






























































16 HAVAL RESEARCH LABORATORY “

was computed from the ratio of the measured area under curve (¢} to the area under curve
(b) of Figure 6 for 0.082 cm water. The result was

t =0.80

In the same way, the integrated transmission of 7.5 cm of water for 2800°K radiation
was computed to be

t=0.44

The dotted portion of the curve between 3 and 4y, Figure 8, contributed only 2 percent to
this result and can well be neglected in further computations,

Sensitive Element

It is assumed that a lead sulfide cell would be used in detecting rocket flames. At the
present time marked differences In spectral respanse are found among lead sulfide cells.
Two spectral response curves have been chosen for use in this iustratlve calculation:
(a) the German Elac, chemically deposited cooled cell, and (b) a Cetron uncaoled cell pre-
pared by sublimation of the lead sulfide. They are given in Figure 8. The Elac cell was
measured by Oxley;? the Cetron cell was recently measured by the National Bureau of
Standards and reported informally. These two response curves represent extremes, the
peak sensitivity of the Cetron cell heing at 0.7x and that of the Elac cell being at 2.5,

The lead sulfide cell of long-wavelength sensitivity with peak at 2.5 or 2.7u is the
more desirable type for general application. Tt is said that Admirally Research Labgratory
cells peak at 2.7u. Cashman cells exhibit peak sensitivity at wavelengths 2 to 2.8u.° It
appears certain that the type of spectral response illustrated by the Elac curve, Figure 9,
will eventually become standard. It was instructive, however, to make the calculations for
this specialized application to the detection of rocket flames for both types of cells illus-
trated by Figure 9, The Cetron and Elac cells were chosen for the purpose of the calcu-
lation because more complete data were available for them than for any others. In particular,
the spectral response curves were known both in the visible and in the infrared spectra
which was of convenience when used in connection with a 2800° K target temperature.

Figure 10 shows the product t) J) 5 for each of these cells, an atmosphere containing
0.082 cm of water and a 2800° K blackbody source. The ratio of the area under the Cetron
curve to the area under the Elac curve is 0.80, showing that, on the basis of spectral re-
sponse alone, there would be little difference in the effectiveness of the cells as detectors
of acidlaniline flames through 0.082 cm of precipitable water. This comparison does not,
of course, include the absolute sensitivities of the cells, Such a comparison will be made
later in the report,

The integrated atmospheric transmission factors of 0.082 cm of water vapor for the
fractions of the total radiation from a 2800° K source detectable by the Cetron cell and the
Elac cell were calculated by taking the ratios of the areas under the curves of Figure 10,
respectively, to-the integral
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® C. L. Oxley, “The Elac lead sulfide photocell,” NRL Report H-2774 {18 July 1946).

? R. J. Cashman, "Development of sensitive lead sulfide photo-conductive cells . . . . ,”

OSRD 5998, Contractor’s Report No. 64 on Contract O_EMsr-235 (Oct, 31, 1945).
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Fig. 10 - Product: t3J»Sy for 0,082 cm Water,
2800°K Source and Two PbS Cells
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Fig. 9 — Spectral Response of Cetron and Elac Cells
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18 SO
where x; and}; are the lower and upper wavelengths at which I\ §) = O. The product
curve Jx Sy for each cell is shown in Figure 11. The integrations were carried out between

A,=0.4pand A; = 3.2ufor the Cetron cell, and A, = 0.4, X, = 3.6 for the Elac cell and,
when divided into the corresponding areas under the curves of Figure 10, led to integrated

atmospheric transmisslon coefficients
Elac t0.0BZ =0.79

Cetron t0.082 = 0.86.
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Fig. 11 - Product: Spectral Intensity
of 2800°K Source and Two PbS Cells

The same calculations have been made for an atmosphere containing 7.5 cm of pre-
clpitable water. Figure 12 shows the products t) J, S, for each cell. The integrated at-
mospheric transmission coefficients calculated as described above were

Elac t7_5 = 0.44
Cetron t; 5 =0.48.

It is evident that the widely differing spectral response characteristics of the two
cells do not, in this particular appllcation, lead to any marked superiority of one cell,

There are no data on the response of the two cells to 2800°K radiation and the Elac
cell is not avallable for measurement. However, the sensitivities of both cells for radi-
ation from a blackbody source at approximately 800°C are on record, and the sensitivities
in absolute units to 2800°K radiation can be deduced by the analytical procedures used above.
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Fig, 12 - Product; t3T,8, for 7.5 cm Water,
2800°K Source and Two PbS Cells

The Elac cell response to 1100° K radiation was measured by Harvey.'® The flux den-
sity of this radiation required to produce a signal equal to noise was 1,16 x 10~7 watts/ecm®
with an amplifier passing frequencies 8 to 700 cps. The radiation was modulated by a
square wave chopper operating at 15 cps.

A comparison of the ratios J‘IA 8, d3/oT* for 2800°K and 1100°K sources showed that
the Elac cell would ulilize a fraction of 2800°K radiation about 1.86 times greater than the
fraction of 1100°K radiation to which it was sensitive. Hence, with the same amplifier, the
total radiation input from a 2800°K source which would produce a signal equal to noise
should be

ENI (Elac) = 6.25 x 10~¢ watts/cn® .

The same computation employing characteristics of the Cetron cell showed that it
should be 4.3 times more sensitive to 2800°K radiation than to 1100°K radiation. The
measured ENI for 1100°K radiation was 3.6 x 10-7 watts/em? with amplifier bandwidth
of 6 to 60,000 cps. Hence, for 2800°K radiation, .

ENI (Cetron) = 8.4 x 10® watts/cm?.

The widyezr bandwidth with which the Ceiron cell was used shouid have produced
(60000/694) " = 9.3 times greater noise than the 6 to 700 cps amplifier of the Elac measure-
ments. Tt will be assumed that both cells would be used with amplifiers of about 3000 cps

bandwidth, which would be appropriate in the KIEL IV, for example.!’ The equivalent noise

Y G. L. Harvey, “Sensitivity of the Alr to Air Infrared Kiel IV,” NRL Letter Report
C-600-365/4T (Dec. 1947).

1t p. . Cashman, Op. cit.
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inputs of the two cells for 2800°K radiation, 3000 cps bandwidth should be
ENI {(Elac) =1.3x 10" watts/cm?®
ENI {Cetron) = 1.84 x 10-® watts/cm3.

These values apply when the cells are in a uniform field of 2800°K radiation covering the
entire sensitive areas of the cells. In order to compute the signal-equal-to-noise produced
by the focussed image of a military target it is necessary to assume uniform sensitivity
over the sensitive area of the cell, a condition which is rarely found in present lead suifide
cells. Then the focussed radiation signai, equal to noise,is given by multiplying the num-
bers above by the sensitive areas of the cells, 0.09 cm?® in the case of the Elac cell and
0.48 cm?® for the Cetron cell. Hence, the signais equal to noise should be

SEN (Blac) =1.2x 10™® watis
SEN (Cetron) = 0.9 x 10~° watts.

Therefore, there appears to be little difference in sensitivity of the two photocells as de-
tectors of the radiation from acid-aniline fiames.

In practice, cells having highest sensitivity in the 2 to 2.7u region would be chosen
for the sake of increased sensitivity to cooler targets which may not emit flames.

Detection of Acid-Aniline Flames

The foregoing data permit estimates to be made of the detectability of acid-aniline
flames by lead sulfide cells in specific cases. The following conditions are chosen. Let
the optical system be 30 ¢m in diameter and 30 cm in focal length. At useful ranges, the
optical system will form an image of the flame smaller than the sensitive area of the lead
sulfide cell. It is assumed that the radiation characteristics of the rocket in flight are those
which have been measured on test stands. The computation will be made for detection at
night in the absence of disturbing background radiation,

Under these conditions, the signal-to-noise ratios can be computed for atmospheres
containing no haze and total amounts of water of 0.082 and 7.5 cm, for which integrated
transmission coeffitients have been obtained above. It is convenient to use the NACA .
Standard Atmosphere™ which defines the pressure and temperature of the atmosphere an
altitude of 50,000 feet, beginning with air temperature 15°C at sea level. It will be assumed
in all cases that the atmosphere is saturated with water vapor. These conditions lead to
the results of Table 3, which show the temperature, the relative partial pressure of vater
vapor, and the horizontal ranges in sea miles containing 0.082 and 7.5 cm of precipitable
water, - a]ll as function of altitude. The fact that points along the optical path between tar-
get and detector are not at constant altitude but lie along a chord through the atmosphere
has heen neglected. Computation of the complex atmosphere through which the detector
would view the target would not increase the certainty of the final results of these calcu-
lations, and it has not heen attempted.

The signal-to-nolse ratio produced by a rocket flame in a system contalning either of
the lead sulfide cells described above at the focus of a 30-cm-diameter mirror is given by

IAwt _ _Hta (9)
(ENT)  R?x 10-%

S/N =

12 See Smithsonlan Physica! ‘Tables, p. 559 (8th revised ed.).

L
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TABLE 3

Properties of the Atmosphere

Altitude Temguerature Range Containing Range Containing

(ft) {"C) efey 0,082 cm water 7.5 cm water

0 15 1.0 71 yards 3.2 sea miles

10000 -4.8 0.24 206 yards 13.3 sea mliles
20000 -24.6 0.035 1 sea mile 91.4 sea miles
30000 -44.4 0.004 8.8 sea miles
40000

to
50000 -55.0 0.0014 25 sea miles
where I = steradiancy of. the rocket flame, in watts/ft*

steradian,
A = cross sectional area of the flame in square feet,

w = solid angle subtended at the rocket by the optical
system = a/R?,

a = area of the mirror, in cm?,
R = target range in cm,

t = integrated transmission coefficient for the
particular atmosphere and lead sulfide cell
under consideration, and

(ENI) = equivalent noise input of the cell = 1078 watis.

Equation (9) has been evaluated for certain specific cases. The values of I and A
were {rom Tables 1 and 2. The transmission coefficlents, t, were those for 0.082 and
7.5 cm of water, obtained in an earlier section of this report. The area, a, was taken
as T00 cm?® (30-cm-diameter optical system} and R, the horizontal range, ir cm containing
0.082 and 7.5 cm of water at selected altitudes.

The results are given in Table 4. From the first line of the table, a 220-pound-thrust
motor of steradiancy 910 watts/ft?, area 2.5 ft? viewed at 10,000 feet through 13.3 miles
of atmosphere containing 7.5 cm of precipitable water should produce a signal-to-noise
ratio of 12, etc. These results apply only to detection at night in the absence of disturbing
background radiation. Furthermore, it must be assumed that a large signal-to-noise ratio
of 50 or 100 will be required to assure positive operation of a pilotless missile or aircraft,
although a detection or tracking system with ink recording or visual observation of osciilo-
scope traces may operate at a lower signal-to-noise ratio. Thus, it is possible that the
flame of the 220-pound motor would be detectable at 25 sea miles at 40,000 feet altitude
{S/N = 6}, or at 13 sea miles at altitude 10,000 feet (S/N = 12). It is possible that a lead
s;lf ide homing device would operate against this target at § sea miles, altitude 30,000 feet,
3/N = 50,
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TABLE 4

Estimated Signal-to-Noise Ratio in Lead Sulfide Detection System at Several Ranges
Containing 0.082 and 7.5 cm of Water. Attenuation by Scattering Has Been Neglected

Acid-aniline Range Containing Range Containing
motor Total intensity | Altitude 0.082 cm water | S/N 7.5 cm water S/N
(lb) thrust (watts/sterad) (ft) {sea miles) (sea miles)
220 2275 10000 -=-=-- -- 13.3 12
20000 1 4000 91.4 0.2
30000 8.8 50 R
40000 25 6 -——-
400 9000 10000 - 13.3 50
20000 i 16000 91.4 1
30000 8.8 200 -—
40000 25 25 -—-
1000 74000 10000 --— - - 13.3 400
(Side view - 20000 1 - - 9i.4 9
rich mixture) 30000 8.8 1600 -
40000 25 200 e
1100 3390 10000 ---- - - 13.3 ) 19
(lean mixture) 20000 1 - - 91.4 0.4
30000 8.8 ‘i
40000 25 9
4000
(lean mixture) Same as 1000 lb, rich mixture

A homing device would probably operate against the 1000-1b motor at 25 miles at )
altitude 40,000 feet, S/N = 200, or at 13 miles at 10,000 feet, S/N = 400, or it might be
detectable at 91 miles at aititude 20,000 feet, S/N = 9.

The data and the methods which have been given will permit the reader to make sim-
ilar estimates for particular situations. It must be remarked that the atmospheric trans-
mission coefficients which have been used assume no attenuation by haze, Although the
characteristics of 7.5 cm of water were based on a curve obtained by Strong under conditions
described as “zero haze” as defined in his report, the measurements were made through
a 5000-yard path at sea level where certfainly the scattering by haze was greater than it
would be at, say, 30,000 feet. The measurements of Fowle on 0.082 cm of water, on the
other hand, were made through a path length of 71 yards In which attenuation by haze was
unimportant.

It is not proposed to attempt corrections for the effect of haze on the calculated signal -
. to-noise ratios beyond the remark that at altitudes where haze and clouds exist detection
ranges may be reduced virtually to zero.

In the case of haze-free dry air the attenuation of the signal by scattering by air mole-
cules would further reduce the signal. Estimates of the transmission by 100 sea miles
of dry air at 15°C and 760 mm pressure indicate transmission coefficients of 1.3 percent
at 0.7u, 16 percent at 0.8u, 21 percent at 0.9z, 38 percent at 1.0y, 96 percent at 2u, and
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99 percent at 3. These numbers were obtalned from computed Rayleigh scattering co-
efficients in the range 0.7u to 14 where the Index of refraction of dry air is known. Values
of scattering coefficients at 2pand 3y were extrapolated from 1u by thea-* retation assuming
that the index of refraction was equal at 1y, 2y, and 3u.

Clearly, at shorter wavelengths attenuation by scattering may be more pronounced than
attenuation by water-vapor absorption. At longer wavelengths the attenuation by air scat-
tering may be small. In any practical application the line of sight of a detection equipment
would pass through a complex atmosphere, either along a chord or secant, and the attenu-
ation both by waier vapor absorption and scattering would be complex,

CONCLUSIONS

The computations which have been made lead to the conclusion that useful detection or
homing ranges, in excess of 25 sea miles, may be obtained against acid-aniline rockets
in flight at night. The computed signal strengths of Table 4 are sufficiently large to en-
courage airborne measurements against such rockets in flight, both at night and in daylight,
in order to establish more definitely the detection and homing ranges to be expected with
airborne equipment. The resulis of such airborne measurements would bring to the fore
the effects of aircraft vibration, disturbance of the system by sunlight reflected {rom clouds,
nonuniformity of the sky background, and other factors which must be known to permit the
design and development of equipment having useful and achievable military characteristics.
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