 0), relay optics (Section 3. 0),
infrared detector (Section 4. 0), and radiometer electronics (Section 5. 0). Elec-
trical and thermal test instruments (Section 6. 0) were used to measure the per-
formance of the complete radiometer (Section 7. 0).

'Table 1
Overall Radiometer Characteristics
Specified Achieved

Spectral region 10, 44 to 12. 53 microns

(-6 db points)

10.5 to 12. 5 microns,
+ 0.1 micron
4 inches outside

Collecting aperture 5 inches maximum

diameter

Instantaneous field-of-
view (-6 db points)

2.5+0.2mrx2.5+0.2mr 2.6 mr x 2.2 mr

Noise equivalent Relow 170°K Below 160° K*

temperature
Less than 1°K™ at 220°K

Noise equivalent Less than 2°K at 220°K

temperature difference

6 khz and 2. 47 khz

Chopping frequency and
electronic bandwidth

* Estimated

For centiguous subpoint
scanning from 750 n mi

Ty
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2.0 SCAN HEAD

The scan head of the breadboard radiometer is shown in Figure 2. It
consists of a drive motor, gear box, cast'ing’scanning mirror, primary telescope,
and mechanical chopper. The drive motor is a Bodine model 246 lubricated with
low vapor pressure silicone grease (General Electric Versilube G-300). The out-
put of the gear box drives the scan mirror and chopper through flexible couplings;
the gear train is shown in Figure 3. The casting (Figure 4) is made of KIA mag-
nesium alloy that has been stress relieved after machining and surface treated
with Dow 23, The scanning mirror and primary telescope are described in
Section 3. 0. The chopper disk is shown in Figure 5 and the chopper assembly
in Figure 6.

For contiguous scan lines at the subpoint from an altitude of 750 n mi, the
scan mirror must rotate at 100 rpm when the instantaneous field-of-view is 2.5
milliradians (Section 7. 0). The electronic post-demodulation bandwidth is then
2100 hz. The chopping frequency must exceed twice this value; a rate of 6000 hz
was selected. For a chopper with 180 teeth, the corresponding chopper wheel
rotational rate is 2000 rpm.
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3.0 OPTICS

The optics consist of a scanning mirror, primary telescope, and relay
lenses. Radiation from the source is reflected off the scanning mirror and focused
on the chopper by the primary telescope; it is then transferred to the infrared de-
tector by the relay lenses. The scanning mirror assembly is shown in Figure 7.
The mirror is made of 304 stainless steel and polished to a flatness of 1. 5 wave-
lengths of visible light. The primary telescope assembly is shown in Figure 8; it
consists of a 4 inch, /1 paraboloid and a 2. 4 inch diameter folding flat. The tele-
scope has a blur circle (90 percent of energy) 1.2 x 1073 inch in diameter at the
primary (chopper) focus.

The design data for the relay optics are given in Table 2, and the mechani-
cal assembly is shown in Figures 9 and 10. The clear apertures listed in the table
are those of the axial beam. The first two germanium elements (doublet) in the
relay optics (very nearly) collimate the f/1 beam from the 0, 25 mm square primary
image at the chopper plane. The last two germanium elements, the f/8 focusing
and aplanatic lenses refocus the radiation on the 0. 5 mm square infrared detector
at the secondary focus. The f/1 doublet has a blur circle of 1.5 x 1073 inch in
diameter measured at the primary focus. The f/8 lens has a blur circle of 1 x 1073
inch and the aplanatic lens a blur circle of 2.5 x 103 inch, both measured at the
secondary (detector) focus.

The relay optics magnify the 4 inch focal length of the primary telescope
by 2X. When combined with the infrared detector of sensitive area 0. 553 mm x
0.449 mm, the nominal instantaneous field-of-view is then 2.6 mr x 2, 2 mr.

The spectral response is determined by a 10, 5 to 12. 5 micron interference
filter, whose transmission is shown in Figure 11. The peak transmission is 90
percent at 10. 8 microns; the transmission is 50 percent of the peak at 10. 44 microns
and 12, 53 microns. Average transmission between the 50 percent of peak wave-
lengths is 80 percent. Transmission is less than 0.1 percent at 9. 86 microns and
below and from 13. 07 microns to 18. 25 microns.



Element

- Radius Separation/ Thickness

-0. 827

-0.9199

-6.235

-3. 646
f
30. 03

1 .

"~

0.2519685

0, 1889764

0.

0.

Table 2

Relay Optics Design

6507

311

. 2297

.300

. 000

. 300

. 911

. 1259842

.189
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-Material
Vacuum

Ge

Vacuum

Ge

Vacuum

Ge

Vacuum

Ge

Vacuum

Aperture Radius
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4,0 INFRARED DETECTOR

The infrared detector for the day-night radiometer may be a Cd, Hgj-x Te
photovoltaic detector (C. Verle and J. Ayas, Appl. Phys. Lett. 10, 241 1 May
1967) or a DLK21 photoconductive detector (Honeywell Radiation Center, Boston,
Mass.). Both detectors operate at or near liquid nitrogen temperature (77 degrees
K). The usual characteristics of a photovoltaic detector with a maximum response
between 10.5 and 12. 5 microns and an area less than 1 square millimeter are given
in Table 3 (prlvate comm}mlcatlon from: C, Verie). The best detectors have a D*
close to 1 x 1010 cm hz /watt, a value that is presently not reproducible.

Table 3

Typical Characteristics of Photovoltaic Detector

D* (peak spectral, 900, 1); 5x10% cm hzl/2  Jwatt
Area less than 1 mm?2

Spectral peak 10.5 to 12. 5 microns
Dark dynamic resistance 50 ochms

Operating temperature 77° K

Response time less than 10 nsec

The typical characteristics of a DLK 21 photoconductive detector are
given in Table 4 together with those of the detector used in the day-night radiometer.
The spectral response of the radiometer detector is shown in Figure 12.
Table 4

Characteristics of Photoconductive Detector

Typical Day-Night Radiometer
D* (500°K, 1000, 1) 2 x 10° min 3.82 x 109
Area 0.5 mm x O 5 mm 0.533 mm x 0.444 mm
Spectral Peak 10~13 microns 11. 5 microns
Resistance 10 ohms min 171 ohms
Operating temperature 77°K 779K
Optimum bias current - 0.9 ma

16
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Experimental Cdy Hgy_y Te detectors have been made by Santa Barbara
Research Center, Goleta, California. These detectors have a resistance of 30
to 300 ohms per square, a response time of 1 to 100 nsec, and a spectral peak
of 9 to 13 microns.

There is no joule heating in the photovoltaic detector to increase the
thermal load on the second-stage patch. Moreover, the joule heating of the
photoconductive detector at optimum bias produces a temperature rise of only
0.7 degree K in a patch at 77 degrees K (Part I, Section 2. 1. 6. 3).

The second-stage patch was initially designed to hold a detector package
similar to that presently used for the PbSe element in Nimbus High Resolution
Infrared Radiometer (Contract NAS5-668). This requires the use of an overcoat
or encapsulating material to protect the sensing element from atmospheric effects.
At present, however, no such coating is known for the DLK 21, although an investi-
gation is underway at Honeywell Radiation Center. The sensing element is there-
fore enclosed in a space filled with dry inert gas and radiation admitted through a
clear Irtran II (Eastman Kodak) window. This change, plus the desire of Honeywell
to use an assembly similar to ones already in use, resulted in a detector package
which extends beyond the height (0. 32 inch) of the rest of the second-stage patch.

The detector package is shown in Figure 13, The housing is made of Kovar
to ma tch the thermal expansion of the glass beads used to hermetically seal the
electrical feed-throughs. This entire assembly containing a detector element was
originally mounted in a dewar for laboratory testing.
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5.0 ELECTRONICS

Figure 14 is a block diagram of the radiometer electronics. The infrared
cell at the secondary image plane detects the signal modulated by a mechanical
chopper at the primary image plane, The detector signal is amplified by the pre-
amplifier and video amplifier. It is then synchronously demodulated by the refer-
ence signal, filtered, and combined with the correction voltage. The input to the
reference signal generator is a chopper modulated light beam, which is detected
by the photodiode. The correction voltage is generated during the time the radi-
ometer is viewing cold space. This interwval is indicated by the space scan gate
generator, which is operated by the magnetic pickup in the gear train to the scan
mirror.

The signal from the infrared detector is fed to a transistor preamplifier
manufactured by Perry Associates, Brookline, Mass. The specifications for the
preamplifier are given in Table 5 and the broadband noise performance in Figure
15. The device is specifically designed to match the low impedance of the infrared
detector (50 to 200 ohms) while preserving low noise performance without the aid
of an input transformer or other inductive component.

Table 5

Preamplifier Specifications
(Perry Model 600)

Gain (Rg =50) ------rr-commmcmm -~ 40db
Bandwidth (Rg = 100) ----- Memmmmmeeeemem—m===- 20hz to 100 khz
Band Flatness ---------ccmcmmr e e m - 1db
Noise Figure (Broadband, Rg = 100) ---------==-~-~-~ 2db
Input Impedance ------- e 50 ohms

' Output Impedance (F =1 khz) =-=-cecmmracacre-—n 500 ohms
Output Level Maximum --------ccccmmmmrmeman— 1 volt rms

' Operating Temperature ----------====--=--—---~ =559 to +125°C
Power Requirements -----~---vremcmmmmemm e~ + 12 volts 6 ma
Mechanical Size ~-=---c-m e 2" x 21 x 1M
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Schematics of the five remaining blocks are given in Figures 16 through 20.
Most circuits utilize a microcircuit monolithic amplifier, the pA709. This circuit
component can be used for a-c or d-c amplification, as a comparator, and as a
multivibrator.

The video amplifier (Figure 16) serves as an amplifier and as a driver for
‘the demodulator. The maximum amplifier gain is about 60 db with a variation of
6 db. The low frequency cutoff is about 700 hz, and the high frequency cutoff is
47 khz at maximum gain and 70 khz at minimum gain.

The demodulator (Figure 17) synchronously rectifies the video amplifier
output. The switching voltage from the reference signal generator (Figure 18) is
fed in at LB039. The rectified output is applied at the common source connection
of the CM602's.

The low-pass filter response in combination with the demodulator is shown
in Figure 21. The filter causes a delay that is constant (184 microseconds) for all
frequencies over the passband.

The output amplifier provides amplification of the demodulated and filtered
signal from d-c to beyond the passband. It also serves as a mixing point for the
video and chopper correction inputs.

The reference signal generator (Figure 18) processes the 6 khz signal from
the chopper photodiode to a 6 khz square wave for demodulation of the video signal.
The first amplifier is an a-c amplifier with a voltage gain variation of 5. 6 db.

The second is a saturating amplifier which squares up the video signal until now,
a sinusoidal signal. The output is a 6 khz square wave approximately 22 volts
peak to peak.

The correction voltage generators (Figure 19) provides output correction
for the difference in signal between the chopper and space. The gate formed by
the upper CM602 and associated components passes the video output to the com-
parator (first A709) during the time the mirror is scanning space (about one-
tenth of a scan period). During the remainder of the scan, the lower CM602 gates
the comparator input to ground.

If the output video (E,) is positive with respect to the reference, the com-
parator has a negative going output and the opposite is true for a negative going
video. I the comparator input is equal to the reference level, the comparator
output is zero. This pulsed output with a one-tenth duty cycle is integrated by the
components connecting the pair of 4A709's. The integrated d-c level is amplified
by the non-inverting amplifier formed by the second nA709, which provides the
correcting input, E;, to the output amplifier.

23
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The correction voltage generator has a gain characteristic such that
E, = mE,+Vy

where E is the input voltage level. If the reference level is perfectly adjusted,
Vin is zero. In measurements taken in the laboratory, m had a value of 1/26.8
and Vg, a value of +0. 025 volt.

Referring again to Figures 17 and 19, it can be seen that the significant
part of the above loop with respect to the chopper error is the output amplifier
and the correction voltage generator. The following definitions are made:

E = the demodulated and filtered video signal input to
the output amplifier

Ec = the chopper correction d-c input to the output
amplifier

E0 = the video output and the input to the correction
voltage generator

Ech = that portion of the demodulated video signal caused
by the chopper

Etar = that portion of the demodulated video signal caused

by the target

We then have Ef = Egp ~Etay, Eq = Kj Eg + Kg Eg, and Eg = K3 (Ej + vth).

Then Eg = Ky (Ech -Etay) + Kg Eo. If Egy,. = 0, (Which is the case when looking
at space), then Eg (Eigqp = 0) =K; Egp + K E,. Therefore E; = Kg (K3 Egh +Kgr
E, + vth) or E, = K3 K3 Egp/(1 -Kg K3) + K3 vth/(1 -Kg Kg). This is the correc-
tion signal caused by a look at space. Working this back into the original equation
E, =K1 Egp K7 Egar + Kg E¢, we have

K
K1 Ko K3 Eop X2 "3vin

E,a = K1 Egh K1 Efar + , :
¢ | (1 -K3 K3) (1 -Ky K3)
_ K; Ech . Ko K3 vin
Eo = = KiEBar + 7T
1 ‘KZ K3) 1 KZ K3 .

From laboratory measurements, Ky = -12.8, Ko = 13.7, Kg = 26. 8,
Vip = +0. 025; so that

Eo =  0.035 Ech +12.8 Eypp + Vi
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For a maximum output of 6 volts, Ei,, = 0,47 volt for a 330 degree K target.
Considering the chopper to have a maximum effective temperature of 300
degrees K, the chopper signal input to the outptit amplifier is 0. 329 volt. With
Etar = 0, Ej = 0. 0115 + 0. 025 and the maximum error at the output due to the
chopper correction is 11. 5 millivolts.
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6.0 TEST EQUIPMENT

The test equipment for this program is patterned after the Nimbus bench
checkout unit (Contract NAS5-668) with special emphasis on low temperature
measurement and recording. Full advantage of existing designs and techniques
has been taken. '

The test equipment has been divided into two categories, that for the
second phase (cooler testing) and that for the third phase (radiometer testing).
Figure 22 is a block diagram of the test equipment required for both phases of
the program. The test equipment for the radiant cooler is described in Section
3. 0,Part I.

A photograph of the electronic test equipment is shown in Figure 23. The
cabinets contain the instruments listed in Table 6.

Table 6

Electronic Test Equipment

Cabinet 1 Cabinet 2 Cabinet 3-
Honeywell Electronik Patch Panel Secondary Voltage
Multichannel Recorder Standard
Low Temperature Monitor Unit Breadboard Digital Voltmeter

Electronics
Calibration Target (Partial*) Oscilloscope

Temperature Control
Digital Printer
Variacs for Motor Power
and Target Heater Honeywell 1508
Visicorder
Primary 24 vdc Power Supply
Galvanometer
Amplifiers (6)

*  Remainder is in space chamber

An extended aluminum shroud was constructed to provide a cold space
look for the breadboard radiomeéeter. The portion facing the scanner (rather than
the copper structure) was painted with 3M Black Velvet. The outer surface of the
aluminum is covered with aluminized mylar to offset the thermal loading or the
black area and thus maintain the aluminum at a temperature of 100 to 150 degrees K.
Figure 24 shows the shroud and the calibration blackbody target mounted in the
space chamber.
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Figure 23 Electronic Test Equipment
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Figure 24 Space Scan and Calibration Targets in Space Chamber



7.0 RADIOMETER PERFORMANCE

Certain parameters affecting system sensitivity are imposed by the satel-
lite orbital characteristics and the mapping geometry. The mapping of contiguous
scan lines on the earth's surface or overlying cloud layers is accomplished by
continuous rotation of a single-faced scan mirror which makes an angle of 45
degrees to the telescope optical axis. The day-night radiometer operates in much
the same fashion as the earlier Nimbus HRIR except that the instantaneous field of
view is smaller. The parameters imposed by the satellite characteristics and
mapping geometry which affect system sensitivity will be calculated first.

The satellite orbital velocity, v, is given by

v = R;J...L.
R+h

where g = acceleration of gravity at the earth's surface
R = radius of the earth = 3, 440 nautical miles
| h = satellite altitude = 750 nautical miles
For g = 980cm/ sec? = 5.26 x 1073 nautical miles/sec?
v = 3.8 -dauticalmiles _ g 154 /60

sec

In order to obtain contiguous scan lines the period of rotation of the scan
mirror, T, must be

T

bho a+ by
v R
where ¢ = width of instantaneous field-of-view.
Using the above valyes for the various parameters and ¢= 2. 5 milliradians.
T = 0. 60 second

The electronic post-demodulation bandwidth, Af, necessary to record the video
signal at this resolution is

Af = 2 - 2100 h
T¢ 2 %

The sensitivity of the radiometer is given by the d~c output signal to rms

noise ratio which can be written in the following form (modified from Quarterly
Report XIII on Contract NAS5~668, Section 3. 5).
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Sde 4 31 (T) Py (AA, T) D* (A, f,, 1) Ty De2 ¢2
Nyms 2 4 AT A,
where ._7%_. = signal attenuation due to chopping, synchronous demodulation,
and electronie filtering (triangular waveform at detector)
d1(T)= total source emittance (watts/cmz) at temperature T
P{(AAT) = fraction of blackbody radiation of temperature T in
wavelength band AA, where AAis the 10.51t0 12.5
micron band
D*(AA, £, 1) = detector detectivity in wavelength band AA_for a
chopping frequency fc and electronic bandwidth
of 1 cps
Ty = optical transmission (including mirror reflectionA losses)
D, = effective optical diameter of collecting telescope
Afg = electronic noise bandwidth = 2 Af
A, = detector cell area.

The effective telescope optical diameter is defined as

D, = «,Dpz ~Dg?2

diameter of telescope primary mirror

i

where Dp

i

Dg diameter of telescope secondary mirror

In the breadboard day-night radiometer,

T, = 0.4

D, = 3. 2 inches
Afg =  4.2x10%hz
Acl/2= 5x1072 cm
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And the signal-to-noise equation becomes

Sdt::

= 5.166x107% J, P, D*
Nrms 1*1

The values of Py (AA, T)were determined from the Lowan and Blanch tables
(JOSA 40, 70, 1940) for the 10.5 to 12, 5 micron band. They are listed in Table 7
together with the values of J; (T) and the product J; (T) P; (AA, T) over the range
of expected blackbody temperatures. For a photovoltaic Cdy Hg;_, Te detector
with a maximum response between 10. 5 and 12. 5 mierons, the typical D* is 5 x
109 cm hzl/2/watt and the best 1 x 1010 (See Section 3. 0). The signal-to-noise
ratio as a function of temperature is shown in Figure 25 for a D* of 5 x 109.

Table 7

Blackbody Emittance in the 10. 5 to 12. 5 Micron Band

T, °K  J1(T), watts/ecm2 Py (10,5 -12. 54, T) Jq P;, watts/cm?
160 3.715x 1075 4.035 x 10™2 1.499 x 1074
—73 —2 _4
170 4.7345 x 10 5.010 x 10 2.372 x 10
180 5.951 x 10~3 5.986 x 10”2 3.562 x 10~4
-3 -2 -4
190 7.387 x 10 6.951 x 10 5.135 x 10
200 9.070 x 10™° 7.864 x 10™2 7.1325 x 1074
210 1.102 x 10~2 8.715 x 10™2 9.607 x 10~4
-2 -2 -3
220 1.328 x 10 9.485 x 10 1.2595 x 10
-2 -2 -3
222 1.377 x 10 9.632 x 10 1.3262 x 10
-2 -1 -3
230 1.586 x 10 1.018 x 10 1.6145 x 10
-2 -1 -3
250 2.214 x 10 1.129 x 10 2.501 x 10
-2 -1 -3
270 3.0125 x 10 1.207 x 10 3.636 x 10
-2 -1 -3
290 4.009 x 10 1.254 % 10 5. 0265 x 10
-2 -1 -3
310 5.235 % 10 1.275x 10 6.673 x 10
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AA = 10.5to 12.5 microns

D* (AA) = 5x 109 cm hz 1/2/watt
To = 0.4

D, = 3.2 inches

¢ = 2.5x 1073 radian

Acl/2 = 5x10~2cm

afg = 4.2x10% hz
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Figure 25 Signal-To-Noise Versus Temperature
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The statement of work requires that the noise equivalent temperature be
less than 170 degrees K. Figure 25 shows that at 170 degrees K the signal-to-
noise ratio is 6.1 for a D* of 5 x 109. The DLK21 photoconductive detector used
in the breadboard radiometer has a D* in the spectral band of about 6.9 x 109,
The system therefore has a noise equivalent temperature (temperature at which
the signal-to-noise is unity) of less than 170 degrees K.

The statement of work also requires that the system must have a noise
equivalent temperature difference, ATy, less than 2 degrees K at a target tem-
perature of 220 degrees K. The noise equivalent temperature difference is that
temperature change required to produce a change in signal, A S, equal to the rms
noise. Returning to the signal-to-noise equation we see that

AS
Nyms

= kAR (T) Py (AAX, T)]

where A denotes a change in the quantity enclosed in the brackets with temperature.
For a temperature change from 220 to 222 degrees K

A J1[(T) Py (AX, T)] = 6.67 x 1072 watts/om?

in the 10. 5 to 12. 5 micron band. The change-in-signal-to-noise ratio for a D*
of 5 x 10% is then

AS
Nrms

= 1.7

The requirement for a noise equivalent temperature difference of less than
2 degrees K at a blackbody target temperature of 220 degrees K is therefore met.

Since the statement of work permits a telescope diameter of 5 inches, the
sensitivity can be improved by increasing the size of the primary optic. The
signal-to-noise varies as the square of the effective optical diameter. If the out-
side diameter of the telescope is increased from 4 to 5 inches with the design
unchanged, the signal-to-noise is increased by 1.56 X. The larger collecting
aperture can also be used to obtain a smaller instantaneous field-of-view (higher
resolution) at the same sensitivity. Including the dependence of the electronic
bandwidth on the field-of-view, the signal-to-noise varies as the cube of the
field~of-view.

The breadboard radiometer was calibrated in the space chamber at a
detector (second-stage patch) temperature of 83 degrees K. The results are
shown in Figure 26 for blackbody targets from 180 to 340 degrees K. The 10.5
to 12. 5 micron interference filter was mounted in the first-stage patch, which
was at a temperature of 103 degrees K.
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The reference blackbody was at 220 degrees K. This is the temperature
of an extension of the aluminum shroud used as a "cold space' scan by the radi-
ometer. In the original data, the output was therefore zero at.220 degrees K and
negative for temperatures below 220. The data was modified to a voltage output
of zero at 180 degrees K by adding 0. 95 volts (the magnitude of the 180 output) to
all the voltages., In this way, the calibration curve shown in Figure 26 was obtained.

A comparison with the theoretical calibration curve was obtained from the
data in Table 7. The value of J; P; at 180 degrees K was subtracted from the J;
P values over the temperature range of 180 to 310 degrees K. The output
(proportional to J; P1) at 310 degrees K was then set at 4. 02 volts (the experi-
mental value), and the theoretical output voltages calculated for 8 temperatures
between 180 and 310 degrees K. The results are shown by the crosses in Figure 26.
The theoretical points appear to match the experimental data within the accuracy of”
the temperature measurements on the calibration target; the maxnnum difference
on the temperature scale is about 3 degrees K.

A typical Visicorder tracing of a complete (360 degree) scan line of the
radiometer is shown in Figure 27. It shows the reference at 220 degrees K, the
radiometer housing, the calibration target at 190 degrees K, and the output pro-
duced by the ion gauge at the top of the chamber. :
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8.0 NEW TECHNOLOGY

No items which are considered new technology according to the NASA new
technology clause of September 1964 were developed during the third phase of the
contract (breadboard day-night radiometer). However, the breadboard radiometer
incorporated the new technology items reported in the first part of the final report
(first and second phases of the contract).
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