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ABSTRACT 
[ l] 
LIV'-d,~5) 

The AN/ AAR-23(XB-1) equipment, an airborne passive 
detection system for use in airships, is designed to detect 
the surface scars from completely submerged submarines. 
This system, developed by NRL, is sensitive to 8-to-13-
micron radiation and can passively detect changes in the 
radiation from the surface of the sea of less than ten parts 
per million. Tests conducted by NRL showed that this equip­
ment can detect, at night, the scars from submarines operat­
ing down to keel depths of 400 ft in sea states up to 5 or 6 
for periods up to three hours after the passage of the sub­
marine. Subsequent improvement in detector-element per­
formance should permit this capability from high-speed, 
fixed-wing aircraft. 

PROBLEM STATUS 

This is an interim report on one phase of the problem; 
work on this and other phases is continuing. 

AUTHORIZATION 

NRL Problem N03-01 
BuWeps Task Nos. RUDC-4B-203-F001-05-002, 

RUDC-4B-000-652-1/F001-05-'-002 
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DEVELOPMENT AND PERFORMANCE OF THE AN/AAR-23(XB-1) 
AIRBORNE PASSIVE SUBMARINE-DETECTION SYSTEM 

[•-••t-Title] 
\..l.,;V'\c..\,'"'-s..) 

INTRODUCTION 

Project Objectives 

Project Clinker is a program of applied research whose purpose is the determina­
tion of (a) the radiometric properties of the surface scars produced by completely sub­
merged submarines, (b) the mechanisms involved in the generation of these scars, and 
(c) the influence of the sea environment upon the detectability of these scars. The pro­
gram presently consists of studies, from aircraft and surface vessels of actual submarine 
wakes at sea and one-sixth scale measurements on the midget submarine (SSX-1) operat­
ing in Chesapeake Bay. 

Background 

In 1948, NRL determined that it was possible to detect from the air, with thermal 
detectors, the invisible surface wakes from completely submerged submarines (1). During 

• the next three years, attempts were made to improve this detection technique on an explor­
atory basis (2-4) with some degree of success. As this work progressed, it became appar­
ent that an orderly investigation of the basic properties of these wakes was required if 
this method of detection was to be fully exploited in a reasonable length of time. In the 
fall of 1950, NRL proposed to the Bureau of Aeronautics a study which required the devel-

. opment and use of a 100-in.-diameter radiometer mounted in the ZPM-4 airship. This 
ra:-6tiometer was put in service in November 1954. Shortly thereafter a general opinion 
•deve1'0ped within the Navy Department that this method of detection held little promise. 
This fe eling was intensified by the lack of success of the AN/ AAR-3 equipment, a sub­
marine wake detector developed under contract by the Bureau of Aeronautics for use in 
fixed -wiing aircraft and by a similar lack of success overseas with the British equivalent 
which h:,ld been developed under Project Yellow Duckling. Funding and fleet support diffi­
culties E;nsued. 

i 
Fir.~ though, the first basic measurements of the parameters of the wakes from 

~ mQJe'Ceiy submerged submarines were _made in the Oriente Deep off Cuba in the spring 
of 1956 (5). With these data and increased backing from the Bureau of Aeronautics, the 
AN/ AAR-23(XB-1) was developed by NRL during the next 14 months. The first sea trials 
were conducted in the North Atlantic during the months of September and October 1958 
with the AN/ AAR-23(XB-1) mounted in a ZPG-2 airship. Although successful detections 
were made against submarines operating down to keel depths of 400 ft in sea states up 
to 5 and 6, aerodynamic difficulties necessitated an eventual redesign of the entire equip­
ment. Sea trials were resumed twelve months later, in October 1959. Successful exercises 
were conducted during the subsequent two months against submarines operating at keel 
depths down to 400 ft in both the North Atlantic and Gulf of Mexico. On Dec. 14, 1959, the 
AN/ AAR-23(XB-1) was transferred to the Operational Test and Evaluation Force for 
evaluation by the Fleet (6, 7) . 
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BASIC CONSIDERATIONS 

Submarine Signatures 

When an airborne radiometer views the sul."f-ace -of the ocean, it sees 

1. Radiation emitted by the water 

2. Radiation emitted by the intervening atmosphere 

3. Radiation emitted by the sky and reflected from the water. 

The amounts of each available to the radiometer at a given altitude are determined by 
their respective temperatures, the transmission of the atmosphere, and the mean angle 
at which the water facets are viewed. However, by itself the radiometer cannot differen­
tiate; it merely responds to the total radiation available to it. 

A completely submerged .submarine, proceeding at keel depths down to 600 ft, alters 
the magnitude of the radiation reaching the radiometer by a detectable amount as the 
result of modifications to the surface of the water (7). These modifications appear to 
the radiometer as surface scars above and behind the submarine, from which the total 
radiation has either increased or decreased by as little as ten parts per million. Detec­
tions in sea states up to 5 or 6 have been achieved. Under some conditions the most 
persistent of the scars has been detected for periods as long as four hours after the pas­
sage of the submarine (7). 

This performance has been achieved with the NRL-developed AN/ AAR-23(XB-1) equip­
ment, which is a scanning radiometer of the differential type sensitive to small radiometric 
perturbations in the 8-to-13-micron portion of the electromagnetic spectrum. Because of 
the opacity of sea water in this wavelength region, the choice of design parameters for 
this equipment was governed by a careful consideration of all of the known or predr-· ct b1e 
effects which are produced at the air-water interface by a completely submerged s b­
marine and of the best known methods for detecting these changes both actively an 
passively. 

I 
A summary of the known or easily predictable surface effects and the relate'cl sub­

surface effects which are produced by a completely submerged submarine while :underway 
is shown in Fig. 1. These effects are as follows. , S. 

- ►~ 

Turbulence - Immediately astern the submarine and extending back seve. a.~ VhQJJ,s.;a..Dil-­
yards is a zone of turbulence and bubbles. This zone has been investigated with acoustic 
gear, bubble detectors, and temperature probes (8-11), and the dispersion of this volume 
of water has been examined optically behind scale models (12). There is little in all of 
these data to indicate that the turbulent wake reaches the surface of the water within the 
first hour, if at all. 

Joule Effect - The shaft horsepower of a submarine is expended eventually in the 
form of heat within the water. Direct temperature measurements made behind one boat 
utilizing 1600 shp showed the presence of a tube of heated water which measured three 
feet vertically and which was elevated 0.3°F at the age of 71 minutes (13). This tube 
remained in line with the submarine's screws and showed no sign of rising to the surface. 

Bernoulli Effect - On the surface of the water and directly over the submarine there 
exists a hydrodynamic depression followed by a hump. The dimensions of this depression 
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Fig. 1 - Some effects produced by a comple tely 
submerged submarine !• 1) 
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have been predicted theoretically (14,15), and it has been observed from time to t1.me by 
Naval aviators. Under certain conditions it can be detected from the air with a radiom­
eter, because its sloping sides radiate and reflect differently than does the surrounding 
water . Other than serving as an occasionally detectable bullseye directly over the sub­
merged submarine, it is of little value for general long-range target search with passive 
equipment : • 

Surface Smoothing - It has been observed visually that a completely submerged Guppy 
submarine operating on battery power at 6 knots with its conning tower and periscope 
approximately 15 ft below the surface of the water smooths the surface water above it. 
The smoothing action extends aft several boat lengths and involves a reduction in the 
angles of the wave facets of as much as eight degrees (16). This effect is observable 
under limited conditions when the sea state is approximately one and, like the Bernoulli 
effect, is useful for pinpointing the target. 

Surface Waves - In addition to smoothing out the natural wave pattern on the surface, 
the completely submerged submarine produces a triangular pattern of transverse waves 
there also. The magnitude and distribution of the waves in this pattern have been pre­
dicted theoretically (14, 17), and direct measu~ements have been made using a scale model 
(17) . Visual and photographic observations of the waves generated by Fleet submarines 
have been made also. The apex of the surface wave from the USS NAUTILUS proceeding 
at full speed at keel depths down to 200 ft in hurricane weather has been detected radiom­
etrically and mapped. Detection was possible because the radiation from the slopes of 
the transverse waves appeared in recognizable geometrical patterns. Theoretically, the 
amplitude of the transverse waves increases approximately as the cube of the submarine's 
speed, decreases exponentially with depth, and deteriorates as the square root of the. dis­
tance astern. Hence it would appear that radiometric detection would be limited to the 
apex of patterns generated by high speed boats proceeding at not too great depths . 

Knuckles - If a submarine accelerates or decelerates in a straight line or makes a 
sharp turn, a knuckle is generated which produces a radiometric scar at the surface of 
the water either on or alongside the Clinker track. A turn places the scar alongside the 
track on the outside of the turn, whereas a change in speed in a straight line places the 
scar on the track, modifying it. A deceleration, for example, may weaken the r<1diometric 
magnitude of the Clinker track. The net result is information in the search aircraft with 
respect to the submarine's maneuvers. 

Heat-Exchanger Water - Submarines with nuclear power employ constantly circulating 
sea water to cool their heat exchangers. During this process, the water is elevated in 
temperature and is then put back into the sea. The USS NAUTILUS pumps out 10,000 gal­
lons per minute at an average increase in temperature of 12°F above the intake tempera­
ture. Because of the higher temperature, the discharged water diffuses to the surface 
after a period of time, the length of which is determined by the depth of the boat (18). A 
rise period of less than two minutes has been calculated from radiometric data obtained 
with the USS NAUTILUS operating at a keel depth of 60 ft. 

Precursors - Radiometric data obtained by NRL with the AN/ AAR-23 (XB-1) indicates 
the possible existence of a surface disturbance which precedes the submarine by as much 
as three or four miles. However, these data are inadequate either to prove or disprove 
the definite existence of such an effect. 

Clinker Effect - Of all of the known surface effects produced by a completely sub­
merged submarine, the most persistent is the Clinker scar. This is an invisible surface 
pattern which appears in the area immediately above the submarine and extends aft for a 
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considef able distance. The lifetime of this scar is determined by the state of the sea, 
and it may persist as long as four hours. The predominant characteristic of this scar 
appears to be a multiple, ribbon-like structure (19) depicted in Fig. 1. To an airborne 
radiometer, the scar appears to consist of a strong center ribbon paralleled symmetrically 
on either side by ribbons of decreasing magnitude. In most cases, the center ribbon appears 
colder than the undisturbed water. The bordering ribbons on either side of the center 
ribbon appear warmer than the undisturbed water but are of smaller radiometric magni­
tude than the center ribbon. The next pair appears colder and of smaller magnitude ; the 
next, warmer and still smaller, and so on until the edges of the scar are lost in the normal 
background clutter. As the submarine goes deeper, the radiometric magnitude of the entire 
scar decreases slowly, the side ribbons become lost in the background noise, and the entire 
pattern becomes simpler . Because of the persistence of the pattern, the detection and 
tracking of the Clinker scar was selected as the prime function for which the system was 
designed. 

Radiometric Properties 

The total radiation N available to an airborne radiometer which views the surface of 
the sea may be expressed as (20): 

where 

N = t(l - r) Nsea + t'rN + N w/cm2 - D sky atmos 
(1) 

= self radiation from surface of sea measured at zero distance fro m surface 
(watts per sq cm per steradian), dependent on temperature and wavelength 

N = self radiation from sky measured from sea lev_el (watts per sq cm per sky 
steradian), dependent on temperature, water-vapor content, cloud distribu-
tion, zenith angle, and wavelength 

= radiation at radiometer from entire atmospheric path between radiometer 
and surface of the sea (watts per sq cm per steradian), dependent on tem­
perature, water vapor content, and wavelength 

t = transmittance of path between sea and radiometer for radiation emitted by 
sea (fraction), dependent on wavelength 

t' = transmittance of path between sea and radiometer for sky radiation reflected 
from the sea (fraction), dependent on wavelength 

r = reflectance of sea (fraction), dependent on angle of depression of radiometer , 
angles of wave facets·or roughness , and wavelength 

D • = solid angle (steradians). 

The production of a Clinker scar on the surface of the sea by a completely submerged 
submarine results in an incremental change in the total radiation available to the radiom­
eter from the scar area. Positive or negative changes as small as ten parts per million 
have been observed. The individual contributions by the atmosphere, sea, and sky have 
yet to be determined accurately and completely by direct measurements . 
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Sea Radiation - When viewed at normal incidence, a dead-calm sea appears;to radiate 
as a gray body (Fig. 2), with an emissivity of approximately 98 percent. The bulk of this 
radiation originates in the first 0.03 mm of the surface layer. This fact can be deduced 
from Fig. 3, which shows the measured transmittance of liquid water versus wavelength 
and pathlength (21). For pathlengths greater than 0.03 mm, less than 20 percent of the 
radiation over the entire spectral band is transmitted. Hence, the bulk of the radiation 
viewed by an airborne radiometer must originate at depths of less than 0.03 mm in order 
to be transmitted properly. This radiation is temperature dependent and can be expressed 
as 

where 

::::-
' <fl 
z 
0 
a: 
',c 
::;; 
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, Fig. 2 - Spectral radiation from a gray 
body w ith an emissivity of 98 percent 
(Unclassified) 
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If the passage of the submarine produces an incremental temperature change at the 
surface of the sea, a corresponding incremental change takes place in the radiation from 
the surface layer. A comparison of the spectral-radiation curves of Fig. 2 shows that 
the greatest change takes place in the wavelength interval where the radiation curve itself 
peaks, a conclusion that can be reached by comparing the differences in ordinates between 
adjacent curves. Sea temperatures vary from approximately -10°C to +40°C and, as shown 
in Fig. 2, the corresponding spectral curves peak in the wavelength interval between 8 and 
13 microns . Because both the ambient radiation and the temperature-produced radiation 
increments are maximum in this wavelength interval, airborne wake detectors should be 
designed to operate there . • 

An approximate expression for the fractional change in the total radiation which is 
produced by a temperature change can be obtained by differentiating Eq. (2) with respect 
to temperature and normalizing with respect to the ambient temperature , giving 

6N 6 T 
= 4-. 

Nsea T 
(3) 

Thus a change of ten parts per million in the radiation from a 20°C sea could be produced 
by a temperature change of slightly less than ±0.001°C. Direct measurements at sea of 
the temperature changes produced within 14 in. of the surface (22) by completely sub­
merged submarines of the conventional type have shown that these changes are inadequate 
to explain the entire Clinker scar. Other mechanisms appear to be involved. Because of 
this fact, the design of an airborne wake detector should be based on the radiometric 
rather than the temperature profiles of the scar. 

Sky Radiation - The amount of sky radiation reaching the airborne radiometer by way 
of reflection from the sea varies with the angle of incidence on the water and the sky gra­
dient itself. Figure 4 is a plot of the reflectivity of pure water versus the angle of inci­
dence (23); Fig. 5 is a plot of apparent sky temperature versus zenith angle for the extremes 
of sky conditions ; clear and overcast (23). If the radiometer views the surface of a dead­
calm sea at an angle of 60 degrees, as does the AN/ AAR-23(XB-1), it encounters a 6-
percent reflective surface which allows it to "see" the sky at a zenith angle of 60 degrees 
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Fig. 4 - Reflectivity of pure liquid 
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Fig . 5 - Measured radiometric temperatures 
of the night sky for clear and overcast condi­
tions (23) (Unclassified) 

90 

80 

also. At this point in the sky the radiation temperature may vary from -30°C to + 17°C. 
When the sea gets rough, it becomes a diffuse reflector and exposes the radiometer to a 
band, rather than a point, of sky, the extent of which is determined by the angles of the 
wave facets. Because the magnitude of the sky radiation varies with wavelength (24) 

' . ··•. ·---:, , 

(Fig. 6) , the amount reaching the radiometer can be controlled with optical filters to some 
extent. 

An examination of the reflectivity curve (Fig. 4) reveals that the slope of the curve 
at 60 degrees is 0.5 percent per degree of angle . At that angle of incidence both the 
reflected sky radiation and the sea radiation will change by 0.5 percent also. One will 
increase while the other will decrease, or vice versa, in accordance with Eq. (1) . The 
appearance of one-degree wave facets on a dead calm sea, for example, might produce 
this change. With a clear sky and a dead calm sea, a change in total surface radiation 
of ten parts per million could be produced by changes in the slopes of the wave facets of 
less than 0.01 degree. Usually, however, the sea is covered with some form of wave 
structure, capillary or larger. Hence a broad band of sky is viewed, and the effect of the 
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change in wave slope is not as pronounced. Nonetheless, it is possible under some con­
ditions to detect with a radiometer the surface-smoothing action, the Bernoulli depres­
sion, and the transverse surface waves which are produced by completely submerged 
submarines. It is conceivable, also, that the passage of the submerged submarine might 
alter the chemical content of the surface layer and hence its optical properties, so that 
the reflectivity is changed. Such an alteration would change the proportions of sea and 

9 

sky radiation reaching the radiometer with·the same effect as a change in wave slope. 
Therefore, the role played by sky radiation is important in the consideration of the design 
of a radiometric detector, particularly in regard to its spectral response. 

Atmospheric Radiation - The role which the atmosphere between the surface of the 
sea and the airborne radiometer plays in the deteGtion of submerged submarines has not 
been investigated completely. It is known that the atmosphere absorbs the self radiation 
from the sea together with the reflected sky radiation in different amounts depending, in 
each case, on the total water-vapor content in the path, and then reradiates in all directions. 
It is known, also, that this portion of atmosphere itself radiates as a function of water­
vapor content and temperature. It is not known whether the passage of a completely sub­
merged submarine affects the atmosphere in the immediate vicinity of the air-water inter­
face in any way. Hence the design of the airborne detector involves a consideration of 
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only the absorbent properties of the atmosphere in establishing a sensitivity lev~l which 
will accommodate the transmission losses . A typical t r ansmission curve for an atmos ­
pheric path containing 1. 4 centimeters of precipitable wate r (25) is shown in Fig. 7. It is 
apparent from this curve that the atmospheric window with the greatest t r ansmission and 
the widest spectral span is the one between 8 and 13 microns . 

Phys ical Properties 
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Fig. 7 - Ave r age tran s missi on of atmos­
ph e r e o v e r a p ath containi ng a total of 
1.4 centi meters p r e cipitable wate r (25 ) 
(Unclassifi ed ) 

Because of its durability and resulting long length, the Clinker scar is the easiest of 
the submarine-produced surface scars to detect. Some natural s licks and freighter wake s 
fall into this category a lso, thus providing false targets. At the present time , the differ­
ences in radiometric micr ost r ucture between the Clinker scar and the se false targets 
has not been determined accurately and completely enough to be of value for discrimina­
tion. Hence the only alte r native is to design an airborne wake detector fer maximum 
target-signal to equipment-noise level. This procedure was followed in designing the 
system. 

The first step in the des ign was a cons ideration of target size . In order to maximize 
the target-signal to equipment-noise level, it is necessary to have the radiometer view 
as much of the target as possible. For this reason target dimensions are important. 
Figure 8 shows a typical measured profile (19) and a suggested model which could be 
employed in equipment design. The relative radiometric amplitudes appear to vary with 
the shape of the submarine' s hull, its depth, and the wind force. Thus a submarine with a 
large conning tower may produce a scar with a very strong center ribbon, increasing depth 
results in the loss of the minor lobes, and a strong wind will cant the pattern downwind 
with a smearing action. Therefore, it was decided to design the system to detect the 
center ribbon only and to ignore the remainder of the s car. For this purpose measur e­
ments of the width of the predominant portion of the Clinker scar were made in the Oriente 
Deep (5) in 1956. The results are summarized in Fig. 9. Inst rumentation deficiencies 
prevented measurements on targets below a keel depth of 100 ft. With these data, it was 
concluded that the system should be designed to detect scars varying in width from 400 to 
2000 ft. 
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Fig. 8 - Radi ometric c ross 
s e c t i on of a multiple -
ribbon Clinker scar (19) 
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Celestial Interference 

Because of the large amount of 8-to-13-micron radiation in both sun glints and sun's 
path on the water, it has not been possible to operate a sensitive radiometer successfully 
against the sea in the daytime. The sun glints provide a high random background noise 
level, and the sun's path provides a saturating signal. 

At night, interference from the moon's radiation reflected from the water provides 
a wake-like signal under some conditions. Interference from the moon is at minimum 
when it is in its first or last quarter and is positioned low on the horizon. Maximum 
interference is experienced from a full moon positioned 20 degrees or higher above the 
horizon. Under these conditions, the intensity of the moon's path ori the water may be 10 
to 20 times greater than that of a weak Clinker scar. 

In the past, it has been possible to operate radiometers at night in the presence of 
most lunar interference. Satisfactory daytime operation has not been achieved yet, although 
considerable hope exists for such a possibility. In view of this, the system was designed 
to operate in darkness only. 

Summary 

From the foregoing considerations, it is concluded that the surface scars produced 
by completely submerged submarines exhibit their radiometric properties most strikingly 
in the 8-to-13-micron portion of the electromagnetic spectrum. This is true regardless 
of whether the radiometric perturbations are produced by a temperature change in the 
surface layer or a change in reflectance resulting in a reapportionment of the sky radia­
tion. The fact that the atmosphere transmits well in the 8-to-13-micron region strength ­
ens the argument. By working in this spectral region at night, it is possible to detect 
with a passive radiometer not only the multiple-ribbon Clinker scar, but also the Bernoulli 
depression, the transverse surface waves, the heat-exchanger water, and any surface 
smoothing above the submar.ine. Because of the relatively long lifetime of the Clinker 
scar, the system was designed to detect it. With an internal noise level equivalent to a 
change in radiation at the surface of the sea of ten parts per million, it was tailored to 
detect the 400-to-2000-ft center ribbon of the Clinker scar. In operation it proved that 
it could accommodate these scars from submarines at keel depths down to 600 ft (7). 

GENERAL REQUIREMENTS 

Spatial Stability 

A radiometer which is mounted in an aircraft so that it can view the surface of the 
sea is subjected to roll and pitch and changes in altitude. All three motions increase or 
decrease the optical path length between the radiometer and the sea, resulting in corre­
sponding changes in the transmittance of the path. This, in turn, produces a variation in 
the radiation transmitted from the sea. A change of ten parts per million corresponds to 
a change in optical path length of approximately 6 in. under normal conditions. 

Roll and pitch cause the radiometer to view the surface of the sea at varying angles. 
The resulting change in angle of incidence allows a different portion of the sky to be 
viewed and, as in the case of the tilting wavt:! facets, angles as small as 0.01 degree are 
detectable. In actual practice, the tilting of the radiometer produces both a change m 
angle of incidence and in optical path length. The combined effect is illustrated in Fig. 10, 
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which shows the results of tilting a radiometer while holding it at a fixed distance above 
the water (26) . It will be noted that at an angle of 60 degrees, the slope of this curve is 
approximately 0 .1°C per degree of angle . From this curve, it is apparent that a radiom­
eter, which can detect a change •in surface radiation of ten parts per million, or less than 
0.b01°C, will be bothered by angular instability of as little as 0.01 degree of arc. 

From the foregoing considerations, it is concluded that the airborne radiometer must 
be gyrostabilized against roll and pitch with an error of less than -±0.01 degree. However, 
stabilization does not eliminate the effects of the changes in aircraft altitude. A survey of 
the dynamic characteristics of various Naval ASW aircraft reveals that the flight-stability 
constants are comparable with the on-target time during a right-angle crossing of a Clinker 
scar ; hence a high false-target ratio will result . The solution to this problem is to allow 
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the radiometer to scan so that its sweep rate on the water is much greater than.the ground 
speed of the aircraft. Experience has shown that this sweep rate (feet per second) should 
be no less than 50 times the ground speed of the aircraft in order to permit proper dis­
crimination between aircraft motion and the target crossings. 

The angular sensitivity of the radiometer dictates that the scan be a conical one around 
a circle of constant reflectivity on the water. In order to keep the conical scan on a circle 
of constant reflectivity withinthe required limits of ±0.01 degree, both the static and 
dynamic errors in the gyrostabilization must be less than this amount. Canting of the scan 
axis as the result of static error will permit the generation of signals of scan frequency 
as the radiometer describes an eccentric pattern on the water and departs from its chosen 
circle of constant reflectivity. Dynamic errors will produce spurious signals of the error 
frequency. Of the two, the static error can be most troublesome because of the close 
proximity of the scan frequency and the fundamental target frequency. 

Because of the size and slow speed of response of the radiometer, the Navy's ZPG-2 
airship was selected as the vehicle to carry it. This airship cruises at 40 to 50 knots in 
still air and exhibits the characteristics listed in Table 1 in turbulent air. Because of 
these characteristics, it was necessary to select a scan speed of 280,000 ft/min on the 
surface of the water for the scanner . This is approximately 50 times the ground speed 
of the airship and satisfies the minimum requirement for discrimination between airship 
motion and true targets. At this scan speed, a 1000-ft-wide Clinker scan is swept in 0.21_ 
sec, which is 28 times faster than the period of the airship. This provided sufficient fre­
quency separation to permit the use of simple electronic filters to suppress the effects of 
changes in optical path length . The use of gyrostabilization to minimize the effect of 
changes in viewing angle on the water was determined impractical for the scanner because 
of its huge size and weight. Instead, a differential optical configuration plus heavy elec­
tronic filtering were employed and proved effective against roll and pitch angles up to ±5 
degrees, but at some sacrifice in signal fidelity. 

Turbulence 
(ft/sec) 

30 
(extreme) 

20 
(moderate) 

10 
(light) 

Table 1 
Characteristics of ZPG-2 Airship 

Amplitude Rate Acceleration 
(degrees) (degrees/sec) (degrees/sec2

) 

18 15 6 

10.8 9 3.6 

5.4 4.5 1.8 

Roll, pitch, and yaw characteristic are essentially the same. 
(Goodyear Aircraft Corp. data.) 

Circular Scan 

Period 
(seconds) 

7.5 

7.5 

7.5 

The general configuration of the circular scan is shown in Fig. 11. In this figure, let 

D = diameter of radiometer aperture (cm) 

F = focal length of radiometer optics (cm) 
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Fig, 11 - Parameters of the circular scan 
( C f" sbt&Jt 1 ) 

(_u.t\c:..l,c..$S) 

E = efficiency of optics (fraction) 

a = vertical dimension of field of view (radians) 

f3 = horizontal dimension of field of view (radians) 

h = height of sensitive element (cm) 

b = width of sensitive element (cm) 

0 = angle of inclination of radiometer (radians) 

L = altitude of radiometer (cm) 

R = radius of scan (cm) 

s = optical path length to water (cm) 

A = area of water viewed (cm2
) 

w = radiant intensity of water (watts/ cm2
), w = 77N 

t = transmittan·ce of atmosphere (fraction) 

7T = 3.1416. 

At the entrance to the radiometer, the flux H is approximately 

H ~ (t) 
(

WA cos 0 ) 

77S 2 

(
WA cos 3 e ) 

~ (t) ---- w/ cm 2 • 
7TL2 
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The area of water viewed by the radiometer can be expressed approximately as ~ 

A~ ( /3 S) (~) 
cos fl 

(6) 

:: a/3 L2 
:::; cm2 . (7) 

cos 3 0 

Combining Eq. (5) and Eq. (7) yields 

(8) 

The angular dimensions of the radiometer's optical field of view are determined by the 
width of the Clinker scar, the inclination of the radiometer, and its altitude. Because the 
submarine scars are randomly oriented on the surface of the sea, a projected field of 
view whose width and breadth equal the width B of the center ribbon of the scar is pre -
ferred. For a square projected area, 

a ~ /3 cos 0 radians. 

If the projected dimensions equal the scar width B, then 

and 

B cos 0 
/3 ~ --­

L 

B cos2 0 
a~ ----

L 

radians 

radians. 

Replacing the values of a and /3 in Eq. (8) with those of Eqs. (10) and (11) gives 

(
W) (B2 cos

3 e) H~(t); L
2 

w/ cm2 , , 

(9) 

(10) 

(11) 

(12) 

which states that a radiometer whose projected field of view is tailored to the width of the 
scar receives the largest flux when at zero altitude and zero inclination angle. Opera­
tionally, these values are not practical, and a compromise must be made. 

The search aircraft must fly at a reasonable altitude and must allow the radiometer 
to sweep out as large a scan circle as possible for maximum coverage. The data plotted 
in Fig. 10, indicates that for angles of inclination greater than 70 degrees, the effects of 
angular instability will increase rapidly. Therefore, an angle of inclination of 70 degrees 
to the vertical was chosen initially for the optics of the system. This was reduced sub­
sequently to 60 degrees in order to solve the aerodynamic fairing problem on the aircraft. 
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With a fixed inclination angle , the only remaining way to increase the radius of scan is to 
increase the operating altitude. This is possible as long as the radiometer remains below 
cloud cover. Not only do clouds offer a high degree of attenuation, with some being com­
pletely opaque, but they form a very noisy background when scanned over from above . 
Hence the radiometer must remain below all clouds, including the light, wispy ones. Refer­
ence to the Hydrographic Charts for the North Atlantic Ocean reveals that clouds can be 
expected at altitudes as low as 1500 ft approximately 70 percent of the time. Therefore, 
an operating altitude of 1500 ft was chosen. In terms of the foregoing re'iisoning, the choice 
of the last two parameters automatically established the scanning speed of the equipment 
at 15 rpm and the dimensions of the optical field of view at 6 degrees high by 20 degrees 
wide. 

Sensitivity 

The steady radiation from the surface of the sea which is transmitted through the 
atmosphere to the radiometer is given by Eq. (8). Differentiating both sides of Eq. (8), 
replacing the differentials with the increments, and transposing gives 

6 H ( 6 W) • -~ (t) - w/ cm 2 - fl 
a /3 TT 

(13) 

where 

6 H « H and 6 W « W. 

For a 20°c sea, a normal atmosphere, and a submarine-induced radiometric change on 
the surface of the sea of ten parts per million, 

Thus , 

t = 0 . 3 

6W = 4. 2 x 10-7 w/ cm2. 

6H 
-~ 4 X 10-S w/ cm2 - fl, 
a/3 

(14) 

(15) 

(16) 

which is the change in flux at the radiometer produced by a surface change of ten parts 
per million. Experience has shown that the airborne radiometer should detect 4 X 10-s 
watts per square centimeter per steradian with a signal-to-noise ratio of unity or better 
in order to be operationally useful. 

Of the steady flux available at the radiometer (Eq. 8), that collected by it and focused 
on its sensitive element is 

P ~ (t) (W) (a/3) (:
2

) (E) watts. (17) 
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Differentiating both sides of Eq. (17) and replacing the differential with the corresponding 
increments, as before, gives 

6P ~ (t) (6 W) (a/3 ) (D
4

2
)(E) watts 

where 

6 P « P anci 6W « W. 

By definition, the Jones' n* is: 

where 

From Fig. 11, 

D
* - (aM)l / 2 

• NEP 
cm - cps 112/ watts 

a = area of sensitive element 

M = bandwidth of associated electronics (cps) 

NEP = Noise Equivalent Power for signal-to-noise 
ratio of unity. 

a = hb ~ a {3F 2 cm 2 . 

Combining Eq. (19) and Eq. (20) and transposing gives 

(F) ( a/3 ) 11 2 ( M) 11 2 
NEP R:: -------- watts. 

n* 

The ratio of 6P and NEP is the signal-to-noise ratio, or 

N
~ ~ (t4E)( 6 W) (a/3)1 / 2 D2 ~. 

F 6£1 / 2 

(18) 

(19) 

(20) 

(21) 

(22) 

For a 20°C sea, a normal atmosphere, a typical optical system, and a submarine.-induced 
radiometric _change on the surface of ten parts per million, 

t = 0.3 

E = 0.5 

6 W = 4.2 x 10-7 watts/cm2
• 

Thus 

(23) 

.7 
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It has been shown that for a parabolic optical system, the optimum ratio of focal length to 
diameter is approximately 0. 7 (27), the value chosen for the optics of the system. Equation 
(23) reduces therefore to 

s 
- ~ (2. 2 x 10- 8 ) (a/3 ) 112 (D) 
N 

n* 

(M)l / 2 

For the system, with its projected field of view "matched" to the 1000-ft-wide scar, 

and hence 

a = 6° = 0 . 105 radians 

/3 = 20° = 0.35 radians 

(24) 

(25) 

(26) 

(27) 

While scanning, the optical axis of the system sweeps across a 1000-ft-wide scar in 0.21 
sec, for a total on-target time of 0.42 sec. Under these conditions, the required band­
width is approximately 10 cps. Hence 

s 
- ~ 1.3 x 10- 9 nn* . 
N 

For a signal-to- noise ratio of unity, the required mirror diameter is approximately: 

109 
D ~ - cm. 

n* 

(28) 

(29) 

From Eq. (29), it is apparent that the more sensitive the detector element, the smaller 
the required mirror diameter. 

For the system, a special radiation thermopile was developed which had a n* of 
approximately 108 cm/w-cps. With such a detector, the mirror diameter would have to 
be 10 cm, in accordance with Eq. (20). However, a mirror diameter of 30 in. {76 cm) 
was chosen, giving a calculated signal-to-noise ratio of 7.6 times for a radiometric change 
of ten parts per million on the surface of the sea. This selection was made to cover other 
factors which the calculations did not include. In actual use, in the presence of aircraft 
vibration and aerodynamic turbulence, the operational noise level of the system proved to 
be equivalent to less than the specified radiometric change of ten parts per million on the 
surface of the sea. 

Information Rate 

Not only must the airborne radiometer provide 100-percent coverage of the search 
area, it also must examine the target sufficiently often to show any violent evasive maneu­
ver on the part of the submerged submarine. For example, if the submarine were to 
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make a sharp 90-degree turn, thus producing an L-shaped scar, the airborne radio~eter 
must sample this scar sufficiently to show that it is a turn-off and not a simple termina­
tion with the target resting on the bottom. For this reason, it has been determined empiri­
cally that the Clinker scar should be sampled every 100 ft of-its length. 

To do this with the system scanning at 15 rpm while being flown at 40 to 50 knots 
requires six samples per scan, or one sample every 2/3 sec. This requirement was 
met by employing six separate optical systems in a single frame which rotated as an 
integral unit at 15 rpm. Thus the AN/ AAR-23(XB-1) became a six-channel system. 

Aerodynamics 

An airborne radiometer with an 8-to-13-micron spectral sensitivity must operate in 
a very stable thermal environment in order to keep the background noise level at a mini­
mum. In an aircraft, this condition is achievable by employing a special aerodynamic 
fairing. This fairing must provide (a) dead air around the radiometer, and (b) laminar 
air flow across the optical path of the radiometer. 

Dead Air - Dead air around the radiometer offers three advantages. The first is 
that it produces no mechanical loading on the radiometer, a necessity if the unit is gyro­
stabilized. The second is that it helps insure a uniform air temperature around the radiom­
eter and minimizes the possibility of generating a large signal of scan frequency or higher 
if the unit were forced to "look" through air of varying temperature as it rotates. Last, 
the absence of turbulence prevents the random heating and cooling of the radiometer's 
housing and window. Insulation helps keep the interior of the radiometer thermally stable; 
however, the window cannot be insulated. If the window transmitted 100 percent, its emis­
sivity would be zero, and there would be no radiation from its backside. Most window 
materials have emissivities which are two percent or more, resulting in small changes 
in self radiation. as the window temperature varies. Thus turbulent air must not strike 
the radiometer's window. 

Laminar Flow - Laminar air flow beneath the aircraft in the radiometer's optical 
path is required. Lack of uniformity would cause spurious signals of scan frequency or 
higher to be generated as the radiometer scanned over the nonuniform air. In this con­
nection, it is essential that the radiometer not be mounted on the aircraft where the hot 
air and exhaust gases from the aircraft's engines can pass through the radiometer's optical 
path and produce both random noise and attenuation. 

A major effort was spent on the development of fairing for the system by the Airship 
Test and Development Department, U. S. Naval Air Station, Lakehurst (28). Starting with 
an APS-20B radome without a bottom, they added fairing in an exploratory manner until 
the desired performance was attained. Since that time, the state of the art has been 
advanced by the David Taylor Model Basin through the use of scale models in a wind 
tunnel (29,30). 

Summary 

It is concluded that an airborne radiometer which is capable of detecting a change in 
the total radiation at the surface of the sea of ten parts per million must, when installed 
in a suitable ASW aircraft, be gyrostabilized against rool and pitch with an angular error 
of less than ±0.01 degree and must sweep the surface of the water with a conical scan at 
a rate greater than 50 times the ground speed of the aircraft. These requirements must 
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be me~t in order to minimize the spurious background signals generated by incremental 
changes in the radiometer's viewing angle and optical path length. The radiometer should 
be flown below existing cloud cover at a nominal altitude of 1500 ft with its optic axis 
inclined at an angle of from 60 to 70 degrees to the vertical. This is a compromise between 
providing reasonable search coverage and obtaining an adequate target signal. The radiom­
eter's optical field of view should be either a square or a circle when projected on the 
water with a width or diameter equal to the width of the radiometric scar to be detected. 
This configuration provides for maximum signal strength while accommodating the random 
orientation of the target. Last, the radiometer should have an operational noise level 
equivalent to less than 4 x 10-s watts cm - 2 steradians-1, and, with this detectability, it 
should examine the target at intervals of no greater than 100 ft along its length to prevent 
loss of target by evasive action. 

DESCRIPTION OF THE AN/ AAR-23(XB-1.) 

Major Components 

The AN/ AAR-23(XB-1) is a six-channel detection system which consists of three 
major components (Fig. 12).~' These components are (a) a circular scanner which con­
tains six idential optical units, (b) a final amplifier which consists of six identical chan­
nels of filtering, amplification, and signal processing, and (c) a three-coordinate mapper 
which is servo-driven by the scanner and which prints an instantaneous and continuous 
radiometric map of the area being searched. 

General Principle of Operation 

The system was designed to be flown at an altitude of 1500 ft and at ground speeds 
up to 60 knots. From that altitude, it scans, at 15 rpm, the periphery of a 2000-yd­
diameter circle on the surface of the sea which is centered about an axis normal to that 
surface (Fig. 13). Thermal radiation in the wavelength band between 8 and 13 microns, 
which consists of self radiation from the water, sky radiation reflected from the water, 
and radiation from the intervening atmosphere, is collected by each of the six optical 
units in the scanner array and focused on a pair of thermopiles mounted in the focal plane 
of each mirror. Here it is converted into a voltage which consists of a de component due 
to steady radiation plus pulses due to the scans over the target. Because of the manner 
in which the thermopiles in each pair are connected electrically, the de component is 
eliminated, leaving only the target pulses at the output terminals of each pair of thermo­
piles. These signal pulses are amplified in separate preamplifiers and fed through slip 
rings to a six-channel final amplifier. 

At the final amplifier, the signal pulses are filtered, amplified, dissected, and ampli­
fied again. The dissection separates the positive and negative lobes of each signal pulse ; 
these are then equalized, amplified, and fed to the three-coordinate mapper through separ­
ate channels. Thus the original six channels become sixdouble channelsatthefinalamplifier. 

At the three-coordinate mapper, the signals are separated further by printing those 
generated during the forward half of the scan independently from those generated during 
the back half. The combined result of the dissection and separation is a set of four instan­
taneous and continuous thermal maps printed on electrochemical paper and showing in 

,:,All subsequent figures appear consecutively at the end of the text. 
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varying tones of gray the positive and negative lobes for each of the two halves of the scan. 
Because of the relationship between the magnitude of the radiation from the surface scar 
relative to that from the adjacent water and the polarity of the resulting electrical signal, 
the two strip maps on the left side of the three-coordinate mapper are referred to as "hot," 
and the two on right are referred to as "cold." If a surface scar's radiation is less than 
that from the surrounding water, the predominant part of its signal appears on the fore 
and aft "cold" maps, with its secondary or complementary features appearing on the fore 
and aft "hot" maps. If the scar's radiation is greater, the predominant characteristic 
appears on the "hot" maps, with the complementary portions showing on the "cold" maps. 
The fact that not only do scars of both polarities exist but that a single scar can change 
polarity along its length makes it necessary to present the signals of both polarity with 
maximum contrast; hence, the "hot" and "cold" strip maps. 

Overall System Sensitivity 

Over the normal range of airship speeds (up to 60 knots), the motion of the aircraft 
results in a continuous 2000-yd swath being swept out ori the water along the aircraft's 
line of flight. Target samples are taken from a given spot at the rate of six bits every 
four seconds. Under normal conditions, when the roll and pitch of the aircraft is less 
than ±5 degrees, the inherent noise level of each of the system's six channels is equiva­
lent to a signal flux of 2 x 10-s watts per square centimeter per steradian at the equipment. 
In the presence of random noise, visual integration by the observer at the recorder makes 
it possible to detect signals that are smaller than the noise. However, under most con­
ditions, thermal discontinuities on the water, such as natural slicks, provide the limiting 
noise level and prevent the use of full sensitivity. On the other hand, there are occasions 
when maximum sensitivity can be employed, and it is for the latter situations that the 
system was designed. 

Signal Fidelity 

The particular internal electrical connections which are made in each thermopile and 
which result in the cancellation of the de signal due to the steady radiation from the sur­
face of the water are primarily to reduce the spurious radiometric signals generated by 
the roll, pitch, and changes in altitude of the radiometer. This arrangement produces the 
projected field of view shown in Fig. 13 for each optical unit. The two center sections in 
each projection, together, are tailored approximately to match the width of a 1000-ft-wide 
Clinker scar and have the principal function of deriving a signal therefrom. This signal 
is positive if the scar is colder than the surrounding water. The projection on each side 
of the center serves the secondary purpose of providing compensation and produces a 
negative signal. Because the total projected area of the compensating sections equals 
that of the total area of the center sections, the net signal from a radiometrically uniform 
sea is zero, provided all of the receivers in each thermopile array are of equal sensitivity. 

When one of these arrays scans across a scar of varying width, electrical signals 
similar to those shown in Fig. 14 are generated. For scar widths equal to or less than 
1000 ft, the center section of each field of view produces a signal whose magnitude is 
proportional to the radiometric magnitude of the scar. The compensating sections add 
signals also and, for that reason, the latter are removed electronically so. that the former 
can be printed on the system's recorder by itself. There is a pronounced lack of resolu­
tion, as can be seen from Fig. 14; the same width signal is produced from scars of any 
width up to 1000 ft. For scars greater in width than 1000 ft, the compensating sections, 
acting with the center sections, optically differentiate the signal and produce the second 
differential therefrom. 



.. 

NAVAL RESEARCH LABORATORY 23 

Because the effects of the radiometer's roll, pitch, and altitude changes are not com­
pletely minimized by the thermopile configuration, electronic filtering is employed to 
accommodate angular changes up to t5 degrees. Unfortunately, this filtering eliminates 
some of the lower subharmonics in the signal, with the result that it is distorted somewhat, 
with the addition of a small overshoot. If the small overshoot is ignored, the signal from 
the center of the optical field of view can be considered as still being representative of 
the radiometric magnitude of the target's scar, provided that the latter's width does not 
exceed 1000 ft. For target widths in excess of 1000 ft, the equipment produces the second 
differential of the signal. 

At the three-coordinate mapper, where the four strip maps are produced, the fore 
and aft "cold" maps show the slightly distorted signal from the center section of each 
field of view together with the small overshoot if the target's track is "cold." The signals 
from the two compensating sections are printed on the "hot" maps. Should the target's 
scar be warmer than the surrounding water, the predominant part of the signal appears 
on the "hot" maps, with the compensating signals on the "cold" map. The predominant 
part of the signal from a scar 1000 ft or less in width can be identified by its companion 
overshoot which always trails it. However, when the scar width exceeds 1000 ft, the map 
becomes quite complicated and serves only to indicate that a target scar is under the 
aircraft. 

Equipment Details 

Of the system's three major components - scanner, final amplifier, and recorder -
the scanner represents the greatest developmental effort. Three different versions of 
the scanner were constructed before a satisfactory model was secured. The end result 
was a compromise between the desire to secure a maximum radiometric signal-to-noise 
ratio and the operational need for a large search coverage. The problem was complicated 
further by the aerodynamic problems associated with the installation on the aircraft. 
Because the designs of the final amplifier and recorder were supplemental to that of the 
scanner, these too had to be changed with each scanner modification. The various units 
are described below (31). 

Scanner Assembly - The frame of the scanner was constructed of high-tensile-strength 
aircraft tubing so as to provide a light-weight but yet extremely rigid structure on which all 
six optical units could be mounted equally spaced around its periphery. Some of the details 
of the construction are shown in Figs. 15 and 16. The ability of this frame to support the 
weight of the six optical units offered no problem. However, serious difficulties did arise 
in providing sufficient rigidity so that the natural frequencies of vibration and flexure of 
the array were much higher than those of the target signal. Vibration and flexure in the 
frequency pass band of the system not only created a serious microphonic problem but 
also allowed each optical unit to scan the water independently with a small amplitude and 
thereby generate troublesome background signals. This problem was compounded by the 
requirement that the diameter of t~e frame be sufficiently great to permit the optical units 
to be mounted facing inward and downward, so that the required optical clearance hole in 
the bottom of the surrounding aerodynamic enclosure could be kept as small as possible. 
The use of a truss-like structure with relatively heavy gussets at all joints helped con­
siderably. Nonetheless, it was found necessary to reduce the scanner's rotation velocity 
from an initial speed of 30 rpm to 15 rpm in order to reduce the magnitude of vibration. 
Isolation from the higher-frequency aircraft vibration was provided by having the scanner 
rotate about a rigid center post (Fig. 17) while being supported on six polyurethane wheels 
rolling' on a smootq, 6-ft-diameter, inclined track (Fig. 18). This isolation was made more 
effective by drivin'g the scanner with a toothed rubber belt (Fig. 19). The motor drive unit 
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itself (Fig. 20), which consists of a 28-volt de aircraft motor coupled to a specialg.earbox, 
was designed so that none of its parts rotated at, or generated, frequencies in the elec­
tronic pass band of the system's signal amplifiers. Consequently, as a result of these 
and other precautions, the internal noise level of the system in flight is not substantially 
different from what it is on the ground (Fig. 21). 

All six optical units in the scanner array are of identical construction. The main 
components - mirror, thermopiles and preamplifier, mechanical modulator, and. window -
are supported by a welded tubular framework which is enclosed in an aluminum skin lined 
with insulation. A complete optical unit is shown in Fig. 22. The same unit, disassembled, 
is shown in Fig. 23 . 

The operation of an optical unit is depicted in Fig. 24. Steady radiation plus signals 
pass through the polyethylene window and thence through the rotating blades of a "venetian­
blind" modulator which chops them at 14 cps. The chopped radiation falls on the collecting 
mirror, which focuses it on the thermopile receivers . Here the radiation is converted 
into a 14-cps electrical signal which has most of the de c.omponent due to the steady radia­
tion removed. The signal is amplified by the associated preamplifier and synchronously 
demodulated by a mechanical rectifier attached to the mechanical choppers. Then it is 
partially filtered to remove the remaining de component and is fed out of the optical unit. 
From there it goes through the scanner's slip rings, through the final amplifier, and to 
the recorder. 

Because of the large size of the optical unit's aperture, polethylene was selected for 
the window material. It is cheap and easy to handle, considerations which are important 
when frequent replacement is necessary due to exposure to the minor sandblasting which 
is encountered during aircraft takeoffs and landings. The polyethylene is 0.004 in. thick 
and has an average transmission of 70 percent in the 8-to-13-micron region. It is mounted 
on a ring (Fig. 25) which, in turn, is mounted on the removable front section of the optical 
enclosure, where it is pulled down and stretched tightly over an elliptical ridge and cruci­
form. The design of the ridge and cruciform are such as to make the natural vibration 
frequency of the window very much higher (approximately 200 cps) than the frequency pass 
band of the detection system. Otherwise the window vibrations, which alter the angle of 
incidence to the incoming radiation, would produce interfering noise modulation on the 
radiation which is transmitted. 

The "venetian-blind" shutters (Fig. 26), which chop the incoming radiation at 14 cps 
after it passes through the polyethylene window, do so by rotating continuously in one 
direction at 7 cps . Two closings and two openings per revolution produce the 14-cps 
modulation. The blades of the shutter are aluminum and are mechanically coupled with 
Teflon-coated gears. The entire assembly is driven by two motors, rather than one , for 
reliability. 

The mirror which collects the chopped radiation and focuses it onto the thermopile 
receivers is a front-surface parabola with a 30-in. diameter and 21-in. focal length. It 
is pressed from aluminum alloy, polished, and covered with a protective coating of silicon 
monoxide . Because of the high optical absorption of silicon Illonoxide (Fig. 27), a coating 
only 0.5 micron thick is used (32). The optical circle of confusion of the mirror with the 
coating is less than 0.3 in. in diameter, which is small compared with the off -axis comatic 
flare. 

Located in the focal plane of the mirror are two radiation thermopiles mounted on 
a common preamplifier (Figs. 28 and 29), for ease in handling. The sensitive area of 
each thermopile measures 3 x 8 in. and consists of a multiplicity of thermocouples 
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connected electrically in a parallel-series arrangement so that, overall, each unit acts 
as two 3 X 4 in. units in electrical opposition. Each 3 x 8 in. unit is mounted on the pre­
amplifier, so that the 3 x 4 in. portions, which produce a positive voltage when exposed 
to a relatively cool target, are adjacent and form a 3 x 8 in. total positive receiving area 
in the center. The negative 3 x 4 in. sections are at each end. It is the optical projection 
of this array which forms the field of view shown on the water in Fig. 13. 

The details of the construction of the thermopile are shown in Fig. 30. Wedges of 
alternate positive and negative thermoelectric material are stacked side by side with 
insulating mica sheets between. The positive material is 90-percent antimony and 10-
percent bismuth; the negative, 65-percent antimony and 35-percent zinc'. To these wedges 
are spot-welded one-micron-thick gold foils on which is evaporated gold black. The entire 
array is mounted in an evacuated enclosure capped by a 1/2-in. -thick silver chloride win­
dow. Each side of this window is coated with Eastman Kodak 230-S filter material. A 
protective layer of polystyrene is deposited on the outer window surface. The de resist­
ance of each 3 x 4 in. section is approximately 1.5 ohms, and the sensitivity is 0.1 volt 
per watt per square centimeter at 14 cps. The value of n* for each section at 14 cps is 
approximately 108 cm-cps 1!2 watC1. All four sections are copnected in series across 
the primary winding of the preamplifier input transformer. These thermopiles are 
extremely rugged and exhibit no microphonism under normal conditions of aircraft 
vibr.ation. 

When compared with the performance of the 8-to-13-micron photoconductors which 
are available today, the performance of the thermopiles used in the system is poor. How­
ever, circumstances which existed at the time of the inception of the system development 
forced their selection. Originally it was intended to employ photoconductors, and the 
development of a system which utilized them was initiated (33). All of the components 
for this system were completed except the photoconductor receiver, which never became 
available. Therefore the entire photoconductor detection system was abandoned, and 
energy was concentrated on the development of the thermopile.~' The use of this particular 
thermopile rather than a photoconductor necessitated larger optics to compensate for the 
lower sensitivity and resulted in the huge size of the system's scanner array. However, 
if other types of receivers readily available at the time had been used, the resulting 
system would have been either much larger or less reliable or both. 

The common preamplifier on which both thermopiles are mounted and to which they 
are connected electrically is a simple transformer-input, push-pull, RC-coupled, low­
signal-level amplifier. The wiring diagram is shown in Fig. 31, and the frequency response 
is shown in Fig. 32. It has an operational noise level equivalent to 2 X 10-9 volts rms at 
the input and an overall gain of 2 X 107

, which is sufficient to permit operation down to the 
thermal-agitation noise level of the thermopiles. The dynamic range of the preamplifier 
allows signal-voltage swings of up to 40 volts at the output without appreciable distortion. 
Considerable effort was spent on the development of the input transformer for this pre­
amplifier. The problem of providing adequate shielding to keep the induced voltages due 
to vibration and flexure in the earth's magnetic field at a minimum proved to be a difficult 
one. A special vibration table had to be constructed, and each design had to be tested on 
it. The problem was solved by potting the transformer inside a nest of four cylindrical, 
Mumetal cans with end covers and bringing out the signal leads through staggered holes. 
This assembly was in turn potted in a very rigid aluminum housing into which was built 
a nest of seven more cylindircal shields. This structure was bolted securely in place on 
to a very rigid aluminum casting which formed the base of the preamplifier housing. The 

*This work was sponsored by the U. S. Naval Research Laboratory at the Charles M. Reeder 
Company of Detroit, Michigan. 
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arrangement is shown in Figs. 33 and 34. Signal leads from the thermopiles to the trills­
former were made extremely rigid and were clamped at both ends. Other electronic 
components were mounted with equal care, particularly those associated with the first 
vacuum-tube stage of amplification. Power for the preamplifier is supplied from a regu­
lated power supply mounted inside the aircraft which, because it had to be fed through 
the scanner's slip rings, required additional regulation in each preamplifier so supplied. 
Both B+ and filament voltage-regulating circuits are built into each preamplifier to remove 
any electrical "hash" which the slip rings might introduce. 

After amplification by the preamplifier, the signal is fed in push-pull fashion to the 
mechanical synchronous rectifier which is mounted on the shaft of one of the blades of 
the "venetian-blind" chopper. The details of the rectifier are shown in Fig. 35. Coin 
silver segments, imbedded in an epoxy insulator and mounted on an aluminum hub, rotate 
with the chopper. Signal application and pickoff are provided by silver graphite brushes . 
Correct signal phasing is secured by positioning the assembly on the shaft at the proper 
angle. 

The demodulated signals are then fed from the synchronous rectifier back to the pre­
amplifier, where filtering removes the de component. From there the signal goes to the 
scanner's slip-ring assembly, along with those from the other five preamplifiers. 

The overall characteristics of .each optical unit are summarized in Figs. 36 through 
38. Figure 36 shows the spectral response of one of the 3 x 8 in. thermopiles mounted 
behind a 0.004-in. polyethylene window. Figure 37 is a horizontal cross S!:!ction of the 
optical field of view, and Fig. 38 is the vertical cross section. The measured on-axis 
response to 100°C black-body radiation was found to be 1.8 x 10-9 watts cm-2 for a signal­
to-noise ratio of unity as observed with the preamplifier's 43-cps bandwidth. The calcu­
lated noise equivalent intensity for the two 8.5 x 6 degree center sections of the field of 
view combined is, therefore, 5.6 x 10-s watts cm-2 steradians-1

• Electronic filtering and 
processing in the final amplifier reduces this to approximately 10-a watts cm-2 steradians-1

• 

As shown in Fig. 21, the inherent noise levels of the optical units increases slightly in 
flight; therefore the operational noise equivalent intensity calculated from laboratory 
measurements is approximately 2 x 10-s watts cm-2 steradians-1

• 

Great care was taken in the design and construction of the scanner's slip rings (Figs. 
39 and 40), to insure that the sliding-contact noise which they generate is kept at a mini­
mum. Because the power to, and the signals from, each optical unit are carried by these 
rings, this noise had to be kept down. Coin silver rings with silver-graphite brushes 
mounted three per ring are employed. The danger of coupling or leakage between cir­
cuits was eliminated by shielding and proper spacing with good insulation between com­
ponents. As a result, the slip rings have given trouble-free performance. 

Positions information is supplied from the scanner to the three -coordinate mapper. 
A type 15CXa synchro transmitter is used to provide the mapper with angular position 
information; the mapper is thereby kept synchronized with the scanner. For convenience, 
the synchro is mounted on the slip-ring assembly. In order to check the servo alignment 
between the mapper and scanner, a microswitch, closed momentarily when the number one 
optical unit looks forward of the aircraft, is employed. The mounting arrangement is 
shown in Fig. 41. The use of this device and others is the result of the desire to make it 
possible to check out the entire system in flight if necessary. 

Final Amplifier - The final amplifier, which is shown in Figs. 42-45, contains six 
identical processing channels, one for each of the six optical units in the scanner array. 
The schematic is shown in Fig. 46, and the functions of the various stages are depicted 
in Fig. 47. 
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When the signal arrives at the final amplifier from the preamplifier, it is passed 
first through a low-frequency cutoff filter, then through a high-frequency cutoff filter, 
and finally through a rejection filter. The low-frequency cutoff filter eliminates the 1/ 4-
cps signal produced by the 15-rpm rotation of the scanner when its axis is not vertical, 
and the 1/ 10-cps signal produced by the roll and pitch of the airship. The high-frequency 
cutoff filter eliminates the 28-cps rectification ripple. Initially, this amount of filtering 
proved adequate. However, it was found that the "venetian-blind" choppers on the optical 
units could generate a strong 7 -cps signal as they rotated if one side of each blade became 
dirtier than the other side or if the assembly were improperly mounted, causing the shut­
ters to bind and hence to vary in speed during each revolution. To eliminate the resultant 
7-cps signal, a parallel-T RC rejection filter was added to the filter section of each chan­
nel. The resultant overall frequency response is shown in Fig. 48. 

The change in the shape of the signal pulse as it passes through the final amplifier 
is shown in Fig. 47. The details of the signal pulse before and after filtering are shown 
in Fig. 49 for the case of a cold scar of relatively small width. Filtering has left the 
first and second lobes of the signal pulse relatively unchanged but has increased the size 
of the third lobe and has added a small fourth lobe. The fourth lobe is an overshoot due 
to the lack of adequate low-frequency response of the filter. However, the need for suffi­
cient attenuation at the 1/ 4-cps rotational frequency of the scanner necessitated the com­
promise in signal fidelity. Of course, had it been practical to gyrostabilize the scanner 
to prevent canting of the rotational axis and thereby minimize the magnitude of the scan­
generated signal, less filtering and hence better signal fidelity could have been achieved. 

After filtering, the signal is amplified and dissected as shown in Fig. 47. The positive 
lobes are separated from the negative lobes, and both are treated independently throughout 
the remainder of the system. After dissection, the signal lobes are amplified again and 
are fed to the three-coordinate mapper. The final amplification is accomplished by chop­
ping the signal at 400 cps, amplifying it, then rectifying it. This procedure results in a 
saving in weight and size of components and permits both negative and positive signal 
lobes to emerge in their respective channels with negative polarity for use, without further 
processing, by the styli in the three-coordinate mapper. 

Three-Coordinate Mapper - The three-coordinate mapper derives its name from the 
fact that it prints a two-dimensional map in varying tones of gray whose intensity is pro­
portional to the amplitude of the applied signal. A front view of the mapper is shown in 
Fig. 50; an interior view, in Fig. 51. The mapper employs electrochemical paper which 
passes through the recorder from top to bottom at a rate proportional to the ground speed 
of the aircraft. On this paper are printed four strip maps side by side. One pair of strip 
maps shows only the positive lobes of each signal pulse, and the other pair the negative 
lobes. In each pair the signals from the forward half of the scan are printed on one 
strip, and those from the back half of the scan on the other strip. If the target's scar on 
the water is "cold," the predominant part of the signal plus its small overshoot are printed 
on the right, or cold, side of the recorder as indicated in Fig. 52, with the supplementary 
portions being printed on the left, or "hot," side. If the target's scar is warm, the posi­
tions are reversed. In this case the predominant part of the signal appears on the left 
side, and the supplementary portions on the right. Controls for the recorder include a 
paper speed adjustment calibrated directly in knots ground speed, a six-gang sensitivity 
control, and a crab-angle compensator which permits the signals to be printed with respect 
to the airship's true course rather than its crabbed heading. 

The electrochemical paper was developed by NRL (34). It is different from other 
papers in that it contains all of the chemicals necessary for the printing process and does 
not produce stylus erosion when the signal current flows. In addition it allows the 
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presentation of more steps on the gray scale than is possible to achieve by any other " 
method of signal recording. The three-coordinate mapper employs this paper in 24-in. 
widths and in 400-ft rolled lengths.~' 

The mechanical arrangement for printing the four strip maps is shown in Fig. 52. 
The electrochemical paper passes between a heavy glass door, on which are mounted 
four platinum-iridium crescents, and four servo-driven drums, on each of which are 
mounted six platinum-iridium styli. The action of a crescent-drum combination is depicted 
in Fig. 53. Signals are fed from the final amplifier to the styli through segmented com­
mutators and thence through the electrochemical paper to the crescent. The combined 
action of the commutator segments and the crescent is to allow each stylus to print only 
during a half revolution of each complete rotation of the scanner. The commutator seg­
ments and styli are positioned on the drum to permit sequential printing, and the crescent 
is shaped to allow nesting of these printings without overlap. Figure 54 shows the details 
of the stylus construction. This is an adaptation of the type used by NRL underwater sound 
studies (35). The multifinger design allows the paper fibers to be accommodated independ­
ently without lifting the entire array off the paper and thereby permits the production of 
a uniformly printed line. Each stylus prints a 1/ 8-in. -wide band on a 5-in. -diameter 
circle. Together, six of these styli on any d'rum print a continuous map without blank 
spaces for all normal ground speeds and practical altitudes of the airship . The results 
of the printing action are depicted in Fig. 55. 

The printing drums in the mapper are rotated in synchronism with the scanner by 
means of a Lear servoamplifier and motor (Fig. 51) . Electrical signals from the synchro 
transmitter at the scanner are fed to the servo combination through a differential trans­
mitter mounted on the mapper ' s control panel. Manual rotation of the differential's rotor 
provides crab-angle compensation. From there, the signals are treated in a conventional 
manner by the servo unit to provide the continuous follow up. 

A switch is provided on the mapper's control panel which when depressed places a 
mark on the extreme left strip map. This mark corresponds to a dead-ahead signal from 
the number one optical unit in the scanner array. This mark is triggered by a momentarily 
closing microswitch at the scanner and appears in the top center of the strip map if the 
mapper is properly synchronized with the scanner. If not, the proper adjustments can be 
made while in flight to secure proper synchronization. 

Adjustment of the paper speed is secured by means of a potentiometer which feeds a 
variable amount of de current into a simple magnetic power amplifier which, in turn, 
controls a Mark 16 servo motor geared to the paper-drive rollers. Stability is provided 
by negative feedback from a tachometer generator attached to the servo motor . 

Once the initial adjustments - paper speed, sensitivity, and cr ab angle - have been 
made, the operation of the mapper is automatic and instantaneous. The problem is the 
operator's boredom and resulting inattentiveness. Because of this, the mapper was 
designed with a large, orange, transparent door through which the last ten miles of track 
can be viewed with maximum contrast. Thus if the operator misses the initial contact 
with the target during a crossing, he may see it later and, since the scar will remain on 
the water for some time, he can request another pass for additional details or for tracking 
purposes. 

~'In order to provide an adequate supply of paper for the AN/AAR-23(XB-l), NRL contracted 
with Ricbet Industries of Merchantville, New Jersey to produce it with government-owned 
equipment. 
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Power Supplies - In order to insure maximum reliability, the power for the system 
is distributed as shown in Fig. 56. The prime source of power is the airship's 28-volt 
de line. Separate circuit breakers are provided for the scanner drive and for the equip­
ment's electronic units. 

Power is fed to the scanner's drive motor through a starter box which, because of the 
scanner's mass, is applied slowly through a series dropping resistor. After ten seconds, 
a time-delay removes this resistor and applies full power, bringing the huge scanner· 
smoothly up to speed. Emergency shutdown is possible at the three-coordinate mapper 
or at the circuit breakers. 

Single-phase, 120-volt, 400-cps power is utilized by the electronic units. In order 
to secure adequate regulation, it was necessary to employ a standard, military, 1500-VA 
inverter followed by an electronic regulator. The highly regulated 400-cps power from 
the regulator is supplied to the preamplifier's power supply and to the final amplifier's 
power supply. 

The power supply for the six preamplifiers is shown in Figs. 57-59. This unit con­
tains two 300-volt de regulated supplies and six de filament supplies. It is wired so that 
one 300-volt supply powers the even-numbered preamplifiers, while the other powers the 
odd-numbered ones. In this way, failure of one power supply deactivates only half of the 
preamplifiers. Monitoring meters for voltage and current are provided and can be inserted 
into the supply lines to each preamplifier in sequence by means of a selector switch. The 
schematic is shown in Fig. 60. 

The power supply for the final amplifier is shown in Figs. 61-63. It contains two 
300-volt de regulated supplies for the filter and amplifier sections in the odd and even 
channels respectively, two 440-volt de supplies for the driver stages in the odd and even 
channels, six 220-volt de supplies for the power stages in each channel, and six 6.3-volt 
ac filament supplies for each channel. Failure of any supply will deactivate only a portion 
of the system. Voltmeters and a selector switch are provided for monitoring each supply 
line to the final amplifier in sequence. The schematic is shown in Fig. 64. 

Aircraft Installation 

The system was installed in the ZPG-2 airship, No. 141561 (Fig. 65), at the Naval 
Air Station, Lakehurst, New Jersey. The three-coordinate mapper and the electronic units 
were installed in the ASW compartment (Fig. 66), the inverter in the engine compartment 
(Fig. 67), the starter box in the bilge area (Fig. 68 ), and the circuit breakers in the 
mechanic's compartment Fig. 69. 

The scanner was mounted in the airship's APS-20B radome, with the bottom left off. 
Because the airship normally flies in a 4-degree nose-up condition, the installation was 
made with the scan. axis inclined 4 degrees aft so that it would be vertical in flight. The 
first model of the scanner was never installed in the airship because of its poor vibration 
characteristics. A second model, which had the optical units inclined 70 degrees to the 
vertical, was installed. However, when it became apparent that aerodynamic fairing had 
to be added to the radome, a third and final model was constructed with the optical units 
inclined 60 degrees to the vert_ical so that they could "see under" the fairing. This final 
model was completely enclosed in an aluminum skin of its own, which included a saucer­
like annular ring, or skirt, around its lower periphery. This enclosure was rigidly attached 
to the scanner and .rotated with it inside of the modified radome. The combination of exter­
nal and internal fairing solved the aerodynamic problems associated with the earlier model 
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and made it possible to operate successfully, provided that the airship did not nose up more 
than a total of 9 degrees from horizontal. Beyond this angle, the enclosure scooped cold 
air which r ef.1ulted in the generation of a spurious dead-ahead signal. The external fairing 
is shown in Fig. 70. Figure 71 shows the aerodynamic skirt attached to the scanner. 

Calibration 

All six optical units were checked and calibrated in the laboratory prior to installation 
in the airship, as were the final amplifier and three-coordinate mapper. Once installed, 
a second method of calibration, which did not necessitate removal of equipment, was 
employed. For this purpose a special calibrator, which can be hung over the aperture of 
each optical unit, was developed. Figure 72 shows the calibrator mounted in calibrating 
position. The essential parts of this device are a 30-in.-diameter, f/0. 7, parabolic mirror 
in the focal plane of which is mounted a thermal signal generator (Fig. 73). Radiation 
from the generator is focused at infinity through a 50:1 mesh attenuator (Fig. 74). The 
details of the signal generator itself are shown in Figs. 75 and 76. A temperature-controlled 
black-body radiator is mounted on an endless belt which moves through the mirror's 
focal plane behind a curved field stop which compensates for the vignetting produced by 
the mirror housing. The size of the black-body radiator and its linear speed along the 
belt are equivalent to the actual scan, in flight, of an optical unit across a 500-ft-wide 
thermal scar on the water. By mounting and operating the thermal calibrator on one unit 
at a time, all six channels of the system can be completely calibrated in sequence in less 
than 20 minutes. Typical signals are shown in Fig. 49. The first is the output of the pre­
amplifier as observed through an auxiliary 0.01-to-5-cps bandwidth filter. The second 
is the filtered signal, and the third is the current through the electrochemical paper in 
the three-coordinate mapper. 

With this calibrator, it has been possible to maintain the system with ease. Calibra­
tions have been made on the average of every two months during the past 18 months and 
have shown that the entire equipment is remarkably stable. 

TEST FLIGHTS WITH 70-DEGREE MODEL 

A total of five tests were made against submerged submarines using the original model 
of theAN/AAR-23(XB-1), in which the optical units viewed the water atan angle of incidence 
of 70 degrees. Two of these tests were made with the Guppy submarines BLENNY and 
GROUPER, and three with the nuclear submarine NAUTILUS. Some of the results obtained 
from these tests are shown in Charts 1-5. In all cases, the submarines operated in deep 
water in the area designated 39°N by 71°W, off the Continental Shelf approximately 150 
miles due east of Atlantic City, New Jersey. After diving, each submarine proceeded on 
a straight-line course perpendicular to the prevailing wind, releasing special marker 
buoys (36) at prescribed intervals. All runs were made at night during the period of 
Sept. 23 through Oct. 30, 1958. On Sept. 29; hurricane Helene went through the area and 
afforded a chance to observe the operation of the system in rough weather. Detections 
were made during all five tests in spite of the fact that the enclosure around the system's 
scanner proved aerodynamically unsatisfactory. 

Chart 1 shows a portion of the Clinker scar behind the USS GROUPER underway at 
6 knots and a keel depth of iOO ft. The airship, with the system aboard, approached the 
submarine from ahead and crossed her scar at an angle of approximately 45 degrees. 
After traveling approximately 5000 yd, the airship turned off to starboard. When this 
record was obtained, the sea was almost dead calm and there were numerous slicks in 
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Chart 1 - Section of the scar behind USS GROUPER (5300 yards) as she proceeds 
at 6 knots at a keel depth of 100 ft. Apparent curvature in scar is due to airship 
turning off track.•-•) 
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Chart 2 - Scar from USS NAUTILUS proceeding at 22 knots at 
a keel depth of 60 ft. Radiometric signatures from transverse 
waves and heat-exchanger water are apparent. (2 ii ) 
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Chart 5 - Second recording made 20 min 
after that of Chart 3, showing scars 
behind USS NAUTILUS while underway 
at 6 knots and a k~l depth of 200 ft 
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the area. There was broken cloud cover with a full moon above. The sensitivity of the ~ 
~ system was set at 20 percent of maximum to minimize the interference from the slicks. 

With this setting, the GROUPER's scar appeared strong, with an intensity of approximately 
30 times the equivalent noise level of the equipment. 

Chart 2 shows the details of the surface scar above and behind the NAUTILUS proceed­
ing at 22 knots at a keel depth of 60 ft. The position of the submarine was determined with 
the aid of an intense light which she carried topside, indicated in the chart by X. Immedi­
ately above and behind her is the radiometric signature from the transverse structure in 
her gravity wave . From the geometry of the situation - airship altitude, diameter of scan 
circle, and recorder paper speed - it was determined that the distance between transverse 
waves was approximately 330 ft. The theoretical curve (17) of Chart 3 predicts that the 
submarine was proceeding at approximately 23 knots, which is in good agreement with her 
reported speed of 22 knots. Following the transverse-wave signature is a warm scar which 
begins 1300 yd astern the submarine and extends aft for another 1000 yd. It appears rea­
sonable to assume that this is the submarine's heat-exchanger water, which is pumped 
out at the rate of 10,000 gallons per minute at a temperature 12°F above ambient. The 
rise time for this water appears to be approximately 1.8 minutes for this particular keel 
depth (60:ft). This warm water completely obliterated the Clinker scar initially, although 
ragged pieces of it appeared farther astern. Eventually, a normal Clinker scar was 
observed approximately 2000 yd behind the warm scar. 

Charts 4, 5, and 6 are recordings made during successive passes by the air'ship over 
the NAUTILUS' track while the latter was proceeding in a straight line at a keel depth of 
200 ft and speed of 6 knots. The operating area was the same as that for Chart 2, as were 
the water conditions. In each case the airship flew up the track toward the submarine from 
points near marker buoy 8 or 9. 

Chart 4 shows the airship turning on to the track from port approximately 7500 yd 
astern the submarine. The Clinker track appears cold and is actually straight, the apparent 
jaggedness in the recording being the result of the motion of the blimp in the turbulent air. 
Within 2000 yd of the submarine, the radiometric pattern from the transverse structure 
in the submarine's surface gravity wave is evident. However, the pitching of the airship 
caused the individual signatures to bunch and become unresolvable. Had the system' s 
scanner been gyrostabilized against roll and pitch, this situation would not have existed. 

Chart 5 is a second recording made 20 minutes after that shown in Chart 4. The 
repetitiveness of the Clinker pattern is quite evident. 

Chart 6 is a third recording, made 65 minutes after the first (Chart 4). The recording 
starts more than 12,000 yd astern the submarine, where the Clinker scar is more than one 
hour old (at bottom of recording) and still strong. The airship flew up tbe track along the 
line of marker buoys, which places them on the center lines of the recorded strip maps. 
Immediately apparent is the relative drift of the Clinker scar to the left. The drift is 
downwind and results in a skewing of the scar of 500 yd laterally per 2500 yd of scar 
length, or a drift of approximately 1 knot relative to the marker buoys. This drift rate 
is approximately 3 percent of the 35-to-40-knot wind blowing at the time. Near the top 
of the recording is shown the radiometric signature from a knuckle which the submarine 
produced when she accelerated to a speed of 22 knots for the remainder of the run. The 
knuckle appears cold and sits atop the Clinker scar. Near the top of the strip maps can 
be seen the radiometric signals from the submarine's gravity wave. The spacing of 
these signatures is similar to that of Chart 2 and corresponds to a speed of 23 knots. The 
radiometric amplitude is less than that of Chart 2, presumably because the amplitude of 
the wave itself has decreased exponentially with increased depth by a factor of more than 
ten. 

'1ECLASSIF1Ef , 
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Chart 6 - Approximately 10,000 yards of scar 
behind USS NAUTILUS obtained under the same 
conditions of Charts 3 and 4 while running at 6 
knots. At top of chart is the radiometric signa­
ture from the kn u ck 1 e which was generated 
when submarine accelerated from 6 knots to 

22 knots to complete her run. ~\"\~~~ ) 
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- ~ 
All of the recordings shown from the NAUTILUS in Charts 2, 4, 5, and 6 were obtained ~ 

on the edge of hurricane Helene. Wind velocities of 35 to 40 knots were encountered, and.- · () 
the sea state was 5 to 6. A solid overcast existed, and the airship was forced to fly below 
it at an altitude of 500 ft and with crab angles up to 45 degrees. The water was isothermal 
to 260 ft, 4°F negative to 280 ft, and 11 °F negative to 400 ft. In spite of these conditions, 
the radiometric signals were large, and it was necessary to operate the system at 12 to 

- 7 15 percent of maximum sensitivity in order to accommodate them. 

The conclusions reached from these tests were that the system had adequate sensi­
tivity to detect radiometric scars under a wide variety of weather conditions but that the 
noise level could become excessively high due to the poor aerodynamics of the enclosure 
around the equipment ' s scanner. Air scooping and turbulence in the scanner area were 
to blame and were eliminated by adding the fairing shown in Fig. 71. This necessitated 
a complete redesign of the scanner and resulted in changing the angle of incidence with 
which the optical units viewed the water from 70 to 60 degrees . The final version of the 
system was completed during Oct. 1959. 

TEST FLIGHTS WITH FINAL MODEL 

The final version of the system was tested in eleven different exercises against sub­
merged submarines by NRL before being transferred to the Operational Test and Evaluation 
Force for the Fleet Operational Investigation (6, 7). The conditions under which the tests 
were run are summarized in Table 2. Weather conditions varied from moderate with 1-
to-3-ft waves to gales with 8-to-12-ft waves . The target submar ines proceeded on straight­
line courses~' at or near right angles to the prevailing winds at keel depths from 60 to 400 
ft. Special marker buoys (36) were released at prescribed intervals by the submarine to 
mark her track. All tests were run in deep water of 5000 ft or more . All target submarines 
were Guppies snorkelling or operating with battery power ata speed of 6 knots. Three of 
these tests were run 150 miles off the New Jersey coast, three in the Havana, Cuba area, and 
four were run in an operational area known as "Julie's Hole, " which is approximately 
180 miles west of Key West, Florida. Detections were made in all eleven exercises . 

;> Signal levels varied from 1 to 8 times the equivalent noise input of the system. In general, 
the signal level in the Key West area was two to three times smaller than that observed 
off the New Jersey coast. 

Chart 7 shows a recording of the scar produced by the USS ANGLER snorkelling at 
6 knots at a keel depth of 60 ft. Her periscope and snorkel tube were extended above 
the water . The early portion of the scar is 2 hours and 11 minutes old, at which point the 
airship turned onto the track and flew up it. The signal magnitudes on all strip maps are 
approximately equal. t 

Chart 8 shows the scar behind the ANGLER while she was proceeding at a keel depth 
of 100 ft at a speed of 6 knots. In this case, the airship flew down the track away from 
the submarine. The early part of the scar is 1 hour and 50- minutes old and shows some 
downwind drift relative to the marker buoys. Lying across the track is a scar produced 
by a freighter which crossed the area before the submarine got there. Its radiometric 
magnitude is greater than that produced by the submarine. 

*All NRL tests on the system were made with the submarine course perpendicular to the 
wind, so that the wind rows would be normal to the Clinker scar and would not be confused 
with it. 

tSome fading took place before the maps could be photographed . 
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Chart 9 shows the scar produced by the ANGLER at a keel depth of 200 ft while pro:. 
ceeding at 6 knots. In this case, the airship flew toward the submarine beginning at a 
point on the scar which was 2-1/2 hours old. Some downwind drift is noticeable at this 
point. 

Charts 10 and 11 are samples of the results obtained from the first exercise in the 
Havana area. In this case the submarine was the SEA POACHER, snorkelling at 6 knots 
at a keel depth of 60 ft. During her run the submarine passed under a rain storm, the 
effects of which are shown in Charts 10 and 11. Chart 10 was made with the airship flying 
toward the submarine at an altitude of 700 ft, and the effects of clouds and rain both above 
and below the airship are shown. Outside the storm area, near the submarine, the scar 
is strong; inside the storm it has become weaker. Eventually, the storm obliterated the 
scar. Chart 11 is a return trip down the scar. By now the submarine has left the storm 
far astern and is proceeding through clear weather. In this figure, also, the weakening 
effect of the storm on the scar is apparent. 

Chart 12 shows the scar behind the SEA POACHER which she produced while proceed­
ing at 6 knots and a keel depth· of 200 ft. 

Charts 13 and 14 show the scar behind the SEA POACHER as she proceeded at a keel 
depth of 100 ft and at 6 knots. In both cases, the airship started at the submarine's point 
of dive anµ flew up the track toward the submarine. The second flight was made approxi­
mately 40 minutes after the first. The improvement in the scar with age is apparent, that 
of Chart 14 being stronger than that of Chart 13. Both charts show a 45-degree crossing 
by a Cuban gunboat. The radiometric magnitude of this vessel's scar appears to be 
decreasing with age, while that of the submarine is increasing. In Chart 13, the radio­
metric noise on the water due to heavy broken clouds is quite apparent. The submarine's 
scar can be traced into the cloud noise, but separation becomes difficult. In Chart 14, 
some of the fine structure of the Clinker scar is apparent. Near the point of dive, where 
the airship turned onto the track, seven ribbons can be counted in the Clinker scar. These 
are spread over a distance of more than two miles. Thus, it can be concluded that the 
diameter of the equipment's scar circle is inadequate. However, there appears to be no 
way to increase it except to increase altitude, cloud cover permitting. Another feature of 
the scar is the small dot at the submarine's position. This appears to be the radiometric 
signature from the Bernoulli depression. This effect is not always observable. It appeared 
in later exercises and was subsequently observed by Fleet personnel during their investi­
gations with this equipment. ~' 

Charts 15 and 16 show the scar above and behind the SEA POACHER as she ran in 
the deep water of Julie's Hole at a keel depth of 200 ft and a speed of 6 knots. t The rug­
gedness of the equipment was demonstrated during this exercise when three of the six 
tires on the scanner rolled off and were lost. The resulting vibration shook the entire 
airship and produced a low level of vibration noise in the system which appears as dots 
on the recordings. Nonetheless, the equipment continued to function normally, and the 
detections shown in Charts 15 and 16 were made. Finally the pilot concluded that the gear 
should be shut down. 

Chart 17 is a recording obtained during a 28-knot gale while operating with the PICUDA 
at a keel depth of 100 ft and speed of 6 knots. This scar is badly broken up and is charac­
terized by washed-out sections. The buoys themselves underwent considerable lateral 
displacement in these areas, indicating the presence of crosscurrent. 

*See Figs. 6 and 7 of Ref. 37. 
tRecords from the SEA POACHER's 100-ft run faded so badly that they could not be 
photographed. 
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Charts 18 and 19 are recordings obtained in the same gale, but with the PICUDA at a 
keel depth of 400 ft. In the 28-knot wind, the airship had difficulty staying on course. 
Chart 19 shows the result of being blown across the track twice. The downwind drift of 
the scar is apparent in Chart 18. Signal levels were approximately three to five times 

~ the equivalent noise input of the system. The noise background provided by the sea was 
' very low, a:s can be seen ahead of the submarine (Chart 19) . It was the opinion of the 

equipment operators that, under these conditions, the PICUDA could be detected easily 
during any blind search. 

Charts 20 and 21 show the PICUDA operating at a keel depth of 200 ft in the same gale, 
but after it had abated somewhat. The drift of the scar to the right, or downwind, is notice­
able. Chart 20, the radiometric signal from the Bernoulli depression over the submarine is 
apparent. In Chart 21, a peculiar signature appears ahead of the submarine. It has many 
of the characteristics of the scar behind the submarine and could be due to surface vessels, 
although none except the freighter, which crossed behind the submarine, were noted . On 
the other hand, it could be a short-lived pl'ecursor of the type subsequently reported by 
Fleet personnel. Because of the skew and fragmentation of both this signature and the 
submarine's scar, it is difficu.lt to draw any conclusions with respect to it. 

The testing of the AN/ AAR-23(XB-1) was concluded by NRL on Dec. 11, 1959, and it 
was transferred to Squadron VX-1, OPTEVFOR, on Dec. 14, 1959 for the Fleet Operational 
Investigation under Project F / 018 FY 60. This investigation was completed during October 
1960 and has been reported (6, 7). A subsequent decision by the Chief of Naval Operations 
to decommission all Fleet airships automatically placed the AN/ AAR-2B(XB-1) in a 
research status. As such, it has been operated by the Naval Air Development Unit along 
both the Atlantic and Pacific Coasts (38). • 

CONCLUSIONS 

As a result of this work, it is concluded that an extremely reliable 8-to-13-micron 
passive-detection equipment for use in airships is practical and that this equipment, 
although at present limited to operation at night, can detect the surface scars from sub­
marines operating at keel depths down to 400 ft in sea states up to 5 or 6 for periods as 
long as three hours after the passage of the submarine.* The present availability of 
photoconductive detector elements which are considerably better than the thermopile 
detectors employed in the NRL equipment should permit this same performance to be 
realized from high-speed, fixed-wing aircraft. 
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CIRCULAR TRACK UPON WHICH 
SIX WHEELS RUN 

Fig. 18 - Scanner track and one of the six supporting wheels ( • 1) 

L l"-\'\C\CI..~~) 
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Fig. 19 - Scanner belt drive • J 
( t.c..l"clc...$ ~, 
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GEAR 
BOX 

TOOTHED 
PULLEY 
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BELT 
TIGHTENER OIL FILLER PLUG 

ON TOP ; · 28 V MOTOR 

., GREASE .....-,.., FITTING 
OIL LEVEL 
INSPECTION 
PLUG 

Fig. 20 - Motor drive unit (Unclassified} 
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IN HANGAR 
- CHOPPERS RUNNING 

• SCANNER STOPPED 
'PILES COVERED 
CHANNEL No. 5 

IN HANGAR 
CHOPPERS RUNNING 
SCANNER ROTATING 
'PILE S COVERED 
CHANNEL No. 5 

IN FLIGHT 
CHOPPERS RUNNING 
SCANNER STOPPED 

I 'PILES COVERED 
CHANNEL No. 5 

IN FLIGHT 
~ CHOPPERS RUNNING 

SCANNER ROTATING 
'PILES COVERED 
CHANNEL No. 5 

Fig. 21 - Noise level of an optical unit under various 
conditions of operation. Thermopiles are covered. 
Noise is vibrational. 
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ONE OF FOUR 
WINDOW LATCHES 

MOUNTING EAR~~:// 

l- ' 

POLYETHYLENE 
WINDOW 

Fig. 22 - Complete optic al unit ( I )~ 

l u.V\c.l..4 s.s J 
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OECLASSIFIEU 

THERMOPILES a 
PREAMPLIFIER 

CHOPPER ASSEMBLY 

WINDOW ASSEMBLY~ 

Fig. 23 - Optical unit disassembled (w J I • ~ 
l l4V\.c:..\."-u 
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_.{ ___ R_A_D_1A_T_1O_,N_ 

--- SIGNAL+ STEADY ~I 
RADIATION /, 
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14 CPS+MODULATION / ~,o 
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MECHANICAL'1 
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VOLTAGE Fl~ 
~~~i 
14 CPS WITH MOST ~ ~ 
OF DC MODULATION - I--
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1!\ \ , FILTERED ' I ~GNAL 

5;)\l> 
~l> 

• 

> 4JI PARTIALLY 

si~i~R~~~~S ~ ~ TO~ AMPLl"ER 
RECTIFIER V RECTIFIED SIGNAL \ 

WITH 28 CPS RIPPLE ( I.(. l'\C,l4 ss J 
Fig. 24 - Functional diagram of an optical unit ~ii iU@ t· I) 

Fig, 25 - P ol ye thylene window ass e mbly • \ 

L u. r- c...let ~ '::,} 

MIRROR 
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MOUNTING STUDS 

MIRROR 

,;-
SYNCHRONOUS '-- .,1c _.. 

CHOPPER MOTOR 

MOUNTING STUDS 

RECTIFIER CHOPPER MOTOR 

Fig. 26 - Optical unit with window 
assembly removed (G.!! j "] "a~ 
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Fig. 27 - The effect on reflectivity of various 
thick n e s s e s of silicon monoxide vacuum 
deposited on aluminum (Unclassified) 
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NEGATIVE 
SECTION 
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POSITIVE 
SECTIONS 

THERMOPILE 

NEGATIVE 
SECTION • 

Fig. 28 - Mirror side of preamplifier, showing thermopiles. 
Only silver chloride windows are visible. • ) 

l u.""'--\.c..s.s) 

SIGNAL MONITOR 

Fig. 29 - Optical unit w ith chopper 
assembly removed (5 f f • 11) 

l u.t"c...\.c:. c.c;. 
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(PAGE 76 BLANK) 

STEP 1 
FABRICATE WEDGES 
OF THERMOELECTRIC 
MATERIAL 

STEP 2 
MOUNT WEDGES IN 
CASE WITH MICA 
SPACERS 

STEP 3 
ATTACH GOLD FOIL 
BY SPOT WELDING, 
BLACKEN, AND 
EVACUATE 

Fig. 30 - Steps in the manufacture of the special thermopiles used 
in the AN/AAR-23(XB-l). Mounting case shown is for illustrative 
purposes only. Actual units employ a rectangular 5 x 11 in . case 
in which these basic units are stacked. (C • J) 

L \.A. "ct"c;,/ 
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GAIN AT 15 CPS• 2 x 107 

BANDWIDTH • 43 CPS 

20 40 60 BO 100 200 400 600 1000 
FREQUENCY (CPS) 

Fig. 32 - Frequency response of preamplfier 
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GROUND LEAD 

• ......,_ __ 
@ VIOi 3-SIGNAL LEADS @ 

@ - 8 MOUNTING SCREWS 

Fig. 33 - Top view of preamplifier with 

LEFT THERMOPILE 
MOUNTING SCREWS 

THERMOPILE 
TERMINALS 

cover ·removed - Hi I· ~) 

( \>-V,.W..~~') 

SIGNAL LEAD 
CLAMP 

INPUT 
TRANSFORMER 

SIGNAL LEAD 
CLAMP 

UNDERSIDE OF 
ELECTRONIC DECK 

o ~fo o ;& o / .. ·~ 
-0 " • 

THERMOPILE 
TERMINALS 

RIGHT THERMOPILE 
MOUNTING SCREWS 

Fig. 34 - Preamplifier w ith e lectronic deck ~emo~~d_.,'.: ' 5 ] • ~y 
.•.• , ,. , : -, . ;, . ·_: ,, __ .. , t -1>-V\.C..\.A.S c;. 
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Fig . 35 - Synchronous rectifier ( I 8 1) 

(.~1"-cu."-,s 
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5 6 7 8 9 10 II 12 

WAVELENGTH {MICRONS) 

Fig . 36 - Spectral response of thermopile with coated window in place and 
mounted behind a 0.004-in.-thick sheet of polyethyle ne {1 § • ~ 

L \.(_V\C,\A.~S) 
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EQUIVALENT 
RECTANGULAR -­
Fl ELD OF VIEW 

MEASURED 
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AX IS 
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ANGULAR POSITION (DEGREES) 

Fig. 37 - Horizontal dimensions of an optical unit's ;\ 
field of view (measured) (5 §"] I· l,) lC...r-c..lt\.S:~ 

30 

6~-,D--------------~ 

Fig. 38 - Vertical dimensions of 
an optic a 1 unit's field of view 

(measured) (_ V-(\ cl eS~) 
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Fig. 39 - Center of scanne r, showing slip-ring ass e mbly (C f] • l) 

lu.~clc..~~) 
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Fig. 40 - Slip-ring assembly with cover removed {Unclassified) 
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Fig. 41 - Microswitch used to check servo alignment 
between mapper and scanner lG §"] I · 1) 

L \.A..l'\c..\.A.Ss) 

Fig. 42 - Final amplifier { f [ I ]) 
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ADJUSTMENT CHANNELS 2, 4, 

I 

' e GAIN ADJUSTMENT CHANNELS I, 3, 5 

Fig. 43 - Side view of final amplifier, showing ~ 

t w o-deck construction Ii [ I I· l) (~V\'-1.4~~} 

FILTE 
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7 ePS 
REJECTION 

FILTER 

Jlt 
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DRIVER Y';,r-' 
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I CLIPPER 
• DIODES 

l 

I@ (C~ I 400 CPS 
••• CHOPPERS 

0 

CHANNEL 2 

POWER TUBES 
V317, V318 

OUTPUT 
TRANSFORMERS 

F i g. 44 - Top v iew of final amplifier (? I· pl) 

l \.,\. r-.c.l.A. S\) 
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HIGH END Rl7, Rl8 

CHANNEL I CHANNEL 3 CHANNEL 5 

Fig. 45 - Bottom view of final amplifier ( f ,;i,l) 

Lu.V\dt;. > ~ 
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FROM ~ 
PREAMPLIFIER ~ 

FILTER SECTION, 
V313,+ R-C REJECTION 

AMPLIFIER, V314, + 
CLIPPERS, IN255's 

MECHANICAL 400 CPS 
CHOPPER 

"Hor" _j 
CHANNEL~ 
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TO 
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Fig. 47 - Functional diagram for final amplifier(? 1 "pJ) 
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- MAIN SIGNAL 

OVERSHOOT 

OVERSHOT 

HOT CHANNEL 
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Fig . 49 - Details of a signal pulse from a 
relatively narrow target before and after 
filtering and dissection (5 M J • 0 l1,1.t'\cl~c;.s 
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Fig . 50 - Front view of three-coordinate 
mapper (I • • lb 

L u." ci. c.. ss 
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Fig, 51 - Interior of three-coordinate mappe 'l,_ .... ~clA.~S~ 
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1 

97 

SEGMENTED 
COMMUTATORS 

SERVO~DRIVEN 
DRUM 

Fig . 53 - Diagram of w riting mechanism in three-coordinate mapper E~~~l~/~) 

Fig . 54 - Stylus (Unclassified) 

nECLASSIFIED 



98 NAVAL RESEARCH LABORATORY 

"HOT" MAPS "COLD" MAPS 

FORE AFT FORE AFT 

OVERSHOOT 

I 
OVERSHOOT 

MAPS PRODUCED BY "COLD" SCAR 

MAPS PRODUCED BY "HOT" SCAR 

OVERSHOOT 

Fig. 55 - Details of the printed signal from a relatively 
narrow "cold" and "hot" scar I b Q \ 

• {_u.V'c.\.,sc;.; 
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Fi g . 57 - P owe r suppl y fo r a ll six preamplifier s (Un cla ssified) 
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Fi g . 58 - Top v i ew of pow er suppl y 
for p r e amplif iers (Uncl a ss i f i e d) 
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Fig. 59 - Bottom v i ew of powe r supply for preamplifie rs (Unclassified) 
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Fig. 61 - Power supply for final amplifier (Unclassified) 
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Fig. 62 - Top view of power supply for fina l amplifier (Unclass ified) 
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44'215 

Fig. 63 - Bottom view of power supply for final amplifier (Unclassified) 
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---~ -- ~ T SIGNALS COLD SIGN 
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POWER SUPPLY 

MAPPER 

Fi g . 66 - Electronic units and three-coordinate mappe r 
installe d in air ship ( S al • cal::) 
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INVERTER INSTALLED 
BY NRL 
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INVERTER 

Fig. 67 - Inverter installation in airship e n gine room. Only one 400-cp s 
inverter is r e quired. Spare 400-cps unit and 60-cps unit for monitoring 
instruments were installed for the NRL tests. (Unclassified) 

OECLASSIFIEt~ 

113 



114 NAVAL RESEARCH LABORATORY 

Fig . 68 - Bilge a rea under mechanic's compartment, showing 
scanner starter box (Unclassified) 
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Fig. 69 - Circuit -breaker installation in mechanic's compartment (Unclassified) 
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AERODYNAMIC FA IRING 
ADDED TO APS-2O8 RADOME 

- -

Fig . 70 - Aerodynamic f a iring added to existing APS-ZOB radome 
for AN/ AAR-23(XB-l) insta llation (Unclassifi ed} 
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INTERNAL FAIRING EXTERNAL FAIRING 

Fig . 71 - Rear view of scanner installation, showing external radome fairing 
and internal fairing attache d to scanner (6 f I iii)\ 
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... 1., 

Fig. 72 - Thermal calibrator mounted on an optical unit 
ready for a calibration run • ) 

L1.t~c...le..ss) 
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, SIGNAL GENERATOR MIRROR 

Fig. 7 3 - Front view of thermal calibrator with me sh attenuator 
removed, showing therm al signal generator mounted in focal 

plane of mirror ((u..~~'i) 
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I 
i 

Fig. 74 - Front view of thermal calibrator, showing 

mesh attenuator ( ~ }! 

4&;30 
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FIELD STOP 

Fig . 75 - Thermal signal generator, showing field stop shaped to compensate 
for vignetting produced by calibrator's enclosure (:ii j g- 1 biwl.) 

l U.l\~.(~.ca \ 

Fig . 76 - Thermal signal generator with field stop remov ed, showing 

black-body radiator mounted on endless belt ('-'--""-t'.:~) 
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