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UNCLASSIFIED ABSTRACT

Requirements for a spectral radiometer to measure the earth limb
in the long-wavelength infrared have been established. Temporal and
spatial sumpling requirements for an experimental program to define
the vartatrion in the limb radiance have been nvestigated, An experi-
mental program using probes has been designed to meet these require-
ments. The conceptual design of a long-wavelength infrared spectral
radiometer 1s included 1n the experiment design,
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SECTION 1|
INTRODUCTION AND SUMMARY

This study describes the design of an experimental program to define
the radiance characteristics of the upper atmosphere using probes. An atmos-
pheric model was developed prior to this study to permit structuring of the
experiment around the problem areas and limitation of the experimental
parameters. Hard data regarding the constituent distribution and photo-
chemistry of the upper atmosphere is himited, and it was recognized initially
in the design of this experiment that the actual data-gathering process should
be iterative; i.e., data from early flights should be used to restructure the
remaining experiment. To obtain a reasonable cost estimate for the pro-
gram, a complete program has been defined, assuming that no major change
occurs,

During the study. two major areas {or tradeoff were encountered. First,
probes are not well-suited for the definition of large-scale geographical
phenomena and events with a time scale of the order of days. which at least
a portion of the model indicates as the scale of the radiance map and its
changes. A complete experiment would necessarily involve the use of
satellites to define the geographical and midterm temporal variationg of the
radiance. The following program attempts to define, within reasonable
limits. a probe program to provide at least the first approximation to the
temporal-geographical radiance map.

The second area of tradeoff 15 1n the spectral definition of the instru-
ment. An experiment designed solely to obtain information relative to the
photochemical status of the upper atmosphere would he designed around a
high-resolution spectrome’er with limited amplitude accuracy. since line
shape by itself is highly informative. and absolute amplitude 1s not of funda-
mental importance. At the sensitivity levels for a meaningful experiment,
high spectral resolution can only be obtained by degrading spatial resolution
an order of magnitude or more below that of an operational instrument. Con-
versely. an experiment designed solely to furnish information for an opera-
tional system, with a well-understood photochemical model, would be de-
signed around a broadband window filter radiometer. with absolute ampli-
tude in the window being thc prime objective. Spatial resolution would be of
the order o. an operational instrument. The experiment described below is
a compromise, weighted toward operational system considerations. High-
resolution spectral knowledge of the window-region absolute radiance ig
considered to be the key information required, particularly in the wings of
the windows.

This information will permit identification of minoc, species within the
window region and allow for design of filters to optimize performance while

£
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operating near strong emission bands. Broadband measurement of the emis-

s‘on bands is used to provide information to identify broadly the emission

phenomena and permit extension of the data through an atmospheric radiance

model to times and locations other than those measured. Since the operational

system will not operate in the emission bands, this is considered a secondary .
measurement.

Because of the orientation toward gatheving data of direct utility to opera-
tional system design, an initial decision was made to reproduce the viewing
geometry of an operational satellite system insofar as possible with available
probes. This decision is partly based on data reported by the USSR ‘vhich
indicates that there are layered phenomena in the upper atmosphere. The
difference in signal between viewing through a layer, as in an upward-directed
instrument, and viewing along a layer can be two or more orders of magnitude,
dependent on the thickness of the layer. The maximum altitude of the USSR
data are 500 km with most of the data in the 200- to 300-km range. The probe
altitudes were then required to be i1n the lower range. with a goal of reaching
altitudes on the order of 500 km.

1.1 SYSTEM REQUIREMENTS

Sampling requiremnents have been derived from lower atmospheric models.
in par. because the available upper atmosphere models show no geographical
variation due to lack of data and. in part. because the estimated target and
background emissions in the window regions show feasible detection altitudes
in the lower atmosphere.

Geographical sampling requirements were obtained using the assumption
that variations in the atmospheric emission are random phenomena. It was
assumed that the purpose of the experiment was to develop the distribution of
radiance as a function of tangent height. Using a single tangent height (60
km) for simpiicity and obtaining the radiance at this tangent height from an
analytical model with limiting condition inputs, a sample of the distribution
of radiance was obtained. To obtain an estimate of the required number of
samples to fix the distribution, a chi-square distribution was used to define
the error and confidence limits for the estimate of the variance, and a
Student's t distribution to define the er ‘n estimating the confidence limits
of the mean as a function of the number ui samples. For the emnpirical distri-
bution used. it was found that the required number of samples was geveral
hundred to yield estimation errors of the order of 10% of the estimated radi-
ance variance and mean.

Correlation distances were estimated from 15-micron CO, data, Arctic
ten:perature data and ozone distribution. Correlation distancezs in terme of
gradient structure of the order of 800 km were obtained.
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A strong diurnal variation 1s anticipated for the nitric oxide. ozone and _
10.4-micron carbon dinxide emission bands. A requirement was established :
for measurement under full sunlit conditions. A minimum of two sainples and
preferably four 1s required to define the expected diurnal variation. Long-
term temporal sampling requirements were obtained from the correlation of
ozone distributions. Correlation times are of the ordr = of three months

Resolution requirements were derived from the operationil use of the
data. A requirement for 2-km vertical resolution and up to 10-km b .rizontal
resolution was derived.

1.2 INSTRUMENT REQUIREMENTS

Amplhitude accuracy requirements were ghtained from the sensitivity of
detection system false-alarm rate to background amphitude error. Allowable
errors are approximately 10%

Spectral requirements are defined from two considerations. First, since
the data set wili be limited, it will not be sufficient to define completely the
radiance distribution without extrapolation, and some form of madel of atmos-
. pheriec constituents and reactions will be required to perform this extrapolation.
A measurement of the amphitude of the anticipated reactions 158 roquired. It
has been assumed that the available model of the major emission bands is
spectrally accurate, but. because of unknown constituent distributions. it
may be significantly in error 1in amplitude. A measurement of the emission
band amplitude 1s then sufficient to establish constituent distribution. The
spectral measurement in emission bands are thus specified to cover the cal-
culated bandspread. Second, 1t is 3 primary goal of these measurements to
define the radiance in the window region. Three hroadband window measure-
ments are specified. In addition. it i¢ necessary to know in detail the struc-
ture of the window bands. particularly in the wings near the high-amplitude
emission bands. A narrowband measurement across the windows is specified.

One of the major outputs of this experiment is the minimum altitude to
which a target can be viewed. Preliminary calculations using the earth limb
model indicate that nominal targets can be viewed as low as 1 deg from the
earth. The earth emits strongly in the regions of interest, and radiation
from the earth is a source of interference, first as a direct addition to the
d-c background flux. thus causing an error in the ahsolute amplitude measure
ment and second as a noise source. photon flux noise causing errors even in
gradient measurements. An anabysis of the stray light problem yields a re-
quirement for approximately 101 rejection at 1 to 2 deg off-axis. Diffraction
effects were analvzed and it was determined that the diffracted image must be
reduced three orders of magnitude at 1 deg off axis to obtain a valid measure-
ment of atmospheric radiance.

;]
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At the sensitivity levels of interest for this experiment, a cooled radiom-
eter is required. An analysis has been made of the cooling requirements, and
a worst-case lower limit of approximately 30° K was derived, with allowances
for gradients along the telescope barrel,

1.3 INSTRUMENT DESIGN

The instrument derived from the above requirements is shown in Figure

1. This is an all-reflective system, using a Heschelian primary and para-
bolic relay system to provide two focal surfaces for stray radiation blocking.
A conical blackbody image trap is used in the first focal surface to eliminate
scattering from the focussed earth image. Low-scattering (less than one
part in 104 referenced to the input energy) surfaces are specified for the
primary to reduce off-axis energy impinging on the primary and scattered
-through the field stop. The field stop is used as a pinhole lens in a reflective
analog of the Lyot lens used 1n solar coronagraphs. Stops are placed in the
relay system to absorb diffracted energy

Spectral resolution is obtained with a combination of a grating spectrom-
eter and superimposed spectral filters.  The detectors are mercury-doped
cadmium telluride, operating at 12 to 20" K

1.4 SYSTEM DESIGN

The Black Brant VB was selected as the launch vehicle. This rocket will
reach 200- to 250-km aluitudes with the design payload weight and can be
tower-launched from egsentially any test range. An air-snatch recovery
system was selected to reduce loads on the payload. An alternate system to
cbtain high-altitude data uses a Nike-boosted Black Brant VB which also pro-
vides an additional 25 to 30 increase in total measurement time.

A primary flight program involving ten launches over the range of condi-
tions (arctic winter. arctic summer day. night temperate and tropic) vas
designed to yield data over the full range of expected data variations. Secon-
dary flight programs were designed using three probes to investigate the
arctic data.

To obtain radiance profiles with an altitude accuracy consistent with the
amplitude accuracy requirements using an experiment probe which could be
launched without regard to the local sun time, an electrostatically. suspended
gyro system is used as a combination attitude determination-attitude control
reference system. A cold-gas helium control system is included for vehicle
control purposes. Standard telemetry systems are used to transmit and
record data.
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1.8 JGRAM PLAN AND COSTING

A raimum-cost program has been defined congisting of three launche.
It is highly desirable that the dizrnal variation be sampled during these launches,
at least to the point of obtaining a near midday sample. As noted earlier,
available off-the-shelf attitude determination systems for minute-of-arc-ac-
curacy are generally constrained to night-time or twilight-launches. The cost
of the ESG system outlineg earlier is prohibitive fo ‘. ‘g minimum-cost pro-
gram. An alternate procedure, which yields tangent-aeight errors in the
range of 5 to 10 km is the use of the 15-micron CO9 emission region to define
a *angent height and integration of a rate gyro output o obtain the remainder
of the curve. Techniques of this nature have been investigated by NASA (LRC)
and at Honeywell. A SZ.amary error analysis associated with the 15 micron
CO, profile ;s given in s:~tion 2.5.

n
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SECTION 2
INSTRUMENT REQUIREMENTS

{S) Instrument requirements have been derived from the overall mission
objectives of the Limb Measurement Program which are summarized below:

® Provide Data for Operational Sensor Design -

(1) Determine minimum tangent height for successful target
detection

{2) Identify optimum spectral region/s for maximum signal-to-
noise ratio

(3) Measure temporal and spacial rorve characteristics of back-
ground.

® Measure Absolute Radiance of Atmosphere -

(1) Under limb viewing conditions with optical field positioned
over the earth's horizon

(2) For a rar ge of minimum tangent heighis from 0 to 500 km
(3) In the LWIR spectrum from 4.5 to 25 microns,

(S) The primary objectives of the total data reduction process are: (1) to pro-
vide a sample of LWIR limb radiance for early assessment of background
interference in terms of tie R/V ani FOB detection problem and (2) to provide
early inputs to other measurement prograr 5 so as to aid in establishing instru-
ment requirements,

(S} For purposes of defining instrument requirements herein, a reference tar-
get has been assumed with the following characteristics:

Temperature - 300°K
9
Emissivity x area - 1 m”

Range - 1000 nm

® 6 o ¢

Radiant intensity - 120 watts/ster (5 {o 25 microns)

(U) Key instrument requ.. 2ments are briefly summarized in Table 1. A
muitiple highflow resolution requirement satisfied the dual objective of high
spatial resolution for measurement of noise (gradient) characteristics and high
spectral resolution for location of band edges.
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{S) Table 1.

Instrument Requirements Summary (U)

Requirement

k Parameter

Form orl data

Absolute radiance profile versus altitude

Wavelength 4.5 to 25 microns, 10 absorption bands,
3 window regions
Sensitivity =~ NEFD 3x10°18¢03,.5x 10717 watt/cm?*
NER 3x 10712 t0 3.5 x 101! watt/cm2-ster>
Signal-to-noise ratio | 10
Resolution Spatial 4 .km2
Angular s 10-% ster (IFOV)
Spectral High - 0. '1 micron; low - 0,5t0 7.0 r..‘-:icrons

Stray flux level at detector
Off-axis rejection
Spectral rejection

Scan rate

Dynamic range

< 107 to 108 photons/sec-cm?+

£3x 107! between 1 to 2 deg

< 10" at 0. 5 micron from pass band
0.6 deg/sec (vertical profile)

5% 109 (max)*

Calibration Accuracy

Angular (attitude and
boresight)

Amplitude (radiance)

1 arc min

10 percent

Spectral 0.01 to 0, 02 micron
Output PCM, 8-bit log amplitude code
Size 14-in. diameter x 32 in. long
Weight 80 1bs
*Varies with wavelength,
8




(U) Atmospheric background radiance represents the signal to be measured
with the instrument described in Section 4; whereas, in terms of the opera-
tional detection system, the atmospheric radiance represents a source of ‘
noise, Atmospheric background can contribute noise in a detection sensor
both in terms of a random arrival of phatons and in terms of spatial gradients.
A high spatial resolution measurement requirement of 4 km2 (projected dimen-
sions on horizon) is specified to be consistent with th# highest expected resolu-
tion in terms of trajectory-prediction accuracy and detectivity requirements
imposed on the detection sensor, In this case, the spectral recolution is
coecified to correspond to the broad spectral features of the atmospheric
radiance in the altitude range from 60 km to 110 km (see section 2, 4),

(U) A high spectral resolution of 0, 1 micron is specified to locate the atmos-
pheric window regions (high transmi.sion) between absorption bands. High
spectral resolution is necessary to define the optimum spectral region(s)
within which target detection is possible at the lowest tangent height. In this
case, the spatial resolution can degrade in the horizontal direction to accom-
modate the loss of energy due to the narrow spectral bar-vidth,

(U) The attenuation of stray cadiation on the detector i» necessary if the high
sensitivity levels are to be achieved. This is a critical instrument require-
ment, since accurate measurements of atmospheric radiance must be made
with the field of view positioned close te the earth's horizon. Stray radiation
may illuminate the detector as a result of (1) scattered and diffracted earth
radiation and (2) internal cuvity emission. In addition, measurements within
atmospheric window regions may be corrupted by radiation from adjacent,
strong absorption bands. The attenuation requirements are specified in sec-
tion 2, 2 (Table 2).

(S) The attitnde determination requirement is specified at 1 km an? refers

to the accuracy to which the position of the optical axis can be determined with
respect to the earth's surface at the 1ocal horizon. This requirement corres-
ponds to an angular attitude accuracy at the vehicle of about 1 arc min or
greater. Kknowledge of the optical line of sight at all times to this accuracy

is critical to the data usefulness, since coverage achieved by a given detection
sensor will depend to a large extent on the minimum tangent height at which
background radiance prevents successful target detection.

(U) Amplitude accuracy in this case refers to the ability to measure absolute
radiance and depends on ground (preflight) calibration as well as inflight cali-
bration accuracy. Radiance measurement accuracy is specified at 10 percent
of any given level and represents a reasonable goal in terms of the present
sensor state of the art., Errors in background-radiance measurements reflect
into detection system requirements most critically in terms of the ability to
predict false-alarm rates.
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2.1 VIEWING GEOMETRY

Typical sensor viewing geometry along with two key geometrical parameters
are given in Figure 2, The sensor is positioned to measure the earth's atmos-
phere over the hovrizon within the instantaneous field of view (IFOV), The optical
axis is caused to scan by means of vehicle rotation such that data is collected
from the earth's surface up to a 12cal horizontal position (90 deg from zenith).
Radiation ‘rom the earth can be a significant source of interference due to dif-
fraction and internal scattering when the IFOV is positioned in close anjular
proximity to the horizon. For vehicle altitudes (h) in the range from 100 to
300 km, the angle to the earth's surface () from a 50-km tangent height varies
from 2.5 deg to about 1.5 deg. This angular separation is used to develop the
off-axis rejection requirement imposed on the sensor in section 2, 3.

3 -
x Y2
~ -«
= <
o fe 3
-« <
3 0 =
& 5
& 2
3 v 8
e 5 ANGLE 1O LARTH'S SURFACE ‘@i
= = 1O IOV AT 50 KM TANGENT ME IGH!
Z 4 2
‘s L0 e ‘A/
-
ANGLAAR RS0 " ION —
5 QFOR B NV AT HOR 70N e

e N L S —

b Pai [i 4 [+ b o o bt 4 s o o0 1000
AL TITUDE OF wimiC([ b ored:

Figure 2, Lim» Measuremert Program Viewing Geometry

The lower curve in Figure 2 represents the angular tolerance measured at
the sensor of a 2-km altitude incremcnt on the horizon. In terms of optical
resolution, a 2-km altitude increment corresponds to 1.7 to 1. 0 mr in the
expected vehicle altitude range. This optical resolution requirement is less
than the diffracted point source image of the proposed instrument by a factor
between 2 and 5 at 25 microns. Attitude determination requirement of 1 km
is equivalent to one-half the IFOV and represents an angular toleranre of the
vehicle of 0.5 to 0.4 mr or 1.7 to 1.4 arc min.

Additionc1 geometrical viewing parameters of interest are shown ir Fig-
ure 3. Throughout the range of vehicle altitudes, it is seen that the slant

ranye to the horizon varies from 1100 to 2000 km, and tt > total vertical angular
coverage is 10 deg at the lower altitudes increasing up to about 17 deg at zpogee.

10
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2.2 SENSITIVITY REQUIREMENTS

(5) Radiometer sensitivity requirements are developed in this section and are
based on the following considerations:

e To provide meaningful information, the noise level of the
instrument should be such that the noise equivalent flux
density (NEFD) is significantly less than the irradiance from
the reference target, permitting the measurement of back-
ground flux levels below that of the target.

e The instrument should measure the absolute radiance of the
atmosphere under limb viewing conditions,

e High!low spectral resolution should Le consistent with spectral
radiance from atmospheric model:

(1) Low - separation of migor atmospheric constituents and
window regions

(?) Hivh - accurate location of wavelength linfits in window
regions, ‘

e Nominal signal-to-noise ratio should be 10:1 to maintain ampli-
tude accuracy,
\

‘)
e Spatial resolution should be 4 km”,

(U) A summary of results from the atmospheric model which are pertinent to
instrument requirements is given in section 2. 7, Sensitivity requirements
are developed both in terms of NEFD (noise equivalent flux denrity} and NER
(noise equivalent radiance) for 15 spectral regions including 10 absorption
bands and 3 atmosvheric window regions. The NEI D requireinents are listed
for each spectral region in Table 2. Each nonwindow region can be identified
with a particular radiating species with the enception of the 7. 7-micron region.
In this case, the CHy and N20 bands overlap to such an extent that they cannot
effectively be separated.

(S) The NEFD reguirements were determined by the radiation levels of the
reference target in each region by the following equation:

:\2
JOO) dh
X
1 2
NEFD = > (watt/cm™)
R® x S/N

12

SECRET




Table 2.

Notse Fquivalent

SECREY
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Flux Density (NEFD) Requirements

Spectral Qesolution

Wavelength Low High (0.1 micron)
(mizrons) Wavelength ANEFD Wavelength NEFD
Lumats (yh {watt/cm”) Linuts () I(watt/em™)
1.7 4.5=5.0 5\ 10708
5.3 5. 057 .5 10718
-l7
6.3 5.7=7.¢L 2.6 10 "
7.4 7.0<7.5 1.2 1071 6. 6=7.17 2.4 5 10718
7.7 T.5=5.1 1.7+ 10717
8. 1=8.7 .8 10" .
(’l 4 -l-_- 8. ()-”.5 z.!‘ X ]0
B, 1= 5 10" %!
0,6 a,5=10,0 TR
10, 4 10.0-16. 8 2.8 5 @700
1, 2 1.0-11.7 | 2.0 107! 1
T 10.7 x 13, 2.7x 10
12,4 11.7-13.0 5 10
13. 5 13.0-14.0 | 2.2 x 10717
15 14.0-16.0 | 3.0 x 10”17
17 16.0-18.0 | 3.1~ 10"%7
22 18.0-25.0 | 6.0 x 10717
13
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(S) where

J) = target spectral radiant intensity

A = wavelength limits of each band

15 )‘2

R = range (1000 nm)
S/IN = signal-to-noise ratio (10:1)

(U) A measurement is specified in the 4. T-micron band of carbon monoxide
(CO) which is beyond the nominal limit of the atmospheric model, since this
band may explain the high radince levels observed during the USSR measure-
ments,

(S) The highest sensitivity levels (lowest NEFDs) are required in the high-
spectral-resolution channels necessary to establish the wavelength limits of
the three window regions,

(U) The spatial resolution requirements, coupled with the slant ronge at

nominal vehicle altjtudes, leads to an instantancous field-of-view (IFOV)

requirement of 1079 steradinn,  Assuming the backgreund represents an -
extended source, then the noise equivalent radiance 1 determined by

NER = NEVFD/S (wattfemT-ster) ‘
where . = [IFOV

(S) Dividing through by the spectral bandwidt lesds to the spectral NER
requirement for each region; these are given in Table 3. The equivalent
radiance level corresponding t . the reference target is 10 NER. The values
of target equivalent radiance (TER) for each band have been referenced to a
tangent height by means of the radiance/altitude profiles generated from the
atmospheric model. Tangent height requirements thus developed are also
given in Table 3. The tangent heights called out in the table are to be taken

as approximate since the upper atmosphere model is expected to be in error
due to inaccurate knowledge of constituent distributions, and, in several cases,
the tangent-height requirement falls within the transition region between the
lower- and upper-atmospheric models. Nevertheless, these tangent heights
will be used to specify the aititude below which a signal-tn-noise ratio of 10 or
better must be achieved.

(U) The tangent height is significant in that il represents the upper bound in
terms of angle from the horizon at which valid measurements must be 1nade.
The smallest angle off-axis is about 1.8 deg for the 8. 4-micron window. The
minimum angle off-axis is critical in that earth radiation will be scattered
and diffracted into the field of view and reduce detectivity. The requirements .
to reject earth radiation at smail angles off-axis are developed in tie next

subsection.

14
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{(S) Table 3.

'

Noise Equivalent Radiance (NER) and Tangent
Height Requirements (U)

SECRET

R Center Wavelength | Noise Eguivalent Tangent Height (km)
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s = ——r] e —
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2,3 STRAY LIGHT ATTENUATION REQUIREMENTS 5

To achieve the measurement goals of this experiment, it is necessary
that state-of-the -art sensitivity levels be achieved in the instrument, i.e.,
signal-noise~limited operation, Since the noise level is then a function of .
incident stray radiation, it is therefore a requirement that all sources of
stray radiation be reduced such that the noise contribution is small in com-
parison to the signal noise for the worst case, This requirement is particu-
larly critical in this experiinent because the optical field of view must be
positioned close to the earth,

Three prin. 'y sources of stray radiation have been identified:

° Farth radiaticn scattered by the primary mirror
e  Earth radiation diffracted by the limiting aperture

® Thermal emission from optical cuvity

Yarth radiation will illuminate the primary mirror directly from the
edos of the field of view to an angle delined by the length/dismeter (L./D) i
ratis of the . cbaffle,

bor a batiie with an L/D corresponding to 10 deg, the irradiance at the
mirror {rom the earth ear 12 microns is shown in Fignre 4, This irradiance
level assumex the earth radiates as a blackbody ot 270°K and that the atmos-
phere has unity transmission,  An off-axis angle of zero represents the
earth's hard borizon, This radiation will illuminzte the primary mirror, and
a portion will be scatterod into the field stop, The off-axis attenuation required
to reduce this flux level tn the NEFD leve] at 12 microns is also shown in Fig-
ure 4. Thus, within the first deyree of the earth, the optice must attenuate
by 10710, For a field of view of 10=% steradian, the required mirror scattering
coefficient is 10-10/10-5 = 10-4, Increaced attenustion is required for larger
angles off-axis since the earth subtends a larger solid angle.

The required off-axis attenuation is a function of wavelength since (1) the
NEFD level varies, and (2) the effective earth temperature is less within
atinospheric absorption regions. Assuming the earth radistes as a 220°K black-
body in absorption bands, the attenuation required within the first degree off-
axis is shown in Figure 5 for the various measurement channels. The 7, 4-
micron wiﬁjow reprecents the limiting case with a required attenuation factor
of 3 x 10°1414,

It is also required that the optical system have a high rejection factor with
respect to earth radiation diffracted at the aperture. In terms of diffracted
energy, preliminary calculations were made based on the following approximate
equation:

(v) = ——— '

=

16
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Figure 4. Attenuation Reguired to Reduce Off-Axis Earth

Radiation to NEFD Level
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where
(v) = fraction of radiation within 1r OV ax compared to nadir view ;
A = wavelength
r = aperturs radius
e = angle of IFOV from earth's surface

The inten.ity of diffracted energy is seen to decrease Jinearly as the
angle from tne horizon increases,  Since the atmospheric radiance decreases
exponentially, the effect of diffraction 1= v limit the sltitude at wh'~h useful i
measuremert s can be raade, i

Using the tungent Leights of intercest for cach wavelength region and an
aperture diimeter of 5,0 1, the perfornieice reguirenments in terms of
carth-difiracted erergy were computed, The required attennation is compared
to the attenuation achieved by 4 circular aperture in Figure 6, 1t 1s clear that
a circular aperture of this cize will not meet the mezsurement requirements
of this expoeriment,  The largest diserepaney occurs in the 7. 4-miecron window
and amounts to U factor of about 7.5 % 103, The inprovement fiactor neces-
|sary i« 163 or larger for all window regioas and for wivelengths beyond 13
aterons,  Toe use of coronograph techniques to achieve this improv :ment
factor is discussed in Xeotion 4,

S

Radiation eniitted from *He internal housing and other parts of the optical
cavity will contribute to the rotal photon flux on the detector depending on the
temperature, emissivity, and view {actor. A conservative estimate of the
cavity coniribution resnlts from assuming the detector view factor to the
cavity is 2= steradians, anrd the emissivity ic unitv, Under these conditions,
the required cavity temperature can be determined from Vigure 7. A tempera-
ture of 25K or tess ensures that cavity noise will not significantly degrade
sensitivity ever at longer wavelengths, To the exteat that the detector is con-
strained te view only mirror surfaces, the effective cavity emissivity will be
less than unity., The actual emissivity wiil depend on the f/number cone angle
and the mirror diffuse scattering coefficient. In addition, if a cold {< 10°k)
stop surrounds the detector, then the solid angle of view will be less than 2-
steradians, An improvement factor on the order of 500 to 1000 may be achieved
which would allow an external cavity temperature as high as 30°K to 35K,

The ct:apper must alse be cnoled to cnsure a zero radiation reference
level., The chopper will contribute photon flux to the detector both by reflec-
tions of internal cavity radiation and by thermal emissien. To reduce reflec-
tions, the clopper can be painted black to vield a reflectivity on the order of
2.5 x 1072, For a cavity temperature of 23k, the flux on the detector from
reflections off the chopper blade win be about 107 photons/sec-cm2. Ceoling
the chopper to 20°K reduces the contribution froem thermal emission te about
5x 104 photons/sec-cri? on the detector. Under these conditions, the total
flux from the chopper blade is sufficiently low to guarantee a zero reference
level,

16
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2.4 SPECTRAL ATTENUATION REQUIREMENTS

(U) This requirement is related to resolution and specifically concerns the
rejection of energy outside the nominal spectral bandwidth of a given measure-
ment channel,  Sufficient attenuation of this “out-of-band" radiation will ensure
measuremert accuracy and good resolution and is particularly critical where
the radiarce spectra is structured us in the case of high-altitude atmospheric
radiance in the LLWIR,

() The atmospheric rudiance spectra generated by the GCA model atmosphere
was used to derive spectral attenuation requirements. The maximum attenua-
tion requirements as u function of wavelength deviation from nominal cutoff
(zero wavelength intervall are shovr in Pigure 8. These maximuni require-
ments result from the sharp band edges between atmospheric window regions
-and adjacent strong absorption bands near 7.5, 8.1 and 10, 8 microns, The
attenuation function shown in Figure 8 1s such that absorption-hand radiation
will contribute less than 10 % 4o the total an-band rodiance level in adjacent
window regions,  For wavelength icrements (bevond nominal cutoff) between
0.5 and 1,0 micron, an attenuation jactor equal to or less thun 107 ¢ is suf-
ficient. In addition, bevond 1 U-nmcren wavelength separstions, an attenua-
tion factor of 10=% 15 required,

200 ANGUEAR LINE-OF -SIGHT ACCURACY REQUIREMENTS

(S) Two factors are developed in thas subsection to establish angulur, line-of-
sight accuracy requirerments in terms of attitude determination and boresight
alignment-

® The impact of hine-cf-cight position errors on satellite syst.m
coverige studjes

® The line-cf-cight accuracy which corresponds to o 10% amplitude
accuracy thmugh the radiance/altitude profile

(1) These two factors lead to divergent angular accuracy requirements; and,
for atmospheric measurements near 70 kn: tangent height, there exists a
difference in requirements by about a factor of 10, An rme angular accuracy
requirement ~f 1 arc min is specified {or thic limb measurement program for
the following reasons:

] It is compatible with existing state «f art with respect to attitude
and boresight measurement systems,

® A\ potentiai exists {nr determining attitude to specified accuracy
without the use of inflight celestial sightings,

] It provides about a factor of 4 more accuracy than is required

for system coverage studies,

22
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(U) Both factors are developed w terins of rins tangent-height error which

is related to angular, line-of-sight accuracy through the viewing geometry.
For a probe vebicle at 300 am altitude, the slant range to the horizon is about
2000 ki and @ 1are smin engular accuracy corresponds to a tangent-height
error equal to 0, 3¢ w1z,

2.5, 1 Systerm Cfverage Studies

(S) Tangent-height error i~ related to setellite syetem coverage in the following
sense: A midcourse target sensor 1s constrained to view over-the-horizon
only, and, as a4 resu, tt- peographicad coverape 1# Jimited as shown in }ig-
ure 9. Foroa given soneun view tasgent berpbt (0) and for s target altitude
(1), the mnstantuneous coverape angle 15 00 e the sensor scans in azimuth,
actotal solid angle s swept out by the waple @ revolving abont the line O5, This
solvl angle when compared 40 steradians is the fractional coverage of any
ensor,  lnverting this fracton give = the pannsum number of sensors required
for complete coverage, as-umng uo overbap between individual coverage
patteras,  The sensitre ¢ o0 ol sensors regored toogninunum thogent hept!t

? Ctbe tarpet altitude (1) 15 100 nm, The
nurmber of sensops ceguire s teoanantezer (N), and o variation of hy i considered

*

can be secnoan bagure D00 Tothie choer

srgntiioteant af b ressles e A58 e st N, Itas clesr that, s he ipproaches
L, the conerayge per sen<or becrearses, ant o smadl chanpe in h, will result in
anit chuange o nuinber o e e, Tie rnns varution an by which causer a unit

change an N s st o §ooure P10 where bogn this case is 100 hmoor about

5O anrn, et the = atellite ittt fe 1o 500 g, Adso it has been assumed in Fig-
ure 11 that on the aver v N7 overing 1n coverage exists between individual
coverage patterns,  Foorog range of taspent teyghte fron H0 1o TO i, an rms
angular hine-of-sgid oo of atent boarye pain or 2.3 kimmoon the bhorizon is

require:d,

200,02 Angular/fahiance Frrer ( rrecypondence

() A\ secondars conspleration whick mnvelves the angular accuracy =pecifica-
tion 1s developed from the <jope of the altitude radiance profile and the reguired
raltance measurerent accaracy, The sensitivity of false-alarm rute predictions
to radiance errors hat led to an amplitude accuracy requirement of 102, A
given incremental chasge i radiance will translate into a corresponding incre-
mental change in tangent height via the =lope of the radiance profile the results
nf which Jdepend on the atscolute tangent height, For the va=ious atmospheric
constituents and wvavelengtlis of interest, the mreriel profiles bave been uged to
generate tangent-teight errors for a 107 radiance errcr. The results are given
in Table 4. A= hefore, the ahsalute tangent heights used for each wavelength
region correspond to the point at which the atmospheric radiance is equivalent
to the reference target, 1000 nm distant. The tangent-height errors of Table 4

’

are bonnded and generally increase as the absolute t2ngent height increases
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Tungent-Height Error Corresponding to 16-percent

Radiance Error

Constituent and

Tangent |

Radiagce Slope

Tangent Height

;&x’:i‘cilr?:sg)m Heigbt (hm) | (watt/cm®-ster-km) Error (km)
NO/5.3  Day 15,5 ;ﬁ 1,5 x 10741 1.8
Night | 150 wa 107t 3.1
H,O/6.3 Day Pv 3.3 x 10710 u 32
Night 74 2oux 10 MY 0. 36
7.4 (window) | T2 3.2 x 10 0 ‘U. 16
N,0/7. ; 1 TR 0. 63
8.4 (window) Do hofox 1()']0 | 0.2h
O,/ 9.5 Day 100 2.5 % 10700 | 0. 34
Night | L 3.5 8 10710 0. H6
CO,/ 10,4 Day 2 - 105 1.4 = 2 x 507190 0.48 - 0.68
Night | ) i3 -0 x 1070 0.16 - 0,22
INO, /1L 2 | B | 4x 10710 0, 2
12 (window) i H1 4.2 x 10 40 0,3
CO,/15 Day 18,3 - 113 28 -7x100% | 0.23-0 42
Night a7 - 112 3.3-4.3x 16717 g 0.37 - 0. 44
N,O/ 17 102 2x 10710 0.61
Hy0/ 18 - 25 T 107" 0. 28
i
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{5) (see Figure 11}, The highest precision s required for measurements

wahin atipospheric window regions (lower left in Pigure 11) where the slope of
the radiance mronles 1= relanively steep. The specified angular accuracy of
irCorrn 1s conaststent ath o 10% radiance erroran some absorption bands.
However, in the window regions and 1o the H20 bands. 1t corresponds to radiance
vrroe s on the order 0of 20 to 304 To produce consistent ac uractes in all wave-
lengtt, regions would require an angular socuracy on the order of 15 arce sec.

(1) This represents o ~ubstuntisl nprovement o= compired 1o the specified
Uoere pnan, anet s oot tustitied tor s program due 1o the mcreased complexity

]

11, 1A O thee e e L IR L o

(1Y Interma or v cost programn datu collected within the 15-micron

(f()-_: Band rman b e cposition the liee of crphit ot altitudes neasr 30 to 40 km.

(ry v [gU89°g° iE 110r 4 thier e g ey sl tesrpr iy Tocation on the 1h-nerom

Lantgernl Favigrht e vy -t et sperations on the curve as a fanction
of o constant aben cecely relired o the sipnad - to-norse ratio of the
tnAtrgment \ b e ceen the ot gndaed deviation of the error s below & km
far sm ool vl e I TS SRt e whiere ths svstem will operate The
mrformation <hagn oo b pageece § D o e el Tegrey :1!).41)‘11-. A6 s1mnlation of
thies ("0O)y eyt asipon *oge | b tiora mirieon of the :A!]:;l)‘ﬁ(':i”_\'

dermived protile el e cagrera st e fean the NASA Sconher hrogram.,

206 DYNAMIC RANGE AN AN
NCOURNCY BEOQU IRPMENT

(1) Dvnamie range re pnrements dor ey cractend gt rval have beea derived
¢

from the model atminephere cady e peafile Hoae regquired that cufth rem
bvnamite roange exi=t an the letector ofes tron and telementry to ensure
mntensity mieastyrements o oan tra v oaf 10T throughout oo sltitude range

from 0 to the tangent height where the dtmospheric radiance s on the order
of the norse level, The reqguired dumams: range 12 chown n Figure 14, From
the model profiles. the maximum dvnamic range requirement of 310 5 x 107
exists an the 15-mioron 0 Band, Through the uee of 5 log trancfer function
to achieve a constant ervor (109 10 terms of inpt TTux. 1t ie ceen from the
figure than an eight-bit POXN onde tofemetry svetem 15 sufficient in all cases,

(=} The amphtude 1cctracy regmrement in terms of hackground radiance
measurements had been developed fram the effecta on detection svetem falee-
alarm rate predictions. These effects are shownan Figure 15 for a detection
process which incorporates thresholding to eliminate jow-level noise.  In

this case. for tvpical threshe !-to-rmes-nmese ratin’c of 5 or greater  there
ire er=ars in estimating fals :-alarm rate that are ¢ ritically depensd- 1t on the
iccuracy of hackground-=adiance ‘reasurements. A requirer ent of 107 amph -
turde accuracy s specified 1o ensure a false-alarm rate prediction error less
than a facter of 10

28
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27 RESULTS OF ATMOSPHERIC MODEL AND SUMMARY
OF MEAST R iJATA
A mathermatical model of the ¢ Aive mechanisms and estimates of
onstituent densities has been made for the upper atp.osphere (60 to 500 km)
and reported in Heferer e 2,
spectral ratfiance ur

H ¢ ttude proviles were generated and
results were used 5aoan gt

foestablisting instrument requirements.  This
it results of the atmospheric modeling

r
stuthtes. as well as the Us<p e = ey spply toinstrument requirements,

LUbSeClON SUmmarizes e e eting

Dominant spectral festures of atmospheriy radiance ape shown n Figures

16 thraugh 27 for tanpent neipnr. o Tving froamn £0 e 115 ki oand, in some
P tpncter bore ST il nrphiiting Tunination Ten sbhecrption bands

el thpes ater titie s L ' o been sdentified from these spectra
fap me gjairermant [ Hese oirnl repios sd the reqaired sensitivity levels
were dysoygsse Eoting 2 '

Fhigh =t o Poye] re pri el wnhie the & X omicron band of miteie
sxtale ENEN and e poay HELES B PSR ST 1 oun ! Mitude s of 250 and 300 km
gher thin mast hee E Ihe ¢ e altitude profiles at 5.3 microns
1re showrn in Fague 12 yviitme shd aighttime nditions A lavpe
finenal ohonge - . e =] tor g1y howeser the =speotrs] character
remains almaost the : Eal mobrgur

High » b anow . y prediofi nothe 4 -vnicoron band of carbon
monoxide (003 HE nsiittyent was nal modele rinp this study. byt pre-
Tirminaey ! £ the nee ir s hand mav be as high as 1079
4ot 2 - atee 38 H Teens g H teve]l vxoeede the padiance predicted
Soar it voreber’ 5 7 . rana ¥ factnes of 100 Heprecentative
radiance prafiles far e st tands a= derived fror the upper
1”»\,)43_}!!#."6_’ mydel e ! o Pugiure 24

I rge sliurn il radianc« riatinne are ¢ xprote in some other batoeds
namely ocone (O3 3t 9. 6 micrans 5 irhon dioxide (COn ) 51 16.4 microns.

The maximum predicted diurnal variations and the azcociated sltitude regioneg
for these and other hind< are given in Table 5. A sagnificant dinrnal varistion

r

is also predicted for the short-usvelength wing 113 tc 14 microng) of the 15-
micron COh hand 3¢ Shoun v Figure 27, ¢ lesrly hoth dasvtime and nighttime
nie ':c‘jrqngnq;r;?; ire diotated o the aatent of riiyrnal radiance variationes.

The large diurnal varation noted far the 10,5 -micron CO» band alao

invalves a change in spectral ~haracter 3s ceen in Figuree 14 4nd 20. Tr-

spectegl region chnsen foe e asyrement at 10.4 micrans (10.0 in 1n g
microns) ;= haced an davtime spectra

e
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Figure 24. [ WIR Radiance Profiles, 7 pper Atmospheric Model -
Noen Conditions
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No change in spectral character (8 predicted with varmations in tangent
height with the exception of (02 and N20 radiation in the range from 14 10 18
microns (see Figure 211, At the lower sltitudes near 60 km. radiation from
the two hands overlap to the extent that they znnot be separated At higher
altitudes in excess of about 100 ki a separation of the 1wo bands 15 noted.

Cspecify wavelength regions for measure-

The higher-altitusge spectrs 13 usea !
for { (O ard 10 to 18 microns for NaU,

ments. (e 14 to 16 microns f¢

From an operational system standpoint  the stmospheric-window regions

are of mosl interest since they ailow larget detection at lower aititudes The
three windos regions whi ohave tweern identified from the .‘P('\'Y ra are loc .'itf‘d
at 7.4, 8.4, and 12 rmic-ans Poee T d-mnoron window s & harrow window
hounded on the shopt-aaveliongt? ie By the £ 3-m cran. Ha(O hand and on the
long - wavelength side 5y the rehoned g I N0 Lands ot ar 7.7 microns
[Hurnal variation= w:thin 14 sindow are nol expeotled 10 produce =gt ficam
changes in spestral “Saracter roare altitude changes as seen {rom Figure 17,

The window reg aenr $ : T co taynees on the short-wavelength
giele by tne sntinnet Ol I N33 8 ear 5 3t ro= and on the long-wave:
tength cide By the Oq Band o ! o Phe speotral distribution an this
window : o Frgyre | i3 e g Leen subdivided for two
mesanrernent (e g BT : 1 fror tta BT nuiorons within which
very low radian:s ius ST TSP T tiZi e wader remon from B to
1.3 microns wit? v ply Bigher » £ig 1 Only miner diurnal
hanges are e qpeted st ¢ R

The atmospher L £ st irnterest rxiste ear 12 microns, the
predicted speotra of » Fipgure fird: region 1 potentially
the bezsl roginn fors targa?! detastine e L e the widest window  and it
exizts near the 2pectral maxirmurn of the farpel r siiar The shaort-wavelength
Limit of thia windna 2 Eian nogpueatias ¢ in the rerent rherovery of mitrc

werd (HNORY tn the Tomar 1trinaphe s

Recent ballnon measurements o the TWIR By DG Muroray st the Univer-
g1ty of Denver have tdontified aytpd (3N ) radiating near 11.2 micronsg
in the lawer atmosphere From these #nta  ary HNOJZ concentration digtri-
hution was postylate? and incarpoaratesd intn the lawe - atmospheric model at
Honevwell  The reculting radiance prafile for HNO2 16 showrn in Figure 25
and 1ts spectral definition 13 given in Figure 20, I mitric acid exists to thig
extent up to an 80-km altituyde then its radiation could signficantly redyce
ther hand, 1f mitric acid does
not exiat in the proportians expecte | then the short-wavelength himit conld

he closer to 11 microns az determined hy €Oy radistion at 10.4 microng

the widts ‘or the 12-micron windos

which has a large diurnal offect. The long-wavelength limit ie determined by

¢ =

COp radiation at 15 microns w hick shows some diurnal effect bevond 13
microns even as fow 38 80 k. The (2-micron window 18 subtivided into two
broad regions for measurement. primarily to 1eolate the radiation from mtric

acid.

40

UNCLASSIFIED




~DANDWIDTH

1 -
F ol

PANCE, SATTS C0 SR

WAL

g { ’
i
|
|

1077 ¢ —y
i

o -

e\'.‘ (S ]
!
i

-2 i
1“‘ k! a i l A
o i 4: ¥

TANSENT ug_;{,u‘r Y e

Figure 2. Horiron Padiance Profile, Nitric Acid

'HTGO,;. 10,30 11.7 microns)

41

UNCLASSIFIED

(1A st e

ittt




s - - < e B s s

UNCLASSIFIED

The steep slopes in spectral radiance predicted near all window regions
dictate that high spectral resolution (~ 0.1-micron) measurements be made
in order that the wavelength limits can be accurately located. As a result.
high-resolution spectra are specified in each of the three window regions.

additional data which relate to this limb meuasurement program were
collected by Markov (USSR) and are reported in Applied Optics, Vel. 8. No. 5,
May 1969, 887. A brief summary of pertinent results 15 presented in Table
6.

Of significant interest with respect to the USSR data are the high-altitude
layers reportedly measured during four out of a total of 30 probe flignts. The
expected radiance levels of these layers as would be observed by a limb view-
ing instrument are shown in Figure 26. These radiance levels are seen to be
considerably in excess of the highest radiance level predicted from the model.
Also of interest 1s the fact that the radiance level measured within these high
:’;‘lt;)tlude layers 1= directly correlated with the geomagnetic index as seen in

able 7.

Further results of the atmospheric modeling studies which are of some
interest include the spectral radiance levels expected from noctilucent
clouds and interplanetary dust. Summaries of relevant facts are given in
Tables 8 and 9. Regarding noctilucent ¢ louds. it can be concluded that they
may represent a considerable source of interference since they exhibit the
following:

® Radiance in excess of the nominal target over a broad
wavelength region

® Altitudes in the range of interest
® Occurrence over high-priority geography
® Sharp spatial gradients

The actual probability of occurrence however is uncertain. The presence
of noctilucent clouds within a given data set may be identified by the radiance
peaks near 20 and 25 microns. given a spectral resolution on the order of 1
micron.

interplanetary dust may also represent a significant source of inter-
ference if data is collected within close angular proximity of the sun. Al-
though this source of interference will be difficult to recognize, it may be
possible to make identification of the sharp radiance peak in the atmospheric
window near 12 microns.

The spec*~al radiance for noctilucent clouds and interplanetary dust as
estimated from the model is compared to the reference target in Figure 27.
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Table 6. Summary of USSR Measurements of LWIR
Upper-Atmospheric Radiance

Eiignt Comittions:

Number of Flights- 30 probes - daytimne
2 (*) satellites - doy and might
Altitute Range Drobe 100 - 500 an
Sateilite 200 - 350 km
‘ {Jates- August {958 to October 1965
Grumagnetic brdex: KP s 0to Kp % 8

Pt e

Resylta:

High-Radiam e Layers:

Qecurrence: 4 Protes ¢« satellites

Al tudes: 150 ki, 280 kn., 430 km oand 500 km
B oLt Emaititance 100 ki (high-altitude) to 30 - 40 km
Layer Thickness U R (gt aititude) to 30 - 40 K

flow altitude)

Ratic Pah Lengint
Theo wnedas: 00-1

Conhiltons Otise rve:d [Yay and night latitude ¢4 65 degrees

fhigheat Rstiance

e e i’robe at layer aitityde: optical axix
DHe Y il

hortzontal high geametricindes

pectral Distribution Maxtmum 1n 4.5 - 8. 54
108 t0ay) and 208 (night) 1n 0.8 - 4. By
I {dayiin B, 5 - 404

Table 7. USSR Probe Measur ments Maximum Radiant
Emittance Observed with Vehicle within
L.ayer and with Horizontal Viewing

Gramagnetic Index
Altitude (km) e O L . 3 3 5
0 ! ¢ 151 27 | 48

20 250
= 150
230/300 <10
2% 600
320 20
1400 <10
= _ 220 | 650
450 -
g =5 160/220

Note: Units of radiant emittance sre wun.«/m2
Wavelength increments are 0.8-40p and 2,2 - 40 p
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Figure 26. USSR Data Converted to L.imb View

Radiance
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Table 8. Summary Data on High-Altitude Clcuds

Noctilucent (Natural)

Altitude - 72 km to 92 km
Thickness = 2 kmi average (0,5 10 5 km)
Lantude ~ 45 degrees to b0 degrees North and South
=~ 60 degrees most probable
Season = Sharp summer maximum
Duration = Several munutes to several hours
Composiuon - Small (0,2-0, 3 )emeteoric
= lLarge (0.3-0,5y)=1ce
Density - 200 per em? (s1ze > 0,05 4)
Temperature - 135" 10 160%K
Geography « Scendinavi: and Northwest U, S, S R,

Alutude typically € 30 km
Expected radiation levels much less than gaseous emigsion of
C02. O3 and MzO in lower atmosphere,

Table 9. Summary Data on Interplanetary Dust

Theoretical Model:

Heliocentrnic zodiacal dust cloud lentricularly shaped
around plane of ecliptic which may exiend as {ar as
Jupiter

Composition: 'Dirty quartz
o) -
Number density: 10 ~ to 10 3 per cm3 at 1 au

Radiance measured only for: Wavelength near 2,2 ¢
and within 23 degrees of Sun

Extrapolated radiance (emission) using model:

*10 2

N~10"0 - 10 watt/cm” ~ster=p at 50 degrees from Sun

=11 2

N~ 10°lo - 10 watt/cm” =ster=y at 90 degrees from Sun

Scattering small compared to emission beyond 5 u
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SECTION 3
SYSTEM REQUIREMENTS

{S)  The ultiate goal of a background measurement 1s estimation of the
radiance distribution for amphtudes exceeding a level of interest defined by a
model target. In the following, the problem of estimating the distribution
from a limited number of samples 1s addressed. and error estimates are
derived for the sample mean and variance as a function of the number of in-
dependent samples using information derived from a model atmosphere. The
sampling defined above 15 obtained from the physics of the problem, deliber-
ately weighted for measurements of extreme conditions which should sample
the infrequent cases. An assumption of unifornt saumphing can then be used

to obtain the upper bound of the error in estimation of the distribution

(U) In the process of this examination  an estimate of the correlation lengths
and times of the LWIR atmospheric radiance map was obtinned.  This informa-
tion 18 of value in fixing the sample spacing for a scan and for a probe
gequence 1n that the pertodicity of the duta s defived by these lengths and
times. '

/.

(Y A summary of experiment requirements 18 given 'n Table |

3.1 BASIS FOR SAMPLING REQUIREMENTS e

4 .

(U) Atmospheric characteristics used to obtain s:;mpl)/l(g requirements are
taken from a low-altitude atmospheric model at 70 ki, ozone concentration

in North America at 45 km. 15-micron (‘()2 radiende data from 30 to 40 km

and arctic temperature gradient data near 50 km// A preliminary estimate

of the number of samples required was made by computing the variance (annual)
of the radiance, derived from the low-altitudg model for all conditions modeled.
A sample size was derived. in terms of estfmating the mean (annual) radiznce
of all gecgraphical regions, based on radiance profiles from the low-altituce
atmospheric model. assuming all data yere independent. This did not provide
a means of establishing the number of probes and profiles per flight.

(U} To arrive at more definition of/the sampling requirement. the spatial
and temporal variations of availaffle data were examined. For the moet part,
data were available only at altitydes less than those of interegt for this mea-
suremeitt prog-am. These daya were used as a conservative (over) estimate
of the actual number of samples required to define variations in the upper
atmosphere.
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Experiment Requirements Summary

ftera

I

Requirement

Source of radiarnce
Altitude range
Background

Viewing geometry

Measurement platierm

Vertical angular coverage
Az imuthal angular coverage
Horizontal profile spacing
Number of profiles per flight

Geography

Season

Time of day

Number of flights

Earth's atmosphere
0 - 500 km
Space

I.imb view from earth's horizon
to horizontal

Probe vehicle altitude range
100 to 300 km

20 deg
360 deg
1000 km
81010

(1) Arcticand(2) temperate and
(3) tropical

>\

(1) Winter ang (2) summer

(1) Noon. {2) midnight, and
{3) sunrise, sunset

10 (optimum program)
6 {minimum program)
3 (limited obhjectives)
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3.1.1 Low-Alutude Atmospheric Model

Spectral radiance and radiance/altitude profiles were generated using

the low-altitude atmospheric model. Within this model, there exists a
variety of geographical and seasonal data variations. The model inciudes
Arctic, temperate and tropical data during winter and summer, and involves
variations in temperature, watér vapor and orzone v(mc-t-mr;nmn: The carhon
dioxide mixing ratio 15 assumed constant at 320 ppm.  Some examples of data
variations used in the low-altitude model are given in Table H Radiance
profiles within the 5- to 25-m1 ron region were generated for ten different
gets of condinons within the Aretic (wintes). and Nive sets of conditions 1n
the other region/seasons.  The lurgest rodiance varmations at the ligher
altitudes were observed in the 4 3-micron HyO ab=orption bund.  The mean
radiance and standord deviation for this band at 70 km are given in Teble 12,
The large variabibity can he observed from tae nugh percent standard deviation
as compared to the mean, parti ulaely in the Arcetic region. The radiance
variations in the f.3-micron HyOQ bar ad will be used later to derive sample

statistics. However, they @ 0ot sufQicient since there 18 no information
rcgarchn" hew far apart, o either space ar time, the different sets of condi-
tions should be placed  Cor-elation studies will be presented in the next
three subsections which celate to this gquestion

L

3.1.2 Temperature

Temperature 1s related directly to radiance in the low-altitude model
since local thermodynamic equmij. b rium 1¢ assumed. Spatial and temporal
variations in CO, radiance, for example. will largely be determined hy
temperature variations since the concentration s assumed constant. Within
the altitude range of interest. the maxiraum temperature occurs near the 50-
km altitude. An example of temperature variations with latitude in January
is shown in Figure 28 The mean temperature increases as the tropical
region is approached, with maximum variations about the mean on the order
of + 2.5°K. Since spatial gradients are of interest to the operational system
in terms of background noise characteristice, the variations about the mean
value will be 2mphasized in this and the following subsections.

To determine the significance of a 2.5 'K temperature differential,
radiance variations were correlated with tempera!urc at 12 microns by using
the low-altitude model. It was found that. for ah-olutc temperatures near
260° K. 1 1° K temperature differential resulted in 5 radiance variation of
about 101 of the mean value. Thus a 4 2.5°K temperature increment would be
expected to cause a + 25% radiance varistion at 12 microns. which ig significant
in terms of the goals of this measurement program.
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Lov:-Altitude Atmospheric Model -

Statistical Radiance Variations

Spectral Radiance
(watt/ cm2-ster-micron)

Gecgraphy Standard Deviation
and Mean Standard as a Percent

Season Deviation of the Mean
Arctic -9 -y
Winter 14.6 x 10 13.8x 10 as

; -0
Arctic 8.9x10°° | 7.35x10-9 83
Summer
Temperate | 1y 5 4o~ 4.2x107° 38
Winter
Temperate 5.4 x 10-9 6.1x 10-9 -
Summer
Tropical 5 arCE -9
(annual) 8.9x 10 5.5x 10 62
Note:

Wavelength Region - 6. 3 micron, H20 Band
Altitude - 70 km
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Figure 28, Atmospheric Temperature Variations with Latitude
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Figure 29. Atmospheric Temperature Variations with Longitude
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It can also ve seen from Figure 28 that a temperature differential of £2.5°
K can occur over spatial increments as small as 7 deg (latitude) or about 800
km.

+

Longitude variations in temperature about the mean in polar latitudes
are about the sarie magnitude as latitude variations, however, they occur at
distances on the order of 2000 km as seen in Figure 29.

Seasonal variation of temperature gradients in the Arctic region have been
computed from analyses published by A. J. Kentor (Ref. 3). These tem-
perature gradients are computed over a 15-deg latitude increment and are
shown in Figure 30. A semiannual variation is clearly evident with the largest
gradients, greater than 0.5 K per degrce latitude. occuring in the winter
(January, February) as well as the summer (May-July).

3.1.3 Radiance Variations

I.imb radiance variations in the 14- to 1i-micron COg bhand have been
studied extensively for horizon sensor applications. In terms of this program,
however. previous analyses have been concerned with variations at higher flux
levels and lower tangent heights. Two such studies which included correlation
distances and times were performed by Honeywell (Ref. 4) and Sperry
Gyroscope (Ref. 5). Both studies were concerned with radiance at the 10
miilibar level or generally from a 30- t» 40-km altitude.

During the Horizon Definition Studies at Honeywell, ccrrelation coef-
ficients were computed in the residue variations in absolute radiance after
removing systematic variations through a curve-fitting process.

Correlation analysis was performed on more than 1000 synthesized radi-
ance profiles on a global basis. Significant results in terms of absolute
radiance are:

® Temperature is highly correlated with absolute radiance
at 10 mb.

# Correlation distances were on the order of 800 to #00 km
(see Figure 31).

e Correlation times were on the order of 15 days.

® A strong frequency component was observed for periods E
of from 50 to 75 days. !

® Diurnal variation was insignificant.
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Other studies (Ref. 5) were performed on the absolute variations of 15-
micron, CO2 radiance. These studies indicate representative correlation

lengths on the order of 2500 nm (approximately 40 deg on the earth) and cor-
relation times ranging from 7 to i5 davs.

Two conclusions drawn from the resuits of these two correlation studies
are:

® Regional grouping of arctic, temperate. and tropical,
provides high assurance »f data independence even in
terms of absolute radiance variations.

® Data collected within 2 period of less than one week is
expected to be highlyv correlated.

® Data taken closer together than approximately 800 km
are highly correlated and cannot be treated as independent
samples.
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3.1.4 Horizontal and Vertical Distributions

Using the low-altitude atmospheric model, horizental and vertical radiance
distributions were computed for limb viewing conditions. 'Horizontal radiance
distribution, in this case, shows how energy accumulates along the line of ’
sight in a horizontal direciion. The data shown in Figure 32 is a typical dis-
tribution for radiance in the 15-micron COs absorption band. The largest
fraction of the total radiance observed by an exatmospheric sensor is con-
tributed by atmosphere near the minimum tangent height. As the horizontal
dimension (D) expands about the minimum tangent height, the contribution to
the total radiance decreases. A shift to the left in the horizontal distribuvion
14 caused by the large absorption forr a longer slant path. It can be seen that
a total horizontal dimension of 1000 km 1+ sufficient to account for the total
radiance when the hmb is viewed at a minimum tangent height of 60 km.

Therefore, if measurements are made at the same azimuthal position,
a separation of 1000 km on the surface will be sufficient to ensure that
redundant measurements are not made on the same set of atmospheric
constituents. [t 1= expected thut this distance would be somewhat larger in
atmospheric window regions and at higher altitudes.

The corresponding radiance distribution with altitude 1s given in Figure 33. .
Since the minimum tangent height 1s 60 km. there will be no contribution to
the total radiance at lower altitudes. The distribution is sharply peaked near
the minimum tangent height. with 90% of the total radiance accumulated between ,
the altitude limits of 60 to A7 km.

3.1.5 Ozone Concentration

Variations 1n ozone concentrztion will cause variations in limb radiance
in the 9.6-micron absorption band. Spatial and temporal variations in ozone
concentration have been studied. (Ref. ), by means of Umkehr data on alti-
tudes up to 45 km. Eleven stations throughout the world reported data on a
yearly basis: a sample of results for the three North American stations is
given in Figure 34. The ozone concentration latitude gradient between the
various stations was computed on a monthly basis and is shown in Figure 35,
The North American stations had the largest gradients, upto 1.5 x 1010
molecules per cm” per degree. and showed a semiannual ~ycle, In this case,
the spring and fall seasons produced the largest gradients. To determine the
influence of ozone concentration gradient on 9.6-micron radiance, a number
of atmospheric conditions were compared using the low-altitude model.

It was found that a 107 change in concentration results in a 5¢ change in .
radiance. Thus, during the spring and fall. a 25% change in 9.6-micron radi-

ance may be expected over a 3- to 3-deg latitude increment viith respect to
the North Amcrican stations.
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Data from the eleven stations were used to derive the spatial correlation
coefficient of ozone concentration gradients, The results are shown in Figure
36. This curve represents the best fit through a relatively small number of
data points within a longitude spread of 2000 km. In this case, a correlation
distance for ozone of about 600 kra is indicated.

ALTITUDE = 45 KM

1.0
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0.8 1
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[
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o
:: 0.2 9
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S o] -+ + + <4
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S -0.44
S -0
0.6
-0.84
-1.0-J
Figure 36. Longitudinal Correlation in Ozone
Concentration /

Autocorrelation and crosscorrelation functions were derived using data
from the various stations to determine the seasonal correlation time. Two
such correlation functions involving two North American stations are shown
in Figures 37 and 38. These two functions show the shortest and longest
correlations times found, namely from two to four months.

The diurnal variation in ozone concentration has been estimated byB. G.
Hunt (Ref. 7). According to these estimates. the largest diurnal variation .n
concentration occurs at an altitude of 76 km and invoives rapid changes near
sunset and sunrise (see Figure 39). The atmospheric radiance model doeg not
predict large diurnal changes in 9.6-micron radiance at this altitude; however,
large change in radiance (nearly a factor of 3) is predicted for tangent heights
near 90 km.
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3.2 NUMBER OF PROFILES PER FLIGI'T

A number of considerations are involved with the specification of how
many profiles are to be collected on each flight. They are:
Spacing between profiles
Vertical extent .« profiles
Maximurn scan rate

Total time of flight

The approach used Fere to specify the spacing between profiles is designed
to ensure a spacing sufficiently wide that each profile can be considered an
independent piece of information. To do this, it is necessary to ensure that
each profile is separated by at least one correlation distance. The correla-
tion distance in terms of gradient structure in the lower atmosphere has been
estimated in the previous subsection to be in the range of 600 to 900 km
depending on constituent per wavelength.

During a given probe flight, it is expected that measurements will be
taken throughout & vehicie altitude rang= from 100 to 300 km. In this altitude
range, the circumierence on the horizon changes from 7000 to 11,000 km.

Based on the assumptions that:
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(1) most profiles are collected at the higher altituces
(horizon circumference - 10,000 km, and

(2) correlation distances of gradient structure in the upper
atmosphere will be larger (~1000 km) than in the lower
atmosphere

the number of profiles, spaced evenly throughout one complete azimuthal
revolution is 10,000/1000 = 10. In terms of azimuth angle, the profiles are
36 deg apart.

In this way. uniform sampling ‘s provided in all directions from the
vehicle position with reasonable assurance that each profile will represent
an independent sample. This specification iz not necessarily a fixed require-
ment for all flights. For example, if after the first one or two flights, the
estimates are found to be inaccurate it is not difficult to reprogram the
vehicle control system to provide a different azimuthal spacing. Nevertheless,
it will be assumed for purposes of this study that 1 profiles per flight represents
a reasonable goal, and this number will be used during further analyses.

3.3 SCAN PATTERN

Since the scan motion must be provided by some means external to the
radiometer itself (internal scanning mirrors are not recommended). it is
desirabile that the pattern be as simple as possible. In this way, unnecessary
mechanical constraints are minimized as is the impact on vehicle dynamics.

The objective of each flight is to collect 10. evenly spaced, vertical
profiles. A vertical profile involves scanning the field of view from the hori-
zon to a horizontal direction. For a vehicle at a 300-km altitude. the vertical-
angle requirement is somewhat more than 17 deg and. to ajllow fora+ 1.5-
deg attitude control tolerance. a 20-deg vertical scan is specified.

Scan rate limitations which result from vehicle and sensor studies are:

® Maximum scan rate to maintain radiometer sensitivity
= 0.6 deg/sec.

e Maximum rate of vehicle rotation between profiles =3.0
deg/sec. .

A simple scan pattern which collects the required data with high efficiency
is shown in Figure 40. In this case, each vertical scan consumes about 33 sec,
ané 12 sec are consumed between profiles. For one complete revolution col-

lecting 10 vertical profiles, the total required time is 330 + 108 = 438 sec.
This total time is compatible with the time available above 100 km using a
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(U) Nike-boosted Black Brant VC probe vehicle. This vehicle provides about E
‘ 480 sec of measurement time; thus a 10¥time margin is available which
should be sufficient for turn-around maneuvers.

(U) With the same scan pattern. a total of eight vertical profiles could be
collected using the Black Brant VB vehicle. An alternate scan pattern

which provides for data collection both in a vertical and a horizontal direction,
is shown in Figure 41. Data collected while scanning in a horizontal direction
would be a useful addition to the total set, since an operational detection
sensor would scan in this mode. The line-of-sight would be positioned from

1 deg to 2 deg above the earth’s horizon during horizontal data collection to
provide datia on horizontal gradient structure near the tangent heights of
interest to this program. Since the sensor instantaneous field of view is
larger in a horizontal direction. the horizontal scan rate can be increased by
a factor of 3 to maintuin the minimum dwell time.

(U) At the top of the scan pattern. horizontal separation of 36 deg will ensure
independence of the vertical profiles. A total. of ecight vertical profiles and [
about 160 deg (L4500 km) of horizontal data could be collected in 405 sec. |
With a Nike-bhoosted Black Brant V'C vehicle. a nearly 204 margin exists for
turn-around maneuvers.

3.4 NUMBER OF FLIGHTS

(U) The approach used to arrive at the total number of samples. and therefore
total number cf flights, i1s based on applicabihity of the resulting data to
operational system design. [

(S) The detection system design prohlems of interest herein can be stated [
generally as follows:

® \What is the probability that a target detection sensor will
encounter a level of background radiation sufficiently high
so as to prevent detection”

® Under what conditions of geography and time {(diurnal and
season) is target detection impossible due to the high level
background radiation®

® What is the minimum tangent height at which successful
target detection can be accompiished on a global hasns
with high probability”

(U) These three questions are interrelated and form the bt sis for the

sampling analysis whichfollows. The sampling analvsis in this subsection
represents a statistical approach vzing the variance predicted from the
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low-altitude model to derive probability estimation errors with a given num-
ber of samples. In the next subsection, a flight plan is developed based on
the influence of solar radiation on radiance variations in the upper atmos-
phere.

Overall conclusions from these two approaches can be stated as follows:

® A probe vehicle is most suited to the collection of extreme
value data. A small number of probe flights could satisfy
the following objectives:

(1)  Verify form of probability distribution at low levels
where estimation errors are compounded.

(2)  Establish bounds on requirements for subsequent
satellite flight program.

(3) Provide early assessment of sensor performance
under flight conditions.

(4) Update atmospheric model in terms of high-altitude
radiative processes and constituent distributions. ”

® The atmospheric model can be used to provide approximate
launch locations and times for collection of extreme radiance .
data. Independent temperature. solar flux and geomagnetic
index would be valuable.

® A probe is not a suitable vehicle with which to collect the
complete global data set necessary for operational system
design.

3.4.1 Statistical Analysis of Radiance Variations

A distribution of radiance values was generated for the lower-atmosphere
model using the program developed in the first phase of this study and 40 sets
of input data, covering climatic and constituent distribution extremes. These
data were summarized in Table 12.

For simplicity, the mean and variance over a climatic zone (Artic, tem-
perate, and tropic) were examined rather than the distribution proper. Using
the sample mean as an estima e of the population mean, the functional
dependence of accuracy, confidence limits and number of samples was d:rived. -
The same approach was used to derive accuracy and confidence limits for the
sample variance.
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(U) The statistical analysis made herein is in terrms of the variance expected
in the limb radiance of the 6.3 -micron H20 band at an altitude of 70 km. This
band produced the largest variance and weuld lead to a conservative sampling
requirement.

The basic approach developed 1n this subsection can be stated as follows:

® (umiven a finite sample (N) of ~adiance profiles. assume the
population of all radiation profiles 1s normally distributed

with mean u uand variance 32,

© it a normal dis
estimate u an:d 2

yribution through the data points and

® Extrapolate using the “1tted distribytion to probability levels
of 1nterest to the operational svstem, 1. e, 11 probability
that background exceeds target,

® Determine the errors in estimating probability in terms of
the total number of samples (X)),

(1) The inputs to thi= process are the mean and variance of the radiance
predicted from the low-altitude model which were given in Table 12, The
Arctic and temperate regions are subgrouped into two seasons, winter and
summer, which represent the annual extremes in the model. No seasonal
sariation 1s programmed for the tropical regon,

(U) Data independence 1= reasonably assured with seasonsl grouping since
few of the correlation or gradient =tructure studies of «ection 3.1 indicated
correlation times greater than a period of three months. In addition. using
the winter and summer seasans 0 represent the data extremes 18 consis-
tent with temperature gradicnt data and therefore 15-micron C()y radiance.
In terms of ozone concentration. the maximum gradients were observed in
the spring and the fall seisons over North America. However. in all other
regions. the gradient structure showed little seasonal dependence.

{S) The numerous atmospheric combinations available within the model were
assumed to be independent and were programmed to vield radim ce profiles.
The mean and the standard deviation of radiance variations at the 70-km
altitude was computed. It can be seen from Table 12 that. for all regions/
seasons. the mean and standard deviation in radiance represent significant
values in terms of the noise equivaient radiance (NER) in this band (NER -

2 x 10°10 watt/cm<-ster-micron). Since the NER is based on the reference
target. it is concluded that the five regions/seasons . equently produce
radiance variations in the order of 50 to 150 times the target level and there-
fore must be included in a minimum program to collect a meaningful global
sample.
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Standard gtatistical methods were used to derive estimation errors for
a given sample size. The assumption involved with these methods is that
the population is normally distributed. The two population parameters esti-
mated from the sample data are the mean (u) and standard deviation (o).

The population mean (u) is estimated to be the sample mean X with con-
fidence limits established by the Student's t distribution. If s ig the sample
standard deviation then the estimation error is determined by ti.e inequality

|

(x -u) Y N-1 =
s

where

N = sample size
m= 1 - confidence level
The population variance (32) is estimated to be the sample variance (52)
with confidence limits established by the chi-square distribution with N-1
deg of freedom. In this case, the following inequality is used:

(3~

N, . \,qz
S <Ge < §

3
3 1

whereX .,2 and XIZ are set 'y the confidence level.

X

M(\J

Using the mean and standard deviation for the Arctic winter case, the
two errors were determined at the 80% confidence level. These errors are
shown for sample sizes from 10 to 60 in Figure 42. For purposes of esti-
mating probabilities bevond the on- “-I1ma point. the total error will be the
sum of the &rror in the mean and t... «rror in the standard deviation. For a
singie flight during the arctic winter which collects 10 independent profiles.
the total radiance error at the 80% confidence level is nearly 100%.

Thie error is distinguished from the radiance error on any given profile
which is cetermined by instrument calibration. The radiance sampling error
reiaies to the ability to fit a normal distribution to the gample profiles and
its accuracy in terms of the expected population mean and variance. To
reduce the total sampling error to the order of the calibration error (10€)
would require on the order of 00 to 700 samples. The other regions/seasons
are expected to require fewer samples but not significantly in terme of a probe
program where only 10 profiles are collected per flight.
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Figure 42, gadiance Sampling Frror, Arctic Winter

i (S) The radiance sampling error can te related to probability estimation
errors through the use of Figure 43, These curves show the error in esti-
m.ating how often the backeround exceeds the target level as a function of total
radiance error. For example, if 1t 15 significant that the background exceeds
the target 17 of the time for a given operational svstein, then data collected
from a single flight in the arctic winter (1007 radiance error) will lead to

| errors in estimating that probability level which are considerably in excess
of a factor of 10, To reduce this error to Jess than a factor of 2 would

’ require about a 107 radiance error and 600 to 700 samples,

(U) This situation applies for the most part to the other regions/seasons as
well. On this basis, the total number of vehicles required to sample the five
regions/seasons would be on the order of 300. Tue nbvious conclusion is
that a probe flight program, as structured in this report, is not suitable for
the collection of a global sample of data such that the total population can be
estimated within tolerable accuracv bounds.

(U) On the other hand, a probe flight program would be useful to sample
radiance extremes to the extent that the extreme conditions can be predicted

> in advance, As such, the form of the population distribution could be verified
at the low end of the probability scale where a simple "Gaussian'' assumption
can be orders of magnitude in error.

An attempt to isolate extreme conditions is made in the next subsection in
terms of solar input flux to the upper atmosphere,
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3.4.2 Solar Radiation

(U) Upper atmospheric radiance levels in some wavelength regions has been
clearly related to the level of solar radiation exciting certain molecular
species, The large diurnal effect which results has been discussed in

gsection 2. 7.

(S) In this subsection, the variations in solar radiation as.well as solar dis-
turbances are examined in terms of their influence on a flight measurement
program. Very little 13 known about the effects of solar disturbances on LWIR
radiance with the exception of ti.e correlation of the USSR data with geomag-
netic index, As a result, solar disturbances are considered to be of secondary
importance in establishing a flight program based on probe vehicles,

Temporal and Geometric Characteristics of Solar Radiation -- (U) HKecause
golar radiation has a dotmnant inflience on the excitation state of the earth's
atmogphere, attention has been given to def.aing solar illuminance with respect
to the location, tuming, and altitude of sounding rockets for lirnb radiance
measyrement,

(U) Figure 44 shows the daily imegrated solar radiation reaching a unit hori-
zontal area at the top of the stmosphere for different latitudes and months of
the vear,
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Figure 44, Daily Soiar Radiation at Top of Atmosphere (U)
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i.. »ection of Figure 44 shows the constancy of equatorial irradiance, the
grezt range of radiation levels occurring at winter solstice, and the effect
continuous radiation at Arctic l2titudes in summer,

The intensity of solar radiation at the earth is proportional to the sine of
the solar altitude angle and is plotted for the morning hours at different lati-
tudes and times of vear in Figures 45, 46 and 47, These plots show the inter-
val and magnitude of solar radiation onset from sunt .¢ to noon. The approxi-
mate symmetry of the solar ascent and descent aboul noon permit these piotls
10 be used to describe the solar radiation decline toward sunset as well. The
rates of radiation onset after sunrise are seen to be faster at low latitudes,
and equinoctial rates .. e faster than solstitial, Particularly long onset
periods occur i northern latitudes ai summer solstice., The noon maxima
vary from ! to 2% of ‘»at occurring with sun zenith at latitudes just below the
Arctic Circle at winter solstice to the 80 to 100% range at temperate and tropic
latitudes at summer solstice,

it is seen that solar radiation rate at the polar region at summer solstice
is less than that for lower latitudes. However, this region is of interest for
limb radiance measurement because of its-vontinuous lighi and dark periods.
In addition, u.e so-cailed auroral zone, a ring of substantia! width centered
about the geomagnetic pole (75N, 101 'S}, is of observational interest. In the
nortiern hemisphere this zone lies roughly berween geomagnetic latitudes
60°N tc 70-N with most of the land area underneath lving i, northern Canada.
The potential occarrence of noctilucent cleads in this rogion further empha-
sizes the interest in arctic measurements.,

In summary, lacking specific infcrmation as to the rate of atmospheric
reactions to incident sunlight, it scems rer unable to prescribe measurement
irtervals which sample the atmosphure periodically according to the amount
of radiation prevailing. Uonditions of interest would be as follows:
Newlv.rradiated atmosphere
Peak irradiance

Newly darkened ztmosphere

Nocturnal atmosphere

Solar Disturbances -- Solar disturbances give rise to transients in the energy
distribution of the atmosphere, The increase in high-energy photon flux from
disturbances can result in nnmedirte changes in the ionosphere throughout the
sunlit hemisphere, Increased corpuscular radiation flux produces changes in
a period of davs after the disturbance which are evident equally in the sunlit
and dark hemispheres,

in addition to sudden ionospheric disturbances caused by rectilinear radi-
at‘on emitted during flares, there are subsequent ionospheric and magnetic
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disturbances produced by corpuscular radiation. This form of radiation can
have sporadic or recurrent terrestria]l effects depending on whether the emis-
sion is short-lived or long-lived with respect to the sun rotation period. The
evidence connecting solar events with storms is statistical and circumstantial;
apparentlv though nearly all major {2+ or greater) flares occur near sizable
sunspots, and about half of the major flares are followed within three days by
a magnetic storm. (Storms are denoted by a high daily magnetic index - a
parameter founded on field variations over three-hour intervals throughout the
day). Solar sources of recurrent storms have not been fully id.ntified and
there are i.dications that weaker magnetic fields, not associated with sunspots,
may be the cause.

Thus, during quiet sun vears, storm activity is appreciable; the maximum
storm activity appears to occur two vears after the year of maximum sunspot
number (about the end of 1970 in the present cvele),

lonospheric stormg are nearly alwavs associated with magnetic ctorms,
the disturbance can last several hours or even davs, and the effects are observ-
able on the light and dark sides of the earth equallv. All regions of the iono-
spliere are involved, with changes occurring in temperature, atmospheric, icn,
and eclectron densities, 1cnospheric currents, ete, In general, the storm
phenomena _re dependent on the earth's magnetic field, and at high latitudes
aurora may occur along with alterations of clectron number densities in the
ionogphere and the derivation of "bavs' on standard magnetogram records. At
the geomagnetic equator a decrease occurs in the horizontal magnetic field com-
ponent with relativelv little 1onospheric disturbance either at the equator or
polar regions.

[t is known that atmospheric disturbances resulting from solar activity may
occur virtually simultaneously on the occurrence of an optically observable
event, or may occur with a tine lag of davs after such an event, Despite the
vears of studv about the effects of solar activity on high-frequency radio com-
munications, there is a* present no wav to predict the dav-to-day variations
of the atmosphere. Such predictions are onlv for 2verage conditions expected
within a given month.

The random nature of flare occurrence, the relative infrequency, of larger
flares capable of disturbing the atmosphere, and the fact that they can be pre-
dicted only on a statistical basis makes correlation with a probe measurement
difficult. Predictions of atmospheric disturbances thought to be attributed to
the so-called "M" regions, weak magnetic field locations not linked to the high-
field regions adjacent to the sunspots, would be of tenuous nature as well al-
though there mav be 27-dav periodicity associated with sun rotation. Routine
observations and reporting of solar-assocciated events include: daily sun map-
ping, ionosonde and magnetogram monitoring WA\ broadcasts of radio propa-
gation conditions and geoalerts, dailv forecasts by the World Warning Agency,
and FSSA's monthlv Tonospheric Predictions.
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Collecting data coincidentally with solar disturbances has precedent” but
is difficult because of the random nature of the disturbances and short flight
time of & rocket, It does not appear desirable to assign a rocket specifically
for limb measurement during sudden disturbances, and probably not for gradual
solar events. Generally, day and night measurements will encompass a range
of atmospheric excitation states, as wndicated by 1onospheric ion/electron con-
centrations, comparable to those atcompanyving aurceras and magnetic variations
resulting from solar disturbances. The limb mieasurenient program should
include means for measuring onzation levels over the region of observations.
This can be done by onboard electron counters and remote ground ionosonde
measurements. In this way, L.WIR measurements can be correlated with elec-
tron densities and atmospheric 1onization levels at various locsations and
altitudes,

Solar flares are sudden, short-lived brightemings of the sun surfaces in
the region of a sunspor producing ncreased ultraviolet and x-radiations and
resulting 1n sumultaneous 1onization enhancement in the sunlit hemisphere of
the earth's atmosphere, This enhane cment, or sudden tonospheric disturbance
(SID), produces radio transrassion offects and augmentation of the earth's
magnetic field. Most SID phenomena lag 5 or 10 minutes behind the flare
maximum, although magnetic offects are seen more quickly and are usually
of shorter duration than either the S orF flare Return to normal may take
from 15 munutes to 2 hours,

Sun maps are pubhished dailv, and sbout 907 of the solar flares are being
observed. Flares are classified 45 10 s17¢ and onlyv those of large size have

accompanying SID's.  Frequency and duration of flares are shown i Table 13,

Table V3. Solar Flare Frequency and Duration

Duration {minutes) . ) Possible Electron
. i —— Freouencey of 4
C’lass Average | Nande | Ve P Blads Fnhancement at
] 25 | ewge | 60-km Height
e n—" vepp——te = e
1 20 443 0.0644 R 2.
2 30 10- a0 0.015 R 4.5
3 0 c0-155 | 0.002 R | 7.0
3 180 30-430 a.4
! R sunspot
numhber '

The 1970-71 time period 15 just past the time of maximum sunspot number,

The current lonospheric Predictions of FSSA predict an R of 99 at the bepginning
of 1977 and an R of 30 at the end of 1991, Thus, Class 2 flares mayv occur at
arate of 0.75to 1.5 a dav 1n this birnpium; Ciass 3 at a rate of 0.1 10 0.2 a

NRI. used Nike-Deacon and Nike-Asp rockets to measure x-rav flux pro-
duced bv solar flares prior to their solar radiation monitoring satellite
program,
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day. Since SID's occur most frequently with Class 3 an 3+ flares, it might 5

be necessary to hold a rocket at launch readiness for several days for its flight

to coincide with such a flare. .aunching would need to be accomplished within s
minutes after observing the flare optically and with the benefit only of a statis- |

tical predictive technique,

3.4.3 Rocket Probe launch Sites and Coverage

it would be desirable 1o make use of existing launch s1tes and prior launch

|
experience as much as possible 1o ‘he earth limb radiance measurement, In 1
this connection, lable 14 hists potential launch sites and locations of the U.S.
and foretgn countries. Sites in the L. S which are national or service ranges,
or which have conswderable rocket launching experience, are designated in the
table as "esrablished Such sttes would be most hikelv to have existing support
services recessary for the radiance measurement program. Of the foreign
sites, Fort Churchill would be a destrable site because of s considerable

rocket launch history and 113 portherly location,

Since solar radiation s o dormanant factor ¢stablishing atimospheric
states, earth surface temperatures, and surfuce cover types, 1t would be
expected that a rationale for determnng the tune and place of limb radiance
measurements would be consuderably dependent on solar radiation character- :
igticy, Thus, the north-south viewng cxtent fromn one, or anere, jaunch lati-
tudes should be able to encompass the range of solar radiz*-on levels occurring
throughout the hemasphere,  The onset o 1 de:hine of solar radiation can be
observed by one, or several tenp wralls -spaced, probes viewing sufficient
longitude to cover the entire SUnrise-neos anid noon-sunset antervals, More-
to pive Viewling coverage of a range of

over, the luunch sites can be selected v
surface tvpes whose temperatures and refiectance dictate the amount of earth

emission.

The latitude coverages of the five 1.5, sutes, all of which are within 10
degrees of latitude of one another, are not greatly differend, - Of the five,
Wallops ts the most northerls and affords *he best opportunityfor Arctic
viewing. Care Kennedy, followed b Felhin, affords the best opportunity for
tropic viewing; although af Altitudes above 300 km, all five view into the region
where zemith solar radiation ocours at some tine during the vear,

if onlv 1'.S. sites are to be considercd, the small difference 1n latitude
coverage among them sucgests that only one site need be used to cover the
solar radiation {ield. 1f For: ( hurchill is to be considered as a launch site
as well, a scutherl. site, such as Cape {lennedy or F'glin, can he used in con-
junction to nrovide full hemisphere coverage, lbor example, the gecraphical
coverage overlap of the Fglin site with Fort (hurchill 1s shown in Figure 48,
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Potential Rocket l.aunch Sites

_i_tablished

Roited Siates Siies

Alpena:

UNCLASSIFIED

Wallops slanc 38°N  75°W | Argentina: Chamical 309 66°W
Vandenberg/Pt. Mugu 249N 120°W Mar Del Plata 38% 58°w
White Sands 329N 106°W | Ascension 1sland 8% 14°w
Eglin 509N 86°W | Australia: Woomera 5195 137°E
Cape kennedy 28°N 80“W | Brazil: Cassino 329 52°W
Kav 229N 1599 Natal 6% 35%W
Johns.on Island 179N 1700 | Canada: Ft. Churchll 53°N 94°W
Kwajalein 2N 167k Resolute Bay 75°N 95°W
Not bstablished Greece: horoni 37°N 22°E
Alaska Greenland: Thule 76°N 69°W
Pt. Barrow 7i°N 156w | India: Thumba
Ft. Wainright 719N 160"W | Japan: Akita 40°N140°E
Ft. Greely 64N 1457W | New Zealand:
Puerto Rico Cape Karikar 3595173°E
Arecibo 18°N 6790 Norway, Andog lsland 69°N 16°E
Pakistan, Sonmiana 25°N 67°E
Surinam ~6°N 55°W
Sweden: Kiruna 68°N 20°E
a1
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J. 4.4 Flhght Plans

[n this subgection, a flight scheme is suggested which includes a range of
solar radiation conditions vccurring throughout the northern hennsphere at
various seasons of the yvear, a mix of earth-surface cover tvpes, and the use
of existing launch sites,

The flight plan involves 4 sertes of launches at timee of winter and sum-
mer golstice. At winter solstice there 1s a wide range of solar radiation inten-
sities throughout the hemisphere from ahich to sample atmospheric radiance,

[n order rto sample golar zenth radiance and the effects of earth reflectance
emigsgion during the extremies of hemispheric solar wtrradiation, launches at
summer solstice are suygestod as well fasoas of parnicular tmportance

from a systems standpowunt abere extrenes are desired 10 obtain data bounds,
The apogee altitudes suggedted are commensurate with the performance of -~
existing rocket vehicies with pasioads of 500-pound class,

A tentative flivht schedule s grsen belows
[.aunch sites; Churchadl {(or alternate Arctie site) and belin
Apoger altizude: 350 Kilonetors
Flights:  Winter gojsticn

Chuarckall 3§

.-

Fohin 3

Summer solstice:

Churchiall 4
Total 10

As noted previously, the ohservational conditions of interest in the diurnal
solar passage are: dvnamic response of atimosphere to solar radiatiion onset
and decline; peak level of atmospheric radiance; levels of radiance in newly
darkened and nocturnal atmospheres. Table 15 gives the times and places of
launches for the suggested flight scheme together with the solar radiation
fraction prevailing at the view perimeter, Fach flight series for a given place
and date begins with a flight in which the westerly view ig darkened below
150-xm tangent height and ends with a Tight in which this condition existg in
tire east. (An exception 1s miade for the Fort Churchill summer solstice series
since the sun does not fall this far below the horizon in this case; here a tangent
height of 35 km has been used in calculating solar altitudes and radiation {rac-
tions.) Thus, the westerly view >f the initial flight of the dav 15 of an atmos-
phere which has been darkened all night, and the last flight of the dav nas an
easterly view of newlv-darkened atmcesphere. Intervening flights in the series
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Table 15. lLaunch Times and Places with Solar Radiation Fra"ction

i

-
R |

Flight o :
Launch [ aunch Briority Apogee Radiation Fraction E
Site Dare i Solar Fast | South | West | North
| Time
Churchill | 12/22 1 8:52 0.104{ 0.156 | 0% o€
5 12:00 | 0.070| 0.375{0.07010°
3 15:04 | 0o° | o0.174|0.087] 0
6122 2 1:25 0,309 0° 0? 0. 2429
5 a;0u 0.08%| 0.07710.454| 0. 559
3 ' y2.00 | 0,931 0.951]0,.743]0.602
K] Y 9 b b 4 ¢ d '
| 9 | 0-33 | 0 e 0,292 0,242
+ 4
Eglin ARSI 4 Log.oy 0,242 0,139 |0? 0.242 '
% 3 I 12.00 | 0.559] 0.766 |0.5740.391
-1 4 ; 16:54 | o 0,139 |0, 225 | o7
i |
Ay~
Nocturnal atmosphere
bNewly darkened atmosphere
“C intinuous night
dC'ontinunusz dav
H
84 %
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are made throughout the day with bigher solar alt'tudes up to the maximum
which can occur within the view,

|
The radiation fractuion cited 1 Table 15 is the sine of the solar altitude,
or solar radiation intensity, at the appropriate latituede and longitude, and
would, of course, have the yalue of one for the zenith sun position, The nor-
therly views from Fort Churchidl are within the Arcue Cirele where continuous
solar radiation, or lack ther=of, exists.
The more northerivsite of Port Churohill has cppryvciably longer twilight
duration than tne Fplin stte witr twalight all night near the sammer solstice,
The maxumnum coserave nrovided by vehicles launched from these sites can be
geen in Migure 44, Launches {rom bort Churchinll will sample the Artic and
North Temperate repions whereas launches from Eghin will overlap somewhat
the North Temperate region and also provide tropical coverage,

The fhight program described oo Table 15 s sufficrent to meet the following
wbjeciives: :

{1y sample up to 4 t cf the maximum possible solar
tHurranation besel Tor all five repions nnd scasons,

tvoof encountering high-altitude

R

{2y Provide a reasonabie probataln
uring UsSH measurements,

laver structure as

{3y  =mmple all iurnal condty s ancluding nocturnal, sunset,

ontuonus das andd nicht) and Riph noeon an the Artie repion

(4V  samople nocturnal, sanset, and high noon an temperate and
tropical regions,

some redundant coverace of intermediate soiar intensities exists within
the temperature region herween the winter Cnurchill flights when viewing
south, and *he winter Felhin fhights whes Clewing north.

In terms of objective (2,5 statistical estimate can be made of the proba-
bilitv of observing high radiance lavers based on the USSR nieasurement expe-
rience, It is reported that on four ~ut of a total of 306 prohe flights, equivalent
{limh view) radiance levels in excess of 3 5 1077 watt 'ecm¢-ster were ohgerved
in the altitude range fiom 100 to 360 km whiie viewing horizontally,

The probability of obgersing high-ai*itude lavers on anv one future flight
mayv be estimated bv using the binomial distribution, given as follows:

n
p % n. X n-x
s Z- X fn-x» P
1
i
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where
P.__i = probability of success
n total number of flights )
x = 1.0
P 4/30 - 0,133
2 I -p - 0.867

On this basis, the probability of success increases with number of flights
as shown in Figure 49, With a total of 10 flights, the probability of success
is about 0, 75,
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Figure 49, Probabilitv of Observing High-Altitude T.ayers on
Anv Oue Fligh'

[he priority assigned to each flight {Table 15) 15 based on the number of
onjectives or different conditions encountered on that flight and can be uc~d
to scale down the tlight program. Two flights priority (5)} launched from
Churchiil mav be eliminated without loss of generslity but with abori a 10%
loss in obiective (2), i,¢., probabilitv of observing high-altitude layered
structure. In addition, two flights from FEglin _oriority (4)] covld be elimi-
nated with the icss of the minimuw solar illumination conditisns in the tropical
region onlv, i.e,, nocturnal, sunset, ard up to relative illumination levels of
about 0.25. Without thege ¥glin flights, some intermediate illumination levels
in the temperate winter are also lost, as well as an additional 15% loss in
objective (2).
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The remaining six flights _ priorities (1), (3)) are considered to represent
the minrmum flight program necessary to sample the wide range of atmospheric
and solar illumination conditions expected to mmfluence 1.WIR limb radiance,

For purposes of reducing overall cost, further reductions in the number of
flights could be made based on a linnted set of obje ives.,

Two alternatuve three-flight prograts are proposed, One samples the
diurnal cvcele with three flights ciosely space m ume.  The other does not
cover the diurnal cvele but pives wider coverage of solar altitudes and radia-
tion intensities, 1ncluding continuously lighted and darkened atmosphere in
the Arctic, and requires fewer pavioads.

The first program, designed 1o sample the diurnal evele, would not include
geagsonal or wide geographreal coverage and would have ¢ reduced opoortunity
to measure during magnetre storms. To sample the diurnal evele, the three
flights would be tirned at sunrise, noon, and sunset. The sunrise flight would
he timed to view the nocturnal atmosphere 1n a direction opposite the solar
azirnuth, In this drivection the atmoesphere will have been quiescent throughout
the nrpght, in the direction of the solar azmmuth, the sensor will view newly
irradiated atmosphere, ‘The noon flight would sample during the maximum
2olar mtensity, The sunset flrehit wall sample newly darkened atmosphere
(opposite solar vzimathi and atnosphere arradiated throughout the day (direc-
tion o solar azrmuthi,  Conducting these three fhiphts withan a time period of
less than one week ensures high ddata correlation but also prevents the reuse
of a given pavioad,

The second alternative progra=n provides time 1o refurbish the pavload
after recovery and therofore invelves a srmall r cost,  This program wonlag
sample virtually the entire range of solar intensities throughont the seasonal
cvele from a given Arotic statron, Fort Churciill, for example, The flights
would be launched near local noon on or abont the winter and summer solstices,
and at an equinox. As such, the range of relative solar intensity varies from
alow of 0.07 to a hrgh of @ 92 and includes a sample of continuous sunlit and
darkened atmospheres north of the Arctic Circete:, ‘the latter flight would be
launched near the autumnal equrmox during which there exists the maximum
monthly fregquency of aurora,

UNCGCLASSIFIED




UNCLASSIFIED

SECTION 4
INSTRUMENT DESIGN

4.1 BACKGROUXND

The designofun infrared spectroradiometer fora measurement of the earth
limb requires the solution of several difficult problems not usually encountered
in more conventional infrured radiometers, The spectrual radiances to be mea-
sured are extremely low, spatial resolution 15 to be bigh, and the wuvelength
bands of interest extend over a broad rarge.  This meuns that a cooleu optics
instrument of very high sensitivity 1.0 mandatory, The spectral ener gy mea-
surements must be made 1n spatial locations of (he atmosphere whict are very
close to the earth, The carth radiates very strongly in the spectral bands of
interest, since it 1s roughly a 300°K blac«<body and therefore . strongly inter-
fering source of unwanted stray radintion, Stray radiation can rcach the
infrared detector by diffraction and by diffuse <cattering.  The problem of
performing a successful IR earth Limb measurement is somewhat similar to
the problem of measuring or onbserving the corona of the sun without an
eclipse. Therefore, the techmigue and toeory of coronograph design is utilized
in the preposed limb measurement spectroradiometer.

Attenuation of <trav raiati n - acnevesd by ure of low=-scattering optical
components and by application of the boundary wave diffractio. theory for a
series of baffles and apodized =tops to attenuaie diffraction noite.  Internal
thermal radiation 1s suppresced by cooling all parts of the inctrument, including
the optics, to a temperature »f 20 h or lecs, The great majority of existing
high-sensilivity cryvogenic ifrared radiometers use o folded reflecting tele-
scope design which may be roughly categorized as Guresgrain-style systems,
Por limb mea=urement applications the diffraction from the secondary mirror
support struts becomes a serious problem, 1f the uce of struts is avoided by
supporting the secondary mirror on a refracting window or corrector as is
done in certain catadioptric designs (such as the Questar telescope) then one
is faced with the problem of previding a large-diameter refracting element
vhich tranemits over a wide spectral band, In addition, it 1. recessary to
suppress unwanted internail reflections within the refractive element through
the use of antireflection coatings. Unfortunately, these coatings must operate
over the same wide spectral band of 4.5 to 25 microns. Such problems were
avoider] entirels by clinosing a telescope design based on the use of off-axis
sections of parabolic mirrors, It was decided to use ;nultiple focal planes
since at a focal plane the desired =signal prwer is concentrated, and thereifore
any baffle or stop will mcre efficiently separate the unwanted «tray radiation
from the desired signal radiation. Since previcus Honexwell studies established
that conical blackbody cavities were more efficient optical baffles than any
other type, the nptical design includes such haffles as light iraps. 1In essence,
the principle is to form an image of the interfering astronomical source of
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unwanted radiation (in this case, the earth) and then to cuuse the image power
to fall within a cryogenically cooled bluckbody-type light trup where the power
1s pumped away. The stray radiation attenuation will therefore be achieved
in the most efficient manner, If diffraction and scattering did not exist, the
tetal entering earth radiation would be removed by this process. Diffraction
acts to cause o small porrion of the nage to Uspill over' the trap and proceed
through the optical system to the detector. By proper placement of internal
stops und by the use of apourzation techniques this diffraction power may be
attenuated to acceptable levels, coasistent with the instrument requirements.

Boundarv-wave lfiraction theory, a powerful and uscful tool for corono-
grapb destgn s vtiltzed toodeseribe the interplay between inerdent radiation,
apertures, and resuglting ffraction,

The essence of the Doun furvewave diffraction theory 1 thut diffraction at
an aperture oy be conoletely descrbod by eplitting the wive at the aperture
into an urneddiffracted seorreteie optics component and o boundary-wave com-
ponent, The geormetrie - ptic-wiave component proceeds through the aper’ ‘re
by sirple rav-trace cpties wonle the boundary wave armginates at the boondary
or rim, of the aperture, Tre preat utihity of the method or theory 1+ that the
boundbiry=wicve coroponent ol oy be treated usaing only geometric optics
concepts until the next Loty sperture or edpe 18 encountered, ufter
which the process repeats, bocth of the two arigmal wave components can be
re=divided at the new hovnelors it two new components,  Using this
extremely powerful visaahication an i conputitiona] tocl, 3t iy possible to

trace the course of Hifracte ! rochinte s throaph the optica] svetem of an
mstrument,
Ne hiffractyon ra bt o tecon o aftenuated 4o manageable Jevels the

liffuselv and specularly o tered enrth radiation could become the dominate
optical noise in the svaten. (Tr convemence, an thic document diffusely
and specularly ~cattered earti, ro st will be ealled Tacattering’. To
distinguish it {rom the =tray radiaticn scattered from diffraction, we will
refer to the latter a< hffraction’ L) Scattering accure whe: - ver the
rejatively intense carth irvadintes unyv surface of the in<trur.ent in such a
manner that unwanted radiction enters the aptical svstem., The mos!i obvious
and conventional solution to the problen of minimizing ccattering 15 to shield
the objective aperture of the telescope Gsing an optical baffle secembly, It
‘s possible to minimize the =cattering from direct irradia ce of the primary
ohjective mirror by demantling 2n exceptionally high polis' on the mirror to
reduce the =cattered component of the transmitted wave and by lnding the
remainder of the onptical <voten beliindg a small aperture {(pinholed in the first
focal plane, By far the most offective means of minimizing ccatter,mg je to
uze a foretaffle which chields the cbiective aperture s« completely ae poseible,
In the design of the forebaffle, an attempt was madte to make all light traps
in the bafile as close to a conical Dlackbody cavity ae practical in the

allowed baffle volume,

poRe]
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(S) The spectral separation means proposed 1= an out-of-plane dual-grating
Littrow monochrometer whose entrance apertuice (slit) is placed at the second
focal plune of the optical system. The lattow system meets the design goals
while preserving the high off-axis attenuation ratio of the telescupe. No
moving parts are required other than o radiation chopper, Spectral separation
of the bunds 15 acteved by the use of an aurrayv of 2% individual detectors. The
heignt of each detector (corresponding to the vertical dimension in the earth's
atmosphere) is a constant 9, 2, while the wadth of each cell is a function of
the width of eact spectral band, Fither doped germanium photoconductive
detectors or puotoconductive mercur, cadnnum telluride may be used in the
instrument proc g either cnoice leads to an array where cach detector is

in the 1084 p petter 1 range,  Recent measurements ¢ Lockheed Missiles
and Space Co, ot o Honevwell rercury cadmun telluride photoconductive
detector has udicate! that w value D o= 5x 10MH e rec” }3 watt =1 was
achieved with o standart (He, CDTe cell optitmecd for recomunssance work
at a l0-micron wavelength ot 12 k.,

(U) There 15 aonovel treatisent of the lony-wave IR chanuel from 17 te 20
microns,  Beciause o te widde bandiwdth and long wavelengtn of this channel
it {9 not practical to wchpeve e - nectrad separation in the grating mono-
chromator,  The greating: soonochro et v therelore operiites from 4,6 to 14
microns, and the long-wave choannel - p0it out of the optical beam by reflec-
tion off o angled Tl Solding o irror ocunted on the boack of the blade of the

radinticn o opper, The oot theret vy Lolded to the stde every fime the
chopper closes off the pinn e L % cqn ple Hecked nultilaver interference
filter ix used to dandate £ oy eroeron band, There huppens to be
adequate signal peever gy e ob e, C1tas not even necessary et the
following muarror inter ept £ 0 oty coeriing benn . s therefore pos-
sible to mount & marror G e Tl de o7 L twead Jade sopscore tyvpe chopper
to minimize the an plita be requsre oy e metion, Tables 16 and 15
SUMIMACIce the propese bpcatrane it -0 e tericties,

.02 OFD SANIS RADINTION B 0TS o0y =/

(U) Uzing the meta ol dowy derive g sectene 3.0 and 4.4, values for the
power falling on the ietector se o fGncticn o tingent Lheipht were calculated

for four representative spectral regic e (5, 940 5. 7 micranz, 10,0 to 10,8
microns, 17,0 ¢ 18 microns, and (2 t¢ 25 microns),  The radiation levels
obtaimned were for the worst conditione in il casec: in fact, cuch jiteme ae

the filtering effects {transmiscion locee) o the atrmoeplere as well as losses
incurred in the nstrument {optical transmiccion ete, ) were not considered,
Therefore, as a first approximation 4o accnunt for theee offects, the calculated
values of diffraction were reduce] by a fucior of 10, Next, the effecte on the
diffraction level caused by adding apodizaticon were invectigated., The results
showe | a reduction factor of 100 maxy Le achievesd with proper decign, Thus,
the calculation of diffraction radiaticon falling on the Jetector was reduced by

an arddditional factor ¢ 100,
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(5) Tuble 17,

Operational Surumary of Instrument Characteristics (U)

[tem

Charaviermstic

Instrurni-at

e e e

S1ze: 1T-1nm, diatnieter A d8-1n, length

Freld of view: 0.0 mr (azimuth) x 1,5 mr (altitude)

Attenuation

Operating

Detector

| Sy-ten oo 103

Ly - 11 \ PYS

dafier 10 (1o 1 deprec eff=axis)

. . L3 . e
PoAp chzateen: 10 (due to Lvot stop, apodived apertures)
i -

Temperature

-

Optreal cavityr 20 te 20K

Arrase e sections, 00 108 an, long and 0. 2000, long

e AT o
iy '_‘}_“\: (Y ;q’-’ o wee ‘/u wiitt 1
+ —_ =
CUrvogento Cos o it
Schedules
g ! re
. Operater 20 nn
Calibration Infiight | i
49
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The calculution approsyaating iffraction plus scattering radiation falling
on the detector o< o function ! tangent Leight is shown in Figures 50 through .
33, Also plotted on euch curve is the limb radiation fa‘xlinL on the detector,
Notice in Figure 30 that the diffraction plus '\(dttt‘"lllé radiation is ne;_,,hg;ble
compared to the signal, igure 50, bowever, shows the unwanted radiation
is equal to the <ignal st about WO0Rn, | ortunately, the S/N varies as the
square root ol the s suL Trie tweo curves. A more thorough analveis is
required to this Land to evaluate the actual effects of diffraction und scattering
about 100k, Pigure 52 show = thut the Diffraction and scattering do not
affect this bang, ! 1ure 03 =hows the lo- o 20-mmacron band in which the
effects of Dffractyn anl ~catiering ore the 1nest rerlous and equalr the
gignal roofration ot Borr, Severad o tors, however, may help this band,
The atmosphere, for esar ple, o o lerpe attenuation in this interval which
may belp reduce the wowante! ra Dallon when Gomere precise caleukition is
performed,  lso, tre phiv e arecdf Lot does not go thirough the
monochromator: thas, foac et o plirdy tion can bae performed, 1, e,, an
evaluation o feed af thie sl Jened o tm ter or slower than the diffraction

aned seatteriog bevel o oo e el Poview s valiied,

(5 a%osp@husni s, & @Roclas, s3%ees Lende e no fthe elfects of diffriaction and
seattering show thit, 1o B co, toes e noyinable, and, i the
peminImy canes, theere et o re o rour!h snaldysis and design
can eliminate or g oase e a0 oo

4.3 DETHECTOR ~FDEC TS,

Tie choiee of detectors &0 1 a bt anvalves several tradeef!
factors {seo Tabie i0d, The prgr o Leiceration ge the detectivity, which
ultimately determines the n<trorent constivity, Other fuctors reluting to
the chnjce of letector are cperatiy tenperature, hinsiting optics {/number,
spectral ant {reqduency respence, =ire i o, arrav tectnojopy, and state of
development, The letector ‘ thie application were Ge: Hg,
Ge: Ci, Ge: Cu, and gt iTe, Hecoager all detectors in the epectral regions
Af interest ar  t "pn"ltr' within th o < e aptical «xvxteon and, therefore, at
the same focal surface, it i< lecirabie that thes all achieve their best per-
formance at or near the sare ter ;wwmz"n to minimize thermasl grodients
in the focal plane, Peor this reacn, anite reduce manufacturing coet anid
scbedule, it is lesirable that all dete \t re e of the same type, if possible,

\ first-order tradeoff atyds weane condicted to determine the most
<atisfuctery Jetector {nr thie appli the recult=s are discussed in
the following paragraphs

The Ge-Hg detector wos net suitabie {0 thie appliration because f its

lack of response in the 3- to 25-micre = region and wae subeeguently elimi-
nated from frrther consideration.
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Figure 50, Power Falling onto Detector from Signal ‘us Dif-
fraction and Scattering, 5.0- to 5 T-micren Band
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(S) The Ge:Cu was elu,;}nateu, evei thougl. it had demonstrated ¢ D+ of greater
than 5 x 10 ¢ sec wiatt =3, because of more severe operating tempera-
ture requireteats,

(S) The two remaining candidate detectors, Ge:Cd and }Lg( d)Te, both have
exhibited capabilities of D values of O x 10°® cm sec watt -4 however,

high electronic crosstusk during operating and the necessity for ('r)ogemc i
preamplificrs muake the Ge Cd detectors much less attractive than the H1gCdTe
detectors,  The (HgU DTe detectors exhibit low crosstalk (due to the inherently

low impedance) and operate from standard uncooled pre-amplifiers,

(1) Therefore, o first-arder tradeo!? study dictates the use of (HgCd)Te i
detectors,  Th. parurmeters t‘ﬂtt'!“.!lg inte the tradeoff study are summarized
ardd cornpared in Table 15, ]

4.3, 1 Detector Mechanisms and Compurison of Detector Types

(U) An deal quantur detector oy be defined as o detector which has a
quanturn efficiency (7)o unity up to G certain cutoff wavelength V) and -
equal to zero bevond M0 Sueh aodevice can deteet all guanta mmd(-nt on the
active area and cont buees nooanternad noise, The detectivity of suc’s detec-
tor is limitedby the uonsoa bl e TMuctuations 1 the Lackeround radistion due to
its Quantized nature,  These Tuctuations cet an upper limit to the detectivity,
or tr ., of vdetector which depends on the background temperature. Photons
obey Bose-Einstein statistics whict deternane their distribution with wave-
length as well 0 their varnee ino particular energy inteicval,  For back-
ground temperatures oss than 2007R and wavelengthis less than 50 microns,
Boltzmann statistic '_'EIL\“ v geot approxinaation to the Bose-k in“tcin <tatistics,
and the varijance, (A1 ") 15 oG 11 to the totad number of yuants '3 detected by
the detector with an \rvx of Tem~, The root mean fluctuations per gecond

are giv-r by

\_]> . ..’ -
V _‘).x“ =z VJ“

The value «f Ty is leterniined by the cutnfi wavelength () and background
temperature,

\o
r

1 = . Ay on
U J Ny (T, M4
(6}
where N\ is the Planck phator spectral dencity. The best detectivity of an

ideal detector is achieved at the spectral recpnneivity peak A . We assume ‘
a signal-to-noise ratio of urity for the minimum detectable =i1gnal.
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Then ncftr . YIgty = monochronade mal power (Pg) where t is the
counting intervial in seconds, A the detector «.oca,  In terms of electrical
bardwidth.

e frem———
S i ARy
[¢

Thus the backyground-lumited infrared performance (B11P) spectral detectivity
19 defined as

Va Var

HiI P

3
1 — (¢ Hie 1/'/Wut')

T
LIS AL
»

For photoconductors, internal noir e (peneriation-recombination noise) is
double the bachprount nolse, ant the quantur cefficiency is less than unity.

Thus
\ (-3 bi
O S K R ST I § A B —
\ .
4 W y v;

Any detector can approact HEIP D af its donminant nojge is due to the
background and its quantum efficiency 16 close to unity, A« the background
temperatiure is rediuced, nojse e to e tacwpyound s reduced, and thie

noise mechants ces it doaninance,

The backgraii=iniuce i nogse v tagpe y the detectos can be defineag o=
- N s e L‘_ ’
g .- ~ Q .7 3,
Ve, T ogyvif2 s el = g =0
y i 4t 13 H i% |

If the detector has unlimited pheteconiductive guin, G, ., where
¥ =) I}(

) i ¥ r.x
e i

then vy is alvaves dominant, the detector ie close to BLIP, “aturation of

ti.e gain, :lue for example to  sweep-our  eually limite the enld background
) p ;

performance of non-iteal tetertnre,

The ultimate iimit of detectivity is the thermaj equilibrium detectivity,

I)‘\(prnnmmcefl D-dagger of lambda), This value of detectivity ic based on a
state of thermal equilibrium ex’cting Letween the detectnsr znd ite environment,

100
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i, e, the detector temperature is equal to the temperature of the spherical
background, The signal is a small perturtation on the lattice temperature.,
We write D'y as follows:

lim 0 (Ap. LLEOV) = DY 0L 1607)
p A

THAD .

1 <

DEY B

Fhis condition Tollbw s fror the near inminsic goise behavior 1o be expected
in n=type intrinsic photocon iuctors, cwever, becaite we have neglected
the effects o sweep-out, e couati:n al=o asrumes the existence of an

3

vt
ey

unlimited photoconductive guin, more, the cqguation also Gusumes
that the dominant mecharasr. Tor frevecarmier reconinnation ix radiative,

When this is true, the photocon iuctive Hletime may 0 written

-
urtler

where G, the rate of spomtanesus recomtinatyon radiatyon 81 thermal equili-

brium, is given by

PR S w ol () dit)
B J (exp (5.7 kT
y 52 !n“‘.-""'} ;f 2 ¥ &
* o, e X ll 1 WT < '('.C‘Xp(--)u
. ii B g - H )
= 3,210 e T e S 20 s i ewn (-0 )
i N D 3 o 4
if - > 1
i}
v h = b KT, (oqe"
where - Pmp/kTHLT
101
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The value of G dependas explicitly on the material parameters, i.e., the .
average absorption cgef’xc'c'xt «, the index of refraction ry, and the bandgap
Egap., Therefore, Dy wihich has already been normalized by definition to a
l-cm” detector and a noise bandwidth of 1 Hz truly represents the ubility of 8
given material to detect fur infraed radiation,

Finally, the cptiear: value of thickness, d, murt be determined experi-
mentaliy, The ctosen value will represent a xr de- ! berween maa.imizing
the rc sponsivity, spectral pear, and quantuln efficiency, and by mlmm‘zmg
the effects of sirfuce recoinbination velooity, l igure 54 is u plot of D7y for
(Hy, CHTe

Flgure 2% exparcis |agure 23 W show the Pelavior of DY, in the 8- to
M-micron region,  etectiviltes ot hfg.t ! '01'3 - 10 em Ly “‘)/W‘Aﬂ
requirs Goeratlng terperatutes telow spproadnately SR at 10 miicrons, At
13 mijcron: poreguiresnent te omore severe and the temperature must

(930 H
be decreass:d o the §07°h e,

e
-

. iy

Tl Tr gy g Brroe tias been enaluate D lor G backpround temr) eriture of
2357k and 180 dey Deld of view, Note that the DY pap Jine estabilishes

the detector termperature on b e eienyth U wipc b sperturing becomes ineffec-
tive., Por example, o tete ottty o f an Dlenaoron detecter will be invariant
with fiel 1 o8 cqew o 3] tes carratures preater than 12090,

The upper firmats for desgor o (Hp COTe sre compared with extrinsic
doped (w t bgure o, The conrhityene Jor the ealoulation were;

Hackyrsunt temperaty -

Hacagroun i enoassivit

Pl ol clew 20 g

AV = 2t rierons, uniess cfb erwiee pote

leongts = Y o1

Widtt = 0,07 ¢

Thickness, (ige DT Piormdcrene thicknree, (Ge = 0, 2com

Quantur: efficioncy = 0,
Lifetime:  » 1.0 micrasecant and varied ac a funclion of temperature,

Nt the inherent theoretical advantage of (Hg CDTe with respect {4

higher operating termrperatures when con ; ared with the doped germanium
letectnrs,

3.3, 2 Detectnr i3 Resjstor and Vaiee

Deped germaniun dletectors kave beern ctudied st Jlow Lackground tempera-
tures by 11, E, Badde ;“ianm}?,arl‘m 5 Research Center (Ref, 8), With »
Mckgr .} ﬂq fiation, of 107 photon cm~Cceec™ ! detectivities of :
Dy = 3 T ‘!7 -:ratt 1 have been cheerved in 0. 5mm x 1. 51mm (3 mm%
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detectors, In smaller devices (U, 1mm x 0, ] mm) with 3x 1010 photon cm"! .
sec™! D's on the order of 1, 4 x 10!3 have been observed. “tuilar perfor-

inance is expected 1n mercury cadmium telluride(Hg Cd)Te detectors of the

sarme active area or smaller,

One of the operating difficulties with doped germanium is its very high
resistance, Under '.'tirv low UdChg'?‘UUHz conditions, its resistance will be
between 1612 and 101% Chms, In order couple the signal into an amplifier
it i3 necesgary to use a 1 ad resistor which must be kept to a4 reasonable value
such as 10% to 10% ohms, Such a value of load resistor thus Appears as a
short ctrcuit to the dewector, Toe preanmpiifier sees the Joad resistor, and -
both load resistor and preatrplifler must be cocled to detector temperature
in order to rmrnirize thelr fotnson neise,  The sipnal neise should it the
systen in the pleal caze,  The signal voltage provided to the preamplifier
is given by

Y Iy “1
€
where Y iignal voltage
5} 2 hoTd <ircuit carrent
RI = load resistor
The photogignal s
i, = (= Al res
=
where ~ = guantum eificfens:
. . -4 -1
'(,):‘: gignai phnoten irradiance 10 pheten oy T

A 2 detectar aren
= = [arrier lifetime
e = elect wroh cnarge
a2 mobiiity

= plectric fieil

¢ = geparation between field contacts

The photoconductive gain (('p\—- ic defined by
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Hence

i = ('Q}; A}E(J[)\.

-3

and Vo= (- Ale G R
d ] % i
The noise per unit banea,dth 15 made up of two components, namely G-R
noise and Johnson aoise. The 1/ nolse will not ve considered in this argumens,
The rms G-H noise per unit tandwidth is piven by
P b 3
£
e

\,l.(‘_H - A

and the rms Johnson noise per uni Bandwidth ie given by

y (ha T, H, 20"
n, ! , i y !
wheroe k Poltzmana’ xlant
Ty = temperature of B ity H;
The sjgnal-to-naise ritis tained by cornbining 51l these terme
4 ! (-~ Ayet K
S =i PO = H,’: ! 'D‘; ]
NS N 1 . 2, P .- 1/ 2
] VK] . . .;’(‘I_'i 5("(’)"?;) ‘4‘\11 ,{’ H ]

SEN ] o = E - 3 ] . i
¥ om0 Tie o J g

where &}, represents backoroun ! nhotone,
)

In order te maintain BI "D performance the G-R naire tern: must be the
largest contributer in the total nojse exprecsion,  In s photoconiuctor, the
G-R noise i< twice the background photen noice,  Hence, to keep BLIP per-
formance the ratio of G-R neise to Jobneon noise must be ar large as poesible:

12
¥ Gl [-qual /2
N 4 i K ’ e ( B, -
Vo kT, pc 1

This equation shows that the lcad resictor muet be conled {or the doped
germanium detectors and the vaiue of the lnad resistor must be as high as
possibie, The guantum efficiency 2nd photoconductive gain are fixed for a
given device but both should be as high as possible, Ae the backgr-und
radiance i=s reduced, the lead resistor, RL, or the detector active area must
increase in order to keep the came G-R noise to Johnenn noige ratio ao that
BLIP performance is maintained, Vor mercur y cadmium telluride detectors
this ratio becomes
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(Hg C)Te detector resistance

-
[

deteltor temnperatlure

hecouse the (Hg\ HTe detector can act a= s own load resister,  For cells
operating near =4, 2k the value of Hots abwout S0 ohims, In comparison
tor the use f gers hirn Ry, ~<F, wi u" micans that the preamplifier now
responds o the delector sutputl cpea ciroudt voltage,  The bias supply load
resistor By 16 not seen Lo the prean pithier, and bence it need not be uat the
eryagenic "thr Lo temperature,  Mecause the (Hp Cd)Te detector has such a
low Unpeslance © o connecting oables mav be guite long thus allowing the use
of a conventional rocmeten perature preanp cutside of the cryogenic environ-
ment., Toe quanturs efficiency of (HgU 3 e 12 0, 5 because of 1its high
absorption am! this value can be inoreasesd o 0,8 Ly the use of antireflection
coatings,

In (g ”rt' the Difetitne lepends inversely on the square root of hack-
sround raddiane thatl a= the lackprouns is reduced, the jiletime increases,
and, more iu;n riantly, the phot NCLIVE Fain INCTreases:

- T oek
{y *
pe !
k.
vir . where b= osmerenlizing constant
£33 *
3
!
Therefore
K 1 %3 il
o "ol
W : 1
W, £
F1

Placing thi= into the ratic expression {or the two noice components

. ‘ i/2

% ) - {2 e ko e -
!‘.}(f-R n k \’3 ‘ P i/d
Y 5 T 172 1)

A Cgy :

This last equation shows that (HgC4)Te has an auto matic gain feature that
maintain= the same ratio of G-R ncice to Johnenn noise no matter how the
grmmt. is reduced, {mce a detector of this type is BLIP at 1013 photon
it will remain {ully BLIP to the lowest of background radiances
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v (U} with oniy o o>~ ofelectrical bsndwidi, Tms means that the detector can
operate cver a vers wide dynamic range uf bac hg}tU!\d irradiance with littie

degradation i pericrpisnce, e doped germanium detectors, on the other

hand, with their oooled lowd resistors of very high value, must only be used
at low background levels if BLIP performance 15 to be precverved, At

Ty = 3k e ratio of G-R notse e Johnson noise is given by

‘.
i - - b E;
-—-4-—-—-"" Sl - L0y w1077 (R, Q00T
1, y HIES 55
n, -
(L) For scarmple, 1n corder Jor this ratic e bave oovslue of 2with & back-

ground of g = 107 plxston cr” g8l © 5 luad resistor of 4 1 10Y ohims would
he required, btk armpiilter mnpat resistaroes of such oo lingh value it s
possible to get couplest KN problens, I addition the germanium quantum
efficiencies are about 9, 15 =ych that when the 1\\( t_\p( = of detector are
compare:!, the rmeroury oncirmiur telluride will show up gquite well,

4.4 DIFFRACTION ANAL Y

4,0, 1 General Discussis

silaki -5 g UIE e A ST SIS
{17} The prablers f interforesc e fran dilfraeted Hight is o major one, in s
limb measurernent (0= ¢ o dight rource which contributer
to diffeacted lHeht, mteriering with the limb spectroradieneter rystern, if
Lieiv ranging an teipperature fram ‘Zﬂ

the earts:, represente
to 3007k,

bt
-
i~

(2 When off-avis radiation frem the carts 5= received by the instrument,
the primary oplics {orm ; rage st the primary focal plane,
Some of the diffracted ie at thie point and muy be of

it is properly attenuated.

5
13 i1

u"’g‘.z‘;’:‘ SRDSATC e ay
©

aufficient level o ohscour

(L) The application ol carancgraph principles to the design of this ingtru-
ment are best expiained by examining in jetail an analyeis of the "boundary-
wave diffraction theary,  Thic theery, precented by Themas Y ocung in 1802
and mathematically substantiated by Rubinowicz, proposes that diffraction
nccuring within the geometrical .maza* of the cbhieci is due to superposition
of the direct illumination from the scurce and ovlindrical wavefronts
nr:gmahu; at the boundary or rim of the aperture, while diffraction
eccurring witinin the geometrical shadow «f the aperture arises from only
the «:_\-‘lmd. ical wavefronts originatling f-m the aperture boundary. Using
this theory, the evolved tecinicue aliowe caleulation of diffraction effectr
as simply as establishing the gecretirical shadow boundaries,

i3
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i
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Diffraction effects in the system may be examined beginning with the
* . optical system layout, illustrated in Figure 57, This systemwill image a
source such that irradiance at the center of the imageis found by

I, = ——-:-"\——7' (1
! 1 {f/no. )"

where

H‘ = image irradiance

Hj

N peak L.ambertian radiance level

f/no. flnumber of the system

it

provided the source 1s l amber tmn nn-.nlk at infinity, and the exit pupil
half-angle allows sin A’ = tan ¥’ = 6. These conditions are all met (within
a minimal error) in the qmetrnr.uhumetm system,

The earth being considered o Lambertian source, possesses an infinite
number of effective source radiators as shown in Figure 58, Choosing the
most convenient equivilent radiating surface, namely the plane located at
AA ' (refer to Figure 58) we have an aff-axis plane source imaged by a circular
mirror onto the back focal plane of that miirrer, The aperture stop of the
system i8 the combination of the baffle enclosure and the primary mirror,
subtending at the exit pupil a half-angle satisfying the c?nditionﬁ for equa-
tion (1), In addition, the earth source is less than tan™ ' (21R/1.) degrees off-
axis for all inzlination angles of interest o the irradiance of the image will
not change appreciably with inclination because of the functional dependence of
the source radiance being that of a cc -ine. Therefore, the irradiance as
calculated by equation (1) is valid for the undiffracted image. However, dif-
fraction does occur and spreads the image at the edges., The amount of this
diffracted energy within the gmmetr‘cal shaduw of the source is needed since,
in the ‘:pectrnmdmmeter system, this is the stray diffracted energy whch
appears on-axis to interfere with the target.

A technique for extrapolation of the diffraction pattern was given in a
paper by H. Nagoaka {Ref. 9). The paper describes an on- axm circular
source, illuminating a circular aperture. The .mage "skirt' shape is shown
to become nearly invariant with source radius for source radii >r = 100 where

= KR sin 8 (see Figure 59 for parameter definition). This may permit treat-
ment of the aperture-limited image as a circular one, provided the above
mentioned limit has Leen surpassed by the source subtense, The geometrical
edge of this effective sonrce must be colinear with that of the true source in
the vicinity of the optical axis (see Figure 60) and 3s shown in 4.4. 2, this is
the case. Therefc.ce, the "skirt' of the true earth image (which is not circular)
may be considered to be caused by an effective circular source of very large
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(EXAGZERATED ANGULAR SCALE FOR CLARITY)

CIRCULAR SOURCE ’.../ U

g

3= KRSIN:, THE IMAGED SCURCE RACIUS
A KRSING, P sp %G THe POINT OF INTENSITY DETERMINATION
K= 29

Figure 5%, PParameters in Nagaoka's A pproach

—

IMAGE S OF

H
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?SRSAMY.% THAN 100 SO ° ARGE RADIUS APPROXIMATION

Figure 0. Large-Radius Farth Source Rationalization
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radius, Off-axis position will be considered to have a negligible effect on

. skewing the diffraction pattern, Therefore, the technique of !\‘-agaoka may be
utilized wherein the rradiance of a point off-axis {(on the "skirt") is calcue
lated, The geometry of the spectroradiometer system relative to the Nagaoka

N treatment is shown in Figure 61, where it can be seen the baffle aperture or
pinhole lies at the ymage plane on-axis, Using the described approach, the
pinhole irradiance may be easily calculated. Assuming the energy distribu-
tion to be uniform over the pinhole, the power transferred is simiply the pro-
duct of the irradiance calculated and the pinltiole area,

IMAGE PLANE
CIRCULAR SOURCE »&P
— L I
E giﬁ'hg I S e /
AXiS . o
15
NACACH A EOMETRY Dif FRACYION
PATTERN
OPTIC AR:S
! - i ———— »/"”I #
—_— e BAFFLE
E: _— APERTURE

TOM SYSTEM GCZLOMETRY

EFFECTIVE CIRCLLAR PLANAR
EARTI: SQURCE

Figure 61, Similarity of Proposed TOM Svstem to System
Analvzed by Nagaoka

The boundary wave theory of Thomas Young allows the calculated energy
: present at the pinhole to be traced throughout the remainder of the spectro-
i radiometer system, Referring to Figure 61, it may be seen that the pinhole
lies within the geometrical shadow of the circular earth source, and, there-
fore, wavefronts causing its diffraction irradiance are due only to the ring
or aperture rim component source. Therefore, diffraction effects after the
mirror may be considered by treating this ring source as that source causing
all ensuing diffraction,

Calculating the diffraction pattern on the second mirror becomes the

problem of calculating the intensity distribution of a locus of point sources
, radiating through the pinhole, the locus being the true aperture (not all tk>
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primary murror is illuminated with earth iight, and the true locus is the
periphery of this illuminated region). However, the assumption of a circular
locus (the complete mirror periphery) is made to ‘timplify the mathematics,
Stretching this point, the assumption of all images on-axis uor equivalently,

an on-axis optica! systen), will be taken for the remainder of the report.
Consideration of the angle involved in the physical system layout )ustifies this
first-order approximation.

Returning to the character of the true point source locus, two rim com-
ponents are evident: (1) the aperture rim and (2) the mirror rim -- each
contributing four distinct regions of elemental earth radiation. The assump-
tion is that this locus contains only one of these components, namely, the
mirror rim, Proceeding from this point, now, the intensity distribution on
the second mirror can be found by the line integral of the locus of point sources
around the mirror rim. However, an easier method is offered by the principle
of superposition by making the assumption of a circular pinhole irstead of
reactangular, The mechanics of integrating the irradiance over the pinhole
are considerably reduced by the fact that the resulting diffraction pattern
from a point source on the primary mirror rim is axially symmetric. There-
fore the total pattern from ail points on the rim will likewise be axially
symmetric, The power on the secondary mirror (the integral of the diffractjon
pattern over the mirror area) for each component point source on the rim is the
same due to their axially symmetric property, and the total power from the
rim is simply the sum of all component powers. Diffraction from each source
can easily be found, neglecting the off-axis skewness, by coneidering the
clagsic condition of a point source on-axis illuminating a circular apertureat
a distance such that Fraunhofer diffraction dominztes, The far-field intensity
distribution is well known and is shown in Figure 62, Integration over the
mirror yields total power passing through the mirror. The mechanics of this
integrzl are reviewed in section 4, 4. 2. This approximation -- replacing the
rectangular aperture by a circular one having a diameter of the shortest
rectangular dimension -- is valid for order-of-magnitude power levels; how-
ever, whether the result 1s worst-case can only be derived from further
analysis,

. . A mask is applied to the collimated beam as shown in Figure 57 such that
applying the boundary wave theory, the energy passing through the mirror is
¢aused only by the rim source of the pinhole, the mirror now being the geo-
metrical shadow of the original point source (as shown by the effective mask
in Figure 63). The pinhole rim source, now is the sole source of diffracted
light for the remainder of the system. Imaging it ont% the detector through
the collimating system produces a (sin x/x)Z (sin y/y)¢ type of pattern for
one point on the pinhole (rectangular rim) rim source. The to§a1 pattern is a
rectangular locus of centers, each pattern having the (sin x/x)¢ (sin yly)e
form, Mirror power integration is simplified by assuming (again) a circular
baffle aperture and using the aforementioned integral technique. This method
is elaborated in 4.4. 2, for the approximation case, namely, a circular pinhole,
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Figure 62, Diffraction of On-Axis Point Source at Infinity MNumina-

ting a Circular Aperture
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Figure 63, On-Axis Lens Analogy to TOM System
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4.4. 2 Determination of Flux Th‘rough the Pinhole

Determination of flux through the pinhiole (baffle aperture) will now be
examined, Referring to the treatment of Nagaoka, the power at nn off-axis
puint for a circular source illuminating a circular aperture is

[ 2y l(u)} s
dA

u

1
? [ ——
l,r = ..

Source
Image

;
where the origin 1s at the point of interest, (Refer to Figure 64 and Figure 65
for the geometry of the situation.) The constant normalizes to unity the total
incident power passing through the aperture. This lutegral, in the language
of mcdern optics, can be transformed into a two-dimensional convolution,
Proceeding to the determination of a and & to be:

a ~ KR ['—j—;—‘i}

6 5 KR (Y3

where o and 3 are defined in Figure 66, What is being done here is to inscribe
within the true earth plane radiator a circle, und then determine whether its
image radius justifies the large-radius circular-source spproximation, 1If

such i% the case, the inscribed circular planar esrth source can then be used

in calculating the skirt of the diffraction pattern. The resulting integration

is much easier than had the true earth source {a noncircular source) been

used. This is {llustrated in Figure 67. Applying Nagaoka's procedure to a
computer (for the case of points outside the source image), the irradiance level
ia easily found. Muitiplication by the hole area yields total power, as the inten-
sity is nearly constant over the pinhole. This is the amount of diffracted light
passing through the pinhole produced by the primary mirror.

Stationing the mask in the collimated beam effectively places the secondary
mirror in the geometrical shadow of the primary mirror rim source, and we
can easily calculate the diffracticn produced by the baffle aperture, utilizing
the circular aperture approximation. Lumping the rim source of the primary
mirror into its power-equivalent point source, the resulting distribution is a
Bessel-type i“lensity over the secondary mirror (neglecting skewing of the
image). Integration over the mirror yields power through the mirror (Figure 65).

Now treatiug the diffraction produced by the final mirror, the source of
diffracted light is the pinhole power-equivalent point source, again treating the
rectangular aperture as circular. Diffraction over the detector is found by
simply imaging this point source onto the back foucal plane of the mirror., The
resulting intensity distribution is similar to the far-field pattern produced by the
pinhole, namely a Bessel of revolution. Detector power is simply its integral
over the detector.
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The {ntegration used in power determination with the circular aperture
approximation in effect, given an off-axis noint source at infinity {lluminating

‘a circular aperture, will now be examined,

Receiver power for & = R (see Figure 65) is

+n]2

Pp = H_ /

where H, is peak irradiance at the center of the distribution,
over all image space yields

-n/2

nR%p
(o)

H = —25t

In these expressions

K = 2n/\

R = aperture radius

r{0)

/

(8]

P, = total power through aperture

f = focal length

Simplifying
PR = SHO
where
KR r
u =

Transforming variables

PR"BH

(]

n/2 2R cos 0

nf2

/

/

o]

|

J](u)

u

2KROR cos O

/

f

4

2
] rd rd 8

1o

Qa

|

Integration

dud 6

3



Realizing the identify

J 2(u)
- T Io {Jo (u)+Jl(u)}
the above reduces to

2PT ﬂ/2 u(a) J ‘2(u)
Y u

(o} [0}
2P X w2 ; s luto
o (‘f) f Jo (W + 3,7 ae
o 0o
P n/2 o
- L f 3 2w+ 3 A 46
- u(g)
P n/2
- L f (y [u(6)] 1 de
(o]
where
2KR R cos 6
u(g) = of

ylul®] = 1- J02 (w(0)] - le [u(6)]

4.4.3 Difiraction Calculations

The previous discussion, using Nagaoka's procedure, related the diffrac-
tion resulting from the illumination of a circular aperture by a large circular
source, These principles have been applied to a computer program written
to evaluate the level of diffracted energy and to trace it through the optical
system. The resulting values are derived from diffraction occurring at the
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front baffle of the system and entering the tube, Some of the diffracted ene”

reaches the primary mirror while the remainder is absorbed and attenuated by
the forebaffle system.

In the one-dimensional approximation computer program, a line source
was assumed, infinite in azimuth and displaced from the instrument optical
reference along the elevation. The following parameters also apply:

Primary mirror diameter = « in.
Primary mirror focal length = 12 in,

Pinhole diameter = 0. 01 in,

-~

Collimating mirror focal length = 7.5 in,
Blackbody earth source temperature = 300°K

Figure 68 is a characteristic plot of the diffracted energy at the iirst relay
oi collimation mirror for a tilt angle of 1 deg and u wavelength of 10 microns,
Since the pattern is symmetric, only half has been plotted. Figure 69 shows
the result of integration of the diffracted energy in comparison with the signal
energy and indicates the effectiveness of placing a Lyot stop (mask) in the Bys~-
tem between the collimating mirrors in order to reduce the relative effect of
diffraction.

In the same manner, a two-dimensional case computer program was uti-
lized to calculate the diffracted energy through the pinhole. The results were
as follows:

Primary Mirror X {#) X Spread (8)  Pinhole Energy (watts)

4-in. dia, 5.35  5-5.7 4.4x 10715
4-in. dia. 10, 4 10-10. 8 2x 10-13

4-in, dia. 12, 95 12, 8-13. 1 57 x 10714
6-in, dia. 21.5 18-25 2,2 x 10-12

4.5 OFF-AXIS RADIATION

Attenuation of off-axis earth radiation by factors of 10”8 to 10'11, depend-
ing on the wavelength, is required of this instrument to prevent masking of
limb radiation by a 1-deg off-axis earth. This earth radiation may be coupled
into the limb sensor field of view by diffraction at various apertures, scattering
from optical surfaces and edges, and by internal reflections. The required
attenuation is achieved by a combination of cooled blackbody cavity baffles, a
low~scattering primary mirror, and a series of apodized stops,
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Figure 68, Pattern of Diffracted Energy of First Relay Mirror
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As was stated earlier, diffracted earth energy is reduced by an optical
design similar in concept to that employed in the lyot solar coronagraph.
Most of the energy diffracted at the f-ont baffle is absorbed by a blackbody :
cavity hood and cone at the primary focus. A major portion of the remainder
passing through the focal plane pinhole is blocked by a L.yot aperture located
between the collimating mirrors. (For its effectiveness, see Figure 68,)

A Fourier transform computer program has been compiled to calculate the
diffracted field gtrength throughout the system. A preliminary analysis has
shown that 10~ 12 waitts of diffracted earth energy in the 18- to 25-micron band-
pass through the focal plane aperture when the carth is 1/2 deg off-axis. This
increases to 2 x 10-12 watts in the 10- to 10. @=micron band. The first baffle
was confirmed to be the primary contributor of diffracted energy.

Further diffraction reduction necessary for adequate system performance
will be accomplighed by the lL.ynt stop. Its effectiveness is increased by
apodization with a serrated edge. This directs enerygy diffracted by the stop
away from the optical axis toward radiation traps,

Stray earth infrared radiation also reaches the detectors by reflectione at
surfaces within the sensor., This refiected radiation is reduced by a series of
forebaffles and a post baffle (Figures 70, 71, and 72) using the blackbody
cavity as the basic design element, The forebaffles consist of a series of
cone traps intercepting off-axis energy included within an 82-deg cone, as
radiated from the earth into the entrance z2perture. The post baffle is a black-
body hood with an inner cone that accepts and attenuates the off-axis earth
image as focussed by the prirrary at the first focal plane. This energy is that
within a 7, 5-deg cone for this preliminary design,

Figure 72 shows the 8-deg baffle acceptance angle and illustrates the
image of the earth at the first focal plane from the earth radiation directly
impinging on the primary. The small cone provides the first aperture stop.
The hood (semi-cone) provides a blackbody cavity for the earth image.
Honeywe]l tests on blackbody cavities have resulted in attainment of greater
than 13°7 rejection with an L/D ratio of approximately 4.5to 1. The L/D
ratin, as proposed, is approximately 7.5 to 1 for the post baffle. Cascadin
of the two baffles should provide a rejection capability of greater than 10-10,
and further testing is expected to verify this.

T. 2 basic purpose of the upper forebaffle design is to provide conical or
blackbody baffles such that earth energy as it impinges on the upper portion
of the radiometer barrel cannot be seen by the primary on the first bounce
(specular) or the first source of reflected radiation (diffuse).

Even though no direct earth radiation impinges on the bottom side of the
instrument, the upper baffle adges are diffusing and scattering. The most
critical edge in radiation effect is the last baifle edge. The lower forebaffles
are positioned to block scattered radiation from this edge, such that no sur-
face reflects or diffuses in a third-order effect.
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Figure 70, Cavity (Blackbody) Upper Forebaffles

Figure 71, Cavity {(Blackbody) Lower Forebaffles
(total developed design)

BIAZEREY (401N
wWer: AND COKF

SARTR DMAGE A
FOCISED WITHIN THF
2 BAFTLE ACCEPTANCE
ANLS

Figure 72, Farth-Focused Image Attenuated in Black-
body Cone and Hood




This design provides an attenuatinn of off-axis, stray-<ight earth energy
in a manner such that direct energy 1s attenuated in a cavity. No surface is
exposed to the primary that radiates second-order reflected (specular or
diffuse) energy. Each baffle edge is slightly off (0, 010 to 0. 020 in, ) the field
of view. It follows, therefore, that off-axis, stray-light effects are pre- .
dictably attenuated except for edge effects, Specular refiections at the edges
of stops and baffles can only be prevented by having sharp edges. The Honey-
well Radiation Center has fabricated for the Canopus Tracker (Msriner '69) a
baffle edge with a radius equal to or less than 30 x 10°6 in. The same technique
can be used in this proposed application,

Some direct earth irradiance impinges on the primary dirvectly., It i- not
practical to completely shield the primary behind the forebaffle because i\ is
desired to measure the earth atmospaere to within 1 deg of the hard horiznn,
The forebaffie length for a 5-in. diameter primary would have «. be L = 5in./
tan 1,0 deg = 286 in. = 24 ft long to completely shade the primary. Efforts
to increase the L./D ratio by the use of a honeycomb (soda straw) fo: shaffle
fail because the forebaffle tubes, themselves, greatly increase diffraction,
and stray reflections occur within the tubes to produce unacceptable noise
levels.

The direct-earth irradiance on the primary mirror is directly focussed o
into the blackbody trap in the first focal plane. A small component of this
radiation is diffusely scattered into 2~ steradians, and the slit aperture in
the blackbody focal plane baffle intercepts a portion of the scatterzd com- .
ponent. Once the scattered radiation enters the first baffle slit, it is within
the optical path and cannot be attenuated further. It is, therefore, mandatory
that the scattering coefficient of the primary objective mirror be low. Sub-
sequent optical surfaces do not need this quality of finish,

4.5.1 Scattering

General -- Earth radiation scattered from the primary optics and passing
through the instrument field stop must be controlled and minimized because,
unless the scattered radiation is of a sufficiently low amplitude, it may
obscrure the target energy being received by the detector.

The primary mirror in the instrument is illuminated with direct earth
radiation Hiq and with indirect earth radiation Hj; coming from the instrument
internal baffle surfaces. The amount of radiant power intercapted by the
mirror, then, is given by

pm

1]

(Hj; + Hig) A
where
A 2z mirror area ‘
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The radiation incident on the mirror at an angle o scatters according to
a ' scattering coefficient 8(a), which defines the amplitude and direction of
tl:e scattered component. The pinhole receives the scattered energy directed
into its field of view as given by

Ph = Pm O(a) Oh

where 7 h = the solid aigle subtended by the pinhole at the primary mirror.
Examination of the final equation for the power received at the pinhole

P, s (M, v H DA E) b

shows that the scattered radiation can be minimized by minimizing a number of
variables. However, because of the instrument requirements on aperture size,
illumination, and field of view, the only variables which can be controlled are
Hij and 8{a). The indirect earth radiation has already been discussed,

The scattering coefficient 6(:} 's the function of wavelength, angle of
incidence, and mirror characteristics such as substrate, overcoating, polish,
etc. Recent tests with 14 sample flat mirrors provided by the Speedring
Corporation of Warren, Michigan, provided the following data:

Material Percent of Scattering
304 stainless (no coating) 0.14 - 0.53
440 stainless (no coating) 0.4 2.0
Berylliurn (no coating) 1,36 - 3.2
951 aluminum (electroless nickel) 0.14 - 0.46
Rrass (no coating) 5,7 +6,4
Brass (electroless nickel) 0.96 - 0,42
Loc-Alloy (electroless nickel) 0.22 - 0,375
Quartz =vhstrate (dielectric mirror) 0. 0005

The testing was performerd using a helium-neon laser at 632814 in order to
evaluate juantitatively the characteristics of the different materials. The test
specimens were polished using the same technique for essentially the same
time., The data do not reflect the best polishing effort but do present a basis
for relative comparison. In addition, each of the coated samples (electroless
nickel) have been representatively submerged into 1.Ny for a shock thermal
test of coating adhesion with no trace of crazing.

The resulting data were included in the tradeoff to determine the mcst
suitable material for the system reflective optics. (Further discussion of the
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choice of material for the optics is presented in4.6.2, It wil? suffice at this
time to state that mirrors made of aluminum subgtrate with an electroless
nickel overcoating have been chosen, )

Scattering Calculations -- The level of earth radiation scattered from the pri- . :
mary mirror and passing through the field stop can be computed on the bagis :
of mirror scattering measurements recently made at Honeywell, Measure- '
ments have been made on thres full-scale mirrors made of aluminum with an
electroless nicke! overcoat and polished to a high degree. Both visible
(63281) and infrared (10, 6-micron) measurements were made using HeNe and j
CO3 laser sources incident normally on the mirror surface. A (HgCd)Te (IR) I
detector + photnmeter (visible) is used to detect radiation scattered in particular
directions, and a chopper mdulates the laser beam to distinguish signal energy
from the ambient background, Yigure 72 shcws the typical test setup for the
measurement. The detector is first calibrated by measuring the energy
scattered by a diffuser plate. A harium sulfate diffuser plate is used in the
visible, whereas, in the infrared, a sulfur slab was constructed and exhibited
excellent diffuser characteristics, Figure 74 {llustrates the lambertian
characteristics of the sulfur slab.

HeNe LASER

LIGHT-TIGHT BOX

Figure 73.. L.ight-Scatterinrg Measurement Technique

The illuminated spot 18 smaller than the detector field of view, and, there-
fore, with the diffuser in place, the irradiance on the detector is given by

Hd = —:;5— cos a (watt/cm ) | {2)
where
Pi = incident power (watts)
6q = diffuser reflectivity '
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Figure 74. Scatter Characteristics of Sulfur Slab
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a = angle from nermal incidence

r distance from sample to detector

The mirr>r ¢ a specular reflector and the laser beam is highly collimated,
For examrie, the secondary maxima of the CO9 laser beam is 10”2 of the main
beam peak. Therefore, to a firs: approximation, the intensity at the detector
scattered from the mirror sample will be irdependent of r. The irradiance
therefore is given by

P.
. Y 2
}Im(a) = -‘rb- 8{=) (watt/cm®) (3)
where
Ab = area of illuminated spot
8(a) = angular scattering coefficient '

Measurements of ii.e primary mirror show that for « = 15 deg, the ratio
of mirror-scattered intensity to diffuser intensity at 10. 6 microns is 10-9,
Therefore

Hol sy g -

10
Hd Ab pq COS @

To apply these measurements ‘o the limb measurement seusor, it is
necessary to relate the scattered component to the input flux. The desired
quantity is [from equation (3)]

H (o)
== b(@) (5)
1
where
H, = PJ/Ay

However, using equation (4)

Hm(a) i Ab pq CO: @
H = 5 x 10
i nr

-5

(6}

Since A, = 7.5 x 1072 in. 2

Pq = 0. 85
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cosa = 0, 96€

r = 4in.
Then

H (a') -
'_n‘ff_ = 1.2 x 10

1

8

In the intended application, earth radiation will directly illuminate the
mirror from about 1 deg off-axis to the angle defined by the cotangent of the
forebaffle length to diameter ratio. At larger angles off-axis, earth radiation

will be absorbed by the interior of the forebaffle before illuminating the pri-
mary mirror.

» The total irradiance on the mirror is the sum of these two components

and, for the '2-micron window region, is estimated under the following
conditions:

Temperature of earth

1

270°K

Emissivity of earth = 1.0

#

Minimum baffle angle = 10 deg
Absorptivity of baffle = 0, 98 (diffuse)
Spectral bandwidth = 1 micron

Diarmeter of mirrc: = 5 in,

Direct illumination within the minimum baffle angle and averaged over
the mirror surface can be determined by the sum

g
H, =Al—t z N2} A (@)
&g

where
N = earth radiance = 6.4 x 10”4 watt/cmz-ster-micmn
Q= incremental solid angle subtended by earth (measured at aperture)

A_ = incremental mirror area |

At = total mirror area
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Summing throughout off-axis angles from 0 to 10 de". yields
H, = 3x 10°% watt/cm?

Using mirror scattering measurements for e = 15 deg, the irradiance at the
field stop for direct illumination on the total mirror surface ares is

8 1

- - .12 2
H,=2x10 L 1,2x 10" x 127=4.6 x 10" °“ watts/cmn”

This corresponds to a photon fiux of

Q = 2.8x 108 photons/ sec-cm®

This number may be small since the scattering measurements used were
for off-axis angles of 15 deg. In the intended application, off-axis angles in
the range from 5 to 10 deg contribute the largest fraction of the total direct-
scattered component, Measurements yet to be made may show a larger
scattering coefficient 5 to 10 deg from the incident heam.

A conservative estimate of the indirect earth radiation reflected from the
baffle interior can be made by assuming the buffle is a cylindrical cavity with
an effective temperature equal to that of the earth (270°K), and with an emis-
sivity equal to the reflectunce of the interior surface. Black paint (such as
3M Bilack Velvet) will achieve an emissivity on the order of 0. 98 with good
diffuse reflectance properties,

The radiance cof the baffle interior surface is then

3 2

N, = 2x1070 x4« 2x 1072 = 1,27 x 107° wait/em?-ster

b

Assuming the entire interior surface oi the baffle is illuminated, then the
view factor from the mivror is nearly 2~ steradians and the irradiance on the
mirror will be

H.= 1.27x 107 x 27 = 8 x 10”2 watt/em?

This radiation is incident on the mirror from nearly a full hemisphere and,
for the most part, will be reflected off the mirror, outside the detector field
of view, to be absorbed by internal baffle surfaces. A small portion, however,
will be scattered into the field of view and to compute this quantity, the hemis-
pherical scattering coefficient must be used. For the mirror tested, the
hemispherical scattering coefficient is estimated to be 4 x 10-°.

The scattered component will be distributed throughout a full hemisphére
and as a result the radiant intensity for the entire mirror as viewed by the
detector will be
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J =8x10%x s~x127x4x 100
m 2n

Jm = 6.5 x 10”9 watt/ ster

The focal length of the primary is 31 cm so the irradiance at the field stop
is
-9
H o= 23x10 . g 9x10
. (31)

2
12 watt/cm”

This value of flux density at the field stop corresponds to a photon rate of

) 3
Qs = 4.1x10° photons/sec-cm” b

The actual photon rate from this source is expected to be somewhat
smaller for two reasons, namely:

® The earth does not illuminate the entire interior surface of

= the baffle.
e The effective emissivity of the baffle interior will be larger
*: than 0. 98, due to the presence of numerous knife-edge cavity
traps.

Summing the flux from direct-earth illumination with reflected radiation
from the baffle interior yields a total photon rate at the fieid stop of

Q_(total) = 6.0 x 108 photons/:—:ec-cm2

The NEFD requirement translated to flux density at the field stop yields
3.4 x 10-12 watt/cm? for a mirror reflectivity of 0. 95,

The equivalent noise photon rate is therefore

Q, (NEFD) = 2 x 108 photons/sec-cm2

i Based on these calculations, earth radiation scattered from the primary
mirror degrades the required signal to noise ratio by a factor of nearly 3. 5.
In terms of the model radiance/altitude profiles, the scattered component
reduces the upper-limit tangent height by about 10%to maintain a signal-to=
noigse ratio of 10.
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4.5, 2 Baffle Interior Irradiance Analysis

A useful quantity in baffle design is the irradiance from the earth along
the top edge of the locus of the interior edges of the baffle plates. From this
plot {irradiance on a 1-cm2 square versus distance into the baffle tube) the
baffle designer can determ:ne an optimal separation and/or arrangement of
the plates.

In the analysis of this irradiance function, what is desired isthe inte~
grated radiance of the earth source on a square area, the integration being
over the solid angle subtended by the source (at a given receiver-square -
position). In the following analysis, the locus of the interior baffle edges is
referred to as a "'tube’’, and the problem is simply that of performing integra-
tion on a point receiver with given receiver-source geometry (at each receiver-
square position). Tube geometry relative to the earth is shown in Figure 75,
the earth-tube system being symmetric abcut a plane containing the axis of
the tube and the center of the earth.

Interior tube irradiance is

f N(":S) cos dAS
T 2
el

Receiver

ol
—
1]

Source
where
N(ns) = source radiation law
dA_ = elemental source area
dAr = elemental receiver area
Ng = angle from source normal
Ny = angle from receiver normal
o = distance between source and receiver elemental areas

The geometry of this integral is illustrated in Figure 76. The integration
is performed within a spherical system centered at the point at which the
irradiance is to be determined as shown in Figure 77. Integration over theta
(the azimuthal angle) is performed first. Two limit functions (¢} are neces-
sary, as 0 is first determined by the source (¢ £ ¢ < @) and then by the
aperture (¢; S ¢ < B), wherea = 0.5 deg, 3 = tan-1 (<r/1-d). These limit func-
tions are shown in 4.5, 3 to be

e




=0.5°
30.8°

6.23 x 108 ¢
7.3x 108 ¢m

T D~ Q
]

Figure 75. Radiometer Geometry
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RECEIVER

Figure 76, Transfer Geometry

CROSS-SECTION
VIEW OF TUBE

X IS POSITIVE POLAR AXIS
® MEASURED FROM v INYTO 2

Figure 77, Receiver-Point Coordinate System
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Bs(a. d) = cos CO8 ¥ 8in &

l{sin (y+a)- sinycosﬁ]

J
QA ‘Q' d) = COS-I [—‘%ﬂ-L]’

where 84 (2, d) and 65 (3 d) are the sphere and aperture limit functions,
respectively. Irradiance is therefore

2, *‘15(.‘;; d)

Ho(d) = f [ N{r,) cos r_dA_
T )
a =0 (2. d) o

3 +‘J;‘(:,d)

. f [ I\*(rg) cos 1 dAs
- p2 '
3. -'?:\(:.d)

where 3; is that polar angle determined by the intersection of the limit func-
tions; ¢; is shown in 4. 5. 3 to be

2 2
i=cog  t]F8in(ysu) - ir"sin"(yta) - [2r sin y- (4-d) cosy ] (4-d) cony]”z
2r sin y- (L-d) cos &

By symmetry and source projection considerations shown in Figure 78,
we have (assuming LLambertian radiation)

- - ,.2 $ 2 -
5 Olsd) o sinddedb P
COS © r 8
H, = 2N [ — —
T "1 2
a o) =

9‘_\(c,d) 02 sin¢d¢d o

3
COS8S =~
N
2 o P
1

cos Cos 7
nl" '8
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dA, = ELEMENTAL SOURCE AREA
¢A, = ELEMENTAL COORDINATE 3YSTEM AREA
TN, = PROJECTION ANGLE

«— ORIGIN OF SYSTEM
dA

plsin pepe o

-
1
cAscos (’

o
»
~
"

- plsinpanee

.: dA
s cos n'

Figure 78. Angular .ense Considerations




(1]

N. cos n. Realizing cos iy B sin ¢ cos 6

where N(» S)

HT=Z.-.'- j f sinzacosﬂd()dw
a 0
9
* f sin" scosfdode
2 s

i

Integrating first over theta

.
v
1
‘)

Hoy = 2N sin” 2 sin 0 _(3,d)] d?

r) _
i j sin’ & €in ;0\(-:. d) . dg

w e

1

This transcendental integration was done by computer with inputs being
earth-tube geometry and radiance level of the source (300°K blackbody).

4.5.3 Integral Limit Functions

The integral limit functions are found by expressing the source (a sphere)
and the receiver (a cylinder’ in terms of the system shown in Figure 77,
Coordinate transformations involved are shown in Figure 79 and are

x' = x_+d
o
’
. = -r
y' =¥,
2z’ = 2
o
x = x'cosy-y'siny
o LA ’
y = x'siny+ty’cosy
z = 2'




Figure 79,

The aperture expression is

b 9> 3
y'“+ 2’ =2 p°

o

x! = L

while the sphere may be expressed as

x2 + (y - H)2+ 22 x R2

In terms of the spherical system,

p sin d cos 8

g
Q
"

z_ = psin § sin @
X =T j5cos @

they are, respectively

{p sin ¢ cos 9 - r)2+ (s sin ¢ sin 9)2 = r

pcosop+d=1

Coordinate Transformations
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2
[(occos p+d)cosy~-(psinpcos 8 -r)siny]”

+ |
{(pcos o+ d)siny+ (p singcos 6 -r)cos y- H}z

. , 2 2
{(ssin ¢ sin 8)" = R

Eliminating » from the aperture function yields

{L-d) tan @
2r '

cos 6 =

while recognizing that : = YH <R 1is true for all points on the sphere locus,
its limit function becomes

2 2 . 2 2
5 + Epizl cog ¢ra - z;ir cosUsing s r + H

- . . 2
=2H [(z; cos ¢+ d) sin ¥+ (5, sin ¢ cos 6 - r) cos ¥yJ=R

where

Solving for cos 9, and recognizing

T2
"EWI_R— = sin{y+a}

the above expression becomes

sin (¥ + a) - sin Y cos §
cos ¥ sin ¢

cos 8 =

Equating the cos # expressions produces the ¢ of intersection of the limit
functions, ¢;. A quadratic results, which is solved for cos ¢;, namely

[2r sin y - (L -d) cos ¥ c052 ¢i - 2r sin (y+ o) cos &

+{(L-dcosy = 0

This yields the aforementioned expression for &4. The computer program used
for irradiance calculation is shown in Figure 80 and the plote themselves are
shown in Fiures 81 through 85.
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Irradiance Calcula.ion Computer Program
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4.6 PARAMETRIC ANA LYS]:

The parameters of the proposed spectral radiometer have been generated
by analyzing the radiometric inputs and deriving a noise-in-signal-limited
gignal-to-noise ratio and calculating this S/N for various tangent heights in
the selected specteal regions

4.6.1 Radiometric Input

The radiance levels from the background are deriv

spectral bands, the sele

Spectral Bands -- Ntapt
bands Tisted 1n Table 16

ed from the choice of

cted target radiance, and the effects of tangent heights
on the radiance level from the background.

ng with the atmospheric constijt
were suggested.  These bands

In terme of S/N of the sy stem and detector size using d

spectrally split the rai0
re-evalustion are 1y ste
spectral bands require 1

alternativ<lv one st mirror

ance. The spectral regions sel
in Table 19 under proposed was
wo diffrqction gratings and one

9.3 microns with 1 resolution range of 0.2 micron to 0.

1 detector aspect ratio

s achieved using a beamsphtter or 4 «f

3

tor. Present p
the energy in each band

Radiance lLevels -- The

uents the spectral

were then re-evaluated
iffruction gratings to
ected as a result of the
velength regions. Thege
beam splitter or,

The firs grating poes from 4.5 microns tn

7 micron which gives

‘hange of 3-1/2. The second grating goes from 9.3
to 18 microns with a resolution of 0.3 micron to 1.0 m.rron which gives a
detector aspect ratio change of 3-1/3. Finally the 1 to 25%-mitcron region

et preserve spectral informaty

radiance levels which must he

ngle mirror. and a filter on the detec-
-ans anclude an optimization of the spect

ral bands to maximize
on.

detected with a S/N

‘equal to 107/ minimum 1n each spectral region are shown in Figure 86. The

radiance values shown for each spectral ba

heights.

Tangent-Height-Effects
heigﬁt for a night Timb p

Region.” Notice on the
radiance levels containe

nd correspond to different tangent

== The radiance variation ac a function of tangent
rofile is shown in Figures A1 through A18 of Appendix
A. These curves were generated from data produced by GCA under a study
entitled "Infrared Radiant Background Studies 1n the 5 to 25 Micrometer
curves the variations in tangent heights for the

din Figure 86.

4.6.2 S/N Consideration When Noise in Signal Cannot he Ignored

Figures of merit sy

quantities for the great mojority

ch as D”. NEP. NER. NEFD. NET. etc., are ueeful

ignore noise in signal which predominates in cold-body
the above figures of merit 5re of limited usefulness. and care must alsc be
concept of S/N as will now be shown.

taken with the use of the

148

UNCLASSIFIED

of infrared applications. Howrver, they all

problems. Therefore,
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The effective signal is defined by

S=mn _P_7 mn ..

g s o

where =g 15 quantum efficiency. P_ 1s peak signal power, and 7 is optical
efficiency. ®

Photon-Noise - Limited C:se -- The mean aumber of photons in one dwzll time

n_ iy
P

-~ {(+r P + P )t

n
p hov

where P 15 the background power incident upon detector and ‘D is the system
dwell time. For noncarrier systems

. 1 .
'H 7AT {(9)

where Af is the 3-db baseband bandwidth (not the noise equivalent handwidth).

Therefore
“51 (‘.n Pq ) PH‘
By, * e : (10)
2hu st

and the rms variation in Ep s

H- p_ P Y-
RS H

- N B E
which vields a S/N (fnr probability of detection) of
= r’ -
n_. )
SIN = RE . T S : (12)
7 ~ ohuAl- P+ 5 *
p /..huAf( ops PB)

incident on detector. For photoconductive detectors the output noise power i8
double the generation noise due to recombination. Therefore, the output peak
signal to rms noise voltage ratio referred to input power 18 given by

P -
8 O
SIN = —F = = 13)
4hvAf (- P _+ P~ !
o 8 B g

!

ignoring internal detector noise.
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Internal Dotector Noise Contribution -- The rms internal detecter noise
m\age per raot cycle at the outpat, v g can be referred to the input power
by responsivity as

sy VAT
P,= uff.._.n..._._ri- (14)
where R is the detector responsivity, and v, it the spectral voltage density.
It is readily apparent from equation 113) that qhe photon rms noise voltage at
the output of detector. 'ug 1S given

% 4 N r { £l « P -
'y R Yaho At SRyl Paie (15)
and the total noise is grven by
1
K
— ~, 2]"
i AR D ogn e ooy - Yd
ks l/’J—;‘E Y 113 i 4h 4 OPS } H‘ g 4 ;—l?)-' Vaf (16)
8

where use was made of
A e ¥
n 2

for 6-dh/octave rolloff. Referring v toinput power by dividing by R and
substituting 1n equation (133 in place 47 the photon noize yvields

= g O
S/IN - =
~y 2
R
4hyl(- P +pP Y- =+ A (17)
\l 0 8 B g 2R§ J

v

However. the responsivity can be wrirten

-1

R = r(PS*PB)




for BLIP detectrrs yielding

s g o
SIN =
/| 2
' S "y “
h,ft P o+ P )" - ~ P o+ P ‘
R LR Ul EUNNGL
L -

It v a ig thermal notse 1t will also be proportional 1o (P ¢ PB)'I/Q.

However, the hmiting notse may be preamohifier noise which will be a com-
plicated function of (P, » PRl since the detector resistance changes inversely
with (P + Pn) in BLIP detectors. The ~elative contribution of 1/1 noise may

vary with (Pg ¢« Pp) since the crossover frequency will vary.,  Therefore, for

a first ‘bbromma?m 1 the deteotar norse voltiage Vg will be assumed to varv as
(Py + Py "H2 (thermal norse himited)  or

FREIE STE DRI
d o « 1 i
and
A
= -
o~ - (19)
1T =U
y (4h sk V(- P P af -
n s g
g
where
~ u("
kd -7 {watte/H7) and “eT o e

with "o the electrenic efficiency and = _ the svstem efficiency.

These are two possible definitions for the noise equivalent power (NEP)
of a svstem which are: (1) that power incident upon a detector which gives
rise te a peak-signal-voltage-to- rmes-noise-voltage ratio at the output of unity,
and (b) the NEP is the incident vower divided by the measured peak-signal-
voltage-to-rms-voltage ratio due to ‘he inci ident power. Both definitions
yvield the same result as long as the nuvise is indevendent of incident signal
power. 1.e., PR >> Pq

L

From equation (19) the NEP as defined in ) vields

UNCLASSIFIED
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-1

\g 5. = - " -I - } “
NEP - \ﬁqr~+kd)<-ops+p8) atn, ") (20)

whereas the NEP defined 1n{a)1s given by

(4hy + k) Af P 2
4hvy kd Af 4 B"gﬂ'e
NEP - 1401+

X1 199

(21)

2

"o "g'-o (4hv+ kd)Af

and i1t can be seen that in the himiting cases of

h,»>> k, and hv>>l’q

d

. 4hsAf
NEP >» —_ (22)

€ g o0

2 } f 4
IB>> Ka Af and | ”>>h.}.§f

\/nrapnar* .o
NEP > _F o (23)

e

and

kd >> hvy and de f >> PB

def
NEP>> —

(24)
g

which are the appropriate limits.
Wh~reas «-juation (20) vields the li aits

W >>k, and hvAf>>P

d

-
4hvt P Af~ °
cepas VAo PO

- |

s

B

which in the limit PS - 0 hecomes NEP~ 0

l
|

154

UNCLASSIFIED




SRR T

b
in >> kd Af and Pi

> > hyaf

“,/-;h,i! IR
NEP > >

F)

There 1s no himiting condition for

which 15 independent of PB and P

Theretfore, the correct defimtion for NEP is {(3) above as expressed in
equation (20) and yields an NEP independent of sigral level. With this defi-
nitton of NEP the peak-sigral-voltage-to-rms-noise-voltage ratio 1s given by

11/2
)
"
4hy + k ) Af
SIN '\./- s 3 (25)
NEP - ’2 p
] 2
(S/N)? (4h,+ k ) Af |

which represents a quartic equation for S/N. Equation (19) is the proper
equation to compute S/N with easc. Equation (25) illustrates the fact that the
concept of NEP 1s not very useful except under the limiting conditions

PB >> (4hy + kd) Af

which yields

A
n

S/\' ———
NEP
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i

and

PB <<(4hy + kd) Af

which yields
P
S = - A\ 0 s
SN NED

All the other noise equivalent system parameters such as NER, NEFD,
NET, etc.. are directly related to NEP by system parameters. Therefore.
the above comments concerning NEP apply to them equally well.

Probability of Detection and ' alse-Alurm Rate -- In the above derivation for
S/N. the noise was computed with signal Loesent and s directly applicable to
probability of detutxon of the signal. However. the S/N to be used for de-
termination of faise=alarm rate rcquuc~ the calculation of the noise in the
absence of sxqml Hence. the two 8N

(S/N)
p

o
\[H)J k )(I’ * I’n) Af"g

and

- )")

8 S

(SINY =
tﬂ / _

+ | 2 -
’\J(-ﬂw kd) I R Af p

>

are equal only in the limit P‘:/PB >>0.

Detection mechanisms and a detailed comparison hetween germanium and
itgCd, Te detectors are found in section 4. 3.
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4.6.3 System Tradeoff

Starting with equation (19) 1n section 4.6.2

I w
g8
., - § -1
S/N hy K)o P +P) A~ 9
IN- Ve oK) e P P s : (o
and using the assumption that the internal detector noise 15 neghmble
(4h ) > >k ) and the eapression foe D of & photoconductive detector 1s
ta ~
by (26)

whepe 0 15 the sigasl photon flus and .s,, 15 the had kground photon flux. An
expressfon for S/N interms of D y van Uhe determined. viz

S/ : (27)

Vian A,

where .-\{, 1= the detector area.
&

While »quation {27Vas correct for the noise-in-the-signal-limited case
it cannot be scoled direstly =since the D y 1s also a function of P_. There-
fore, this ('\‘pr’t‘C‘éiO'} was used to determine the S/N for 3 pnr.lculdr P and

caling 1= performed by the expression
[ P

s
To analvze the svstem. eguation (27) must he evaluated.

The svstem efficiency e is composed of the chopping efficiency preamplifier
noise and other svstem ~ loszes not including optics.

The power from the instantaneous field of view fallirg on the detector P_as
equal to 8

P_o-N, “av- A (29)

n
Q
Q
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where

The
(28) and

Equation

-
b

Ny

radiance from target (wat(/cmz-ster-micron)

113

i

solid instantaneous field of view {ster)
= gpectral bandwidth (microns)
= optical transmission (percent)

- 2
area of entrance pupil (em™)

D7, term 18 defined by equation (26). Thus substituting equations
(26} into equation (27) gives

~ Ny T AN 7 AT

b

SIN
)

2hy [M Ad ¢~0 J% + "'B)] 12

(30) can now be evaluated using the following system pararaeters:
S ﬂ/vn = 0. ll‘iy(seu Table 20)
= See Appendix A
1.5 mr (horizontal) by 0.5 mr {vert)
= See Table 20
= See Table 20
5 in. diameter, {3
= 501 for (Hg.C)Te = 15%for doped germanium
= C/\
= 2.008 x 10'% micron/sec
= 4.5 to 25 microns
= 6.77 Hz
= 22.5 bv 7.5 mils
= PSH’N (see Appendix A)

= Nepgligible Js >> T

B

0 9 B {30V

AN
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Figure 87 shows the solution to equation (30) for the required radiance

Notice 1n the figure that only the 4.5- 10 5.0 micron band has a 8/N=10; :
the rest of the bands exceed this reguirement, Some system tradeoff factors

exist with wiich to optimize sensor design. Yor exampie, the aperture diameter

ig set by the s:ze of the vehicle and the baffling technmque. The width of the :
gpectral bands are set by the aspect ratio of the detector and the mono-

chrometer design. Thus, the only variables which can he traded are the

bandwidth (&Y and the resolution. Of these twe parameters. the more

important seems 1o be the bandwidth. The present deiign BCans at a 1 ate of

13.45 resolution elements per s ond {13.45 x5 x 107" rad” - 6.725 milli-
padians/sec). A faster sCan time may ¢ desired, and the scding of the S/N

with bandwitdth 15 = follow s° ’

- )
N |new ( N
Ioorig

Appendix A shows the =/N as a function of tangent herght for all spectral bands
except the 4.5 to 3. 0-aurron e These Onrves were grnerated using only
the 0-. 90 and 115 -km tangent heights and the required radiance level (de-
noted on the figures by o 4"y, The curves show that when measuring the hmb
of the earth the SfN exceeds a value of 10/1 from tengent heights of from

#0 km to an average of about 100 um,

values.

(SR

orig
{ 4

S e w

i
eeesar

4.7 OPTICAL DESIGN

4.7.1 General Design

The optical design s hased primarily on the need for extreme attenuation
of unwanted earth radiation when the earth e close to the optical axig. ‘Thus
there 18 a requirement for haifling specially designed for this particular appli-
cation. Furthermore. the choice of configuration and material ie governed
primarily by the requirement for low ccattering.

In the case of the optical system. the ohiective system 18 of maior im-
portance 1n achieving 2n acceptahle background level. For this reason, 3 gingle
elemant vhich minimizes surface defe.*= is selected ac the objective system.
The narrow field requirement of 1.5 mr x 0.5 mr is compatible with this ap-
proach. The ohjective element is a parabohic reflactor offset from its optical
axis to avoid interference nf the primary 1mage and tne incoming radiation.
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A field stop covering the 1.5 x 0, 5 mr field is located in the primary imags
plane. Part of this stop includes a specially designed baffle to trap the earth
image radiation. Following the field stop the primary radiation is relayed to
the monochromator by two parabolic reflectors also offset from their optical
axes to avoid interference from the primar-y 'mage of the earth. A Lyox stop
is located between the relay reflectors in the plane of the image of the objec-
tive element.

The obtective element and the first reflector of the relay have a common
optical axis, which 1s parallel to. but displaced from, that of the second relsy
element.

The optical parameters are summarized as follows:

° Field of view 1. 5 mr (horizontal) x
0, 5 mr (vertical)

® Obtective aperture iameter 5.0 1n.

® Fooal length obiective 15.0n.

e Fooral length svstem .4 n.

® f/number 1.5

® Primary field stop 22,5 x 7.5 mils

While the f/number of the abiective 15 3, the mirrors are working actually
at lower f-values due to the axi= offset. The system 18 working at approxi-
mately {/1, nevertheless. {ar the narrow-angle coverage required. the reso-

lution is quite satisfactory.

The image quality of thic optical svstem 1s himited primarily by coma
introduced by the last parabolic reflection. which from an aberration stand-
point is working at {/1. The point image blurg to approximately 0.0021 in.
beyond the horizontal detector edge. due escentially to coma. Thig cor-
responds to approximately 1/3 mr. Blurring at the vertical edge, in the
vertical direction. would be approximately 1/12 mr.

The optical-mechanical design will be specifically configured to be in~
figure and in-focus at the cryogenic temperature of the instrument.

Ray tracing and spot diagrams based on the above parameters will be
supplied when available as further verification of the proposed design.

A simplified optical layout is 1llustrated in Figure 88.
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Figure 85 Simplhified Optical Svstem Schematic

4.7.2 Optical Mater: sl

The selection of 2 proper materal for the reflective optics was arrived
s at through tradeo!” among opticsl. steuctural and thermal requirements,
all ¢f which were of prime unportance.

The subsectinn on = attering (4.5.1) delineated the need for a Jow-
scattering mirror surface ¢ mimimize the off-axis strasy radiation. Based on
the qualitative testing discussea, guarts substrate provided the possibility
for the lowest <c3ttepring characteristics with bervlhium, aluminum and
stainless steel ¢lose behind 1n relative value. However, the thermal require-
ments for the system dictate the need for optice substrate made from a material
with the same thermal characteristics as “he basic ingtrument structure, The
only way to achieve this thermal compatibility is through the use of external
thermal compensating svstems or through the use of materials which are iden-
tical. Because of the requirements of the instrument in terms of si1ze. space,
weight. and basic optical decign (such as the use of off-axis paraboloidal
sections., maximum depth of telescope to aperture, etc.), thermal compen-
sation svstems would appear to present many difficulties. As a result, it was
decided to select a mirror material identical to that of the :tructure which
containe it.

Structural characteristics were examined in detail. and. {rom testing,

aluminum and bervllium bv virtue of their dencities became the prime mirror
and structure candidates,
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Beryllium i1s anisotroprc in that the z-axis does not thermally behave as
the x and y axis. Altough Speedring Co. matntaine that beryllium, if properly
cast using their powdered metallurgy techmque, will exinbit anisotropic charac-
teristics sufficiently small that noatoleratle misalignment would exist at
operating temperatures (10 1o 207K}, alumirum does not have this anigotropic =
charactermstic, and sheet, rod. and castings are readily obtainable. As a
consequence, aluminum is recommended throughout.  The cold-body radiometer
that the Rad:ation Center 15 building vn & Honevwell-funded development pro-
gram has a 6061 aluninum primary CYEND) with a corresponding aluminum
structure

4.8 SPECTHAL CHARACTE
MONOCHROMATOR DF

UISTICS AN
ok i

i
} A\‘!! £

eiabet

Fhe spectral separalion antd e i orete o tion reguirements of the
tastryment notate the gse o o Frat le s prating menochromator
ndd inte rferenee Tilte ity jete o 5 brection. the arguments ;
supparting this bu 1 s g et iinal desipn for the mono- ‘
e oator 18 desopibed i
N coppparisoa o the 31fle Ui ¢ spectral separation 1§ oon
tatne:l in Table 21 Notioe e 2 t00 31 speotral scanning methods are

eliminated heoatse of the Ligh —enstivity required in the limited time available
for scanning Since spectrum scanning nethods are $ifficult, each individual .
apectral channel must hase its awn e $

-

teotar The remaining nonscanning
instruments are ruled out cssentially becagse of the crorstalk (rejection ratio)
hetween adiacent channels I'he proposed sclution s a combination of the
grating monochromator and sadisidast anterference hilters on each channel

4.8 1 I'rﬁ_pweze-l Monochromator

OFf the various grating monos hromaios the pritne candidate 18 38 double
grating monochromator with one grating ng ured over the 4 5- to 8.3-
micron region and the other geating heing ueed over the G.3- to 18-micron
region. The 19 to 23-micron channel is =pht off by 5 dichroic reflection.
Figures 89 and 90 show the energy eff qency for these two gratings which are
blazed at the optimum wavelengths of 5.6 and 12 microns respectively. To
achieve dispersion such that the minimum-s17¢ detector is used ir. the nar-
rowest spectral channel. a f-in “c. al length monochromator requires only &
fairly coarse grating -- nmine and =ix lines per millimeter respectively. This
is advantageous hecanse such coarse gratings are not rephcas but are ruled
directly on an aluminum or magnesium substrate  This assures cryogenic .
survivahility. The resolving power of these monochromators 18 only 30, g0
the theoretical limit of resolution requires gratings of only 30 lines total. A
grating 1.5 in. wide surpasses the theoretical limit by 12 times. This rero-
h:xtion capability can be traded off to let the monachromator operate at a low
fiaumber
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Several monochromator designs are pessible within the constraints of a
6-inch focal length and op- .tion at /3. The nominal design of 4 side-by-
side off-plane Littrow 1s described as follows. A single collimating mirror
fills two side-by -side gratings placed at ungles such that the focal planes
occur on either side of the field stop. The collimating mirror produces a
beam dissection resulting in 5 50% energy loss. This is overcompensated by
making the field stop (and entrance slit) rectangular 1n the direction parallel
to the earth's horizon with an aspect ratio of 3:1.  The direction of dispersion
15 perpendicular to the long anis of the field stop. The focual plane of the 9,3~
to 19-micron monocnramator subtends an angle of abproximately 2 deg to the
collimator. As u result of off-avis aberrations. a certain amount »f spectral
smearing (spectral streay hght) securs Preliminary  cualealations indicite
that, for o classical Lattror with pursbobie coliimator, the worst- case
spectral strav hight (1710 18-microen channel) will be in the order of 2 to 5€
The spectral strav hignras less in the »enianming channels since their off-axis
angles are smaller. Several vartgions on this design show promise of
reductng the worst-case spectral <tray hight considerably.  However, to en-
sure reduction of steav-irght interference, filters are provided over each
channel. The 1‘!4‘111 wiof the flter can reduce the stray hight by 103, thus

ensuring the integrity of obacent channels

An adaitional requirement of 5 oerating monochromator is that the grating
ruled area must be square and must be Cled with hight from a circular
primary. This means thid o small _mmount of vlgnmtmg must occur. The
optimum compromise v'--~u"~ in 159 vignetting loss, as shownan F 1gure 91.
The gratings are not quite Oiled by the primary, and & small amount of the
primary ig not seen by the gratings If the circular srea of the primary is
circumscribed by the greating area, o loss of spectral resolution occurs, hut
no loss of energy occurs. I the grating boundary is circumecribed by the
primary boundary, there 18 no locs of resolution but o large lors of energy.

This I'\": a'lgm‘:tmc Ins= together with the grating efficiencies cre used
in the senstavity anaivsis which follows. jt should be noted that, in spite of
these necessary lnsses, the net signal-to-noice ratios are greater than can
he achieved hy the other methords of spectral separation: and, in addition.
it minimizses the problem of rerecting light scattered by the primary optics.

Figure 92 is 5 plan of the detector array in the final image plane of the
monochromator,
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4.8.2 Spectral Separstion Traded offs

(3) The first major decision to be made was whether 1o usge a spectrum-
scapning 1n=trument with a single cetector or a dispersing instrument with
an array of tndividual - tectors. each sensitive 1o a particular spectral
bund., Because of the sensitivity required 0 the tune available for scanmng,
conventional scanmag instruments can be ruled out . To aclieve a spectral
resolution of 0.2 micron from 4.5 1o 5.3 microns and a =esolution of 0.3
micron from % to 18 microns . e effective number of spectral resolution

clements 15 53, ln compamson (0 5 gonpecanming inStrument, o rotating cie-
eulae vartablbe flter or scanning monociaromator would have a 53 times wider
bandwidth. 53 tirnes lens signal a3nd 33 times more norse. The net result
13 5 lass of & factor of 5% 10 aignal~ta-noise ratic. This s s fundimental
Limetation occgering even f e sere ghle 1a obtain the iigher D¥ detectors
('1;}{)r(}v;1'v1 ;[0_-‘:, ‘;ﬂ!: ¥ o« rer B 142 =27 which would la allowed i)) the lower
gan} Ylux The tmability 1o sehiievi these ° v=aloes resulte in o further
g!e-;fr.:'.,.mun of sipnad -to-noise rat

(1) specteym =canning id ataos b mplished with & Michelson-s Fourier
interferamete s ahch has anly the bandsidth imitaion The loss in signal
by niprse patyo aoubd b s The Vourer itericrometer 15 precluded
however by the Ingh nonpuips ~esolulion reguirenidnt of ‘he ngtrument  The
combination of apertyre # sl modid angle 44 T owill ot G the optics of

b rame Lgal e 2 sl R § oo s

(1) Sinve specteagm aning rmethets zrec euled oul, easvh ondividual spectral
ehanne! must have 112 aan detosdtane There mee severa] ways of sccomblishing
gbix, a8 thasussed an the fellnsing pardgraphs
dividual Filieced [wecior (=Y inrhe proposes divigoon of the IR imb
,w CTrum there are D0 b e w2y ta ubhize anandividually (iltered
({ﬂ:e tor arcas IS theahsh d5e s f gramorplne oplics,. The gvatem would
g

contmn a square Held 2op and an snamorph ¢ oplical element {euch as 3
torotdal mirrac) o produce a rectanguiar tmage nf the field top on the
sloment drray. Fach detnctar 1n the array hag ite own =pectrad filter. AN

20 sdntectors waiid he the same 53 B

.

! ze . bBut the individusl ricteciners wauld
recsive anly 1720 of the tatal ereepy svmlable,  The degradation in signal-in-
noise ratio s 25 presuming the getectsr s signal-photon-noige-Jimited at
that signal level (D7 2 1aldg

{[“ .iuh,h.. '“"ﬁt‘}“-"'-\ X Oy ;“_,u.«;- 35 he ave reome ¢ 1h,\ 'e‘f;;’_i',h “1‘ the
i ! &

gystem field wtop is incroased 2% Smaee. The field of view to the Jlimb

hecomes 0.3 rirad vortioalle and 14,5 mrad horizontally  The advantages

of thie appross® are simplicity and agh rfliciency. The msadvantape 18

P‘rmz:arzlv that of inefficinnt strav ight re:ection Light vhich is crafiered

hy the primary can find 1*8 waxv o the detectors through a 29-fnid grester

¥
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field stop area. However. diffracted light from the earth should not be any
greater since the field stop was increased i1n the direction parallel to the
earth's horizon Since the primary 1s being used approxnmately 1/2 deg off-
axis, the aberrations (chiefly coma) at the edges of the field of view would be
increased This could be partially cocommodated if the spectrual bands of
least interest are Jocated at the ends of the arrav. A more severe problem
18 that of practical detector and Glter size limitations In an /3 system

the detector and filter sizes would be approximately 10 mils (0.010 in. ).
This i# beyond the state of the art in filters. but the effective {/number at
the filter o ould be increased to perhaps /10, The filter size would then be
33 mils, and the total focal plase Cize would be approximately 1.00 in. This
makes the optics ifficult to package. but such an arrangement 18 not an
impractical solution to the problers of spectral separation  In comparieon
to the recormnmendsd method this method of using individual cells and
gep.rate filters has about the same optical »ficiency and greater simplicity
but seatteeed stray Hght has been tnorcazed by g factor of 39,

Stationary Circular Yariable Falter -- Another way of individually filtering
the detectars [5 throuph the ure of o stationary cireular variable filter. The

wavelenygth gradients around sroular vartable filter can be made steep
enough {w.ds wavelength range u hart distance) so that an effective 0.2-
micran wide wavelength passband urs over & 10-ml distance. Thig is a

practical wav of obtatning the small-=ize filters that are required  The dis
advantage 13 more subtle. The pradient must be chogen as 0.2 micron per
10 mils of arc distance 1n order 10 accommodate the narrowest gpectral
channel with the amallest-s17e detectar  The widest spectral channel how-
ever 15 0 7 mi ron. and the corresponding detector would be 40 mile wide.
The property of o creular variable filter however ;& that, as the slit width
i increased mare Hffecent wavelengthe sre passed. but no more iight is

I

gained at 3 gmiven wavelength One ens the long detectaor seeE one waves
length, and the others ond of the detector sees only another vavelength,
This meansg. 1 our example  that the e tvr transmission of the channel
hasg heen degraded by a factor of 3 5 The «tatjonary circular vormable
filter therefors only avarcomes the practical probiem of obtaining small-
gize detectors Thiz 13 at the expense of signal-to-noree rabio in the wider
spectral passbhands It also requires an even sader slightly curved field
atop the sapect ratio being 52 ta ore. The corresponding off-axig angle

of the primary parabala 15 nearly | deg,

4.8 3 Monochromator Tradeaffs

When a detecior aresy 12 placed at the facz]l point of 5 monochromator
the individual detaciors act ac the ffective exit clit of the gyvstem. Since
the 20 apectral channele in the scanner do nat all have the same spectral
handpasa, trosze detector sizes are 211 different. The optimum transmiesion
of a moanochramator occurs when the entrance glite and the exit glite are the
same size optically, There is no advantage to having an ext glit smaller
than the entrance =11t Lbecause no hetter spectral recolution is achizved. and

there is 5 farge net lrcs in svstem sensitivity. The detector =ize ig a function

of monochromator dispersion and spectral bandpass at the wavelength of
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interest. The smallest detector 15 used for the channel in winch the product
of snectral bandpass and monochromator dispersion 18 a minimum. All other
detectors are then larger  The monochromator should be designed such that,
over wide wavelength regions. this product does not change appreciably,

Prism mocochromators can be “mmediately ruled out on several counts:

@ Inspersions are not hnear with wavelength. This means that
the aspect ratio of the detectors changes h\ a .arge amount
when i p:‘?:.:.!.i 15 used over a wide w d\'(‘]t‘ngﬂl range

e The materials are temperature sensitive, as are both re-
ractive index and dispersion. This !em;wrmure dependence
fBstarbs the wavelenpth himits of the channels

. Hefractize indey gnd diapersion data are not available for
prizm matesia s ryopenis temperalures
L Most materials useful orer the wavelength range of interest

1
sees affectesd by gumospher:c water vapor.  This hygroscopic
1

henavior campounds the fabrication and handling problems

Diffraction gra 0xrg monaiboamators have the advantage of temperature
and environme .1!" statality linear dizpersron with wavelength and ready
t

availabihity invhe dearred apestral -ange The grating gpacing chanpes 1in o
predictable fashion aith the rxpansien and contraction of the substrate, and
this can be accammodated 0 the designs of 5 cryogenie pratvng monochromator,

The grating blase can be sroso that the effective transmesion (pratiop
effictency) eomplements the desired sensiiivity an the various gpectral chaunels,
Their sole hizadvantage that snple gratyng can be uged 1 the (irst order
only over a wavelnngth rangs fasproximately 2,501,

(me canduvdate grating moncchromatnr consigte of 4 single-plane prating
ysed 1p hoth the fipst an ooy ~ders simultaneouxly. 1 the grating 1
blaze:d in the first ardeor 50 11 myorons, this grating blare covere the wave-
length rangs of intorrs’ w=ith optimum efficiency. However. there ig a
prohlem of arder overlap with 2uck 5 monochromator. The sec ond order
Lies on top of the fir2t order &0 that arder sorting 18 necesgsary.  Thie could
be accomplished cath anxiliasy Nilters, or with Honevwell candwich detectors
or hy the method of vertical sorting with a eecondary low digpereion
operating perpendicular to the main grating. Thie added romplexity »f order
gorting makes this methad unattractive. The primary dieadvantage however
is that the deptectars have as unsoeldy aspect ratio. The dispersion in the
spcond nrder ix twice that in the first order. The minimum-rize detector
accommadates the narroxest spestral channel in the second order Thig
means that the wider spectral hands in the first order cover a disprorortion-
ately long distanc in the focal plane. Detectors with BLIP properties hav. g
these aspert ratio? have ve! to be demonstrated.
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4.8 STRUCTLURAL DESIGN

The spectruradiomieter for s spphication s butlt up from s basic optical
housing 10 which ts ounted the prisarn mirroers, two relay paraboloids and
a mmwchro.},awr Systern. Baffles acd the (ryvogento storage tanks are fixed

d deck which, mturn, is attached 1o the housing and the radiometer split
out@r skifi, Two end covers vonmplete the radiotneter subassembly . A radia-
tion shield encircles the radioy eter stbhassembly and s tself encircled by
an outer shell 16 wnich is attacied the cand-owt crvopemic cooling components,
The aplit raditorseter suter satn, e radiation \'h‘t‘hi, and the omter shell are
separated by thermal solat r3. biealhy, e radwanion shield and the outer
shell are Feparated Ly svperiassiation

4.4 1 Ontical lious g arel Sirrors
P DA el v are
Fhe opticol housing and e mire arec made 1rem osst! aluminem,  The
matertal haa o high streabeto-weight ratio and extilits guond stability over
the thermal recuryian s atise?h 30 will te ngtooea

vk Uniformaty, of contraction
i expested throupnou?, a0 a marunot rradient of jess than 3 K between sny
pinnt on the houatny and the mirrars. hireol earth radintion 's unpinging
upon toe prpmary anid the worst gradients are eagected at this location, How-
1 baetis ety expected a4 the 10 K operating temperature s
still sufficient 10 umifori=ix disirisun -:!»:- sonutforin Leat loading. 11 s,
tevefors, a thermal heat 810k pratierr winch s solved by copper {oil siraps
.- e crvopensc sank reservoirs. This copper
fodl technigue 12 ~ieployed for Leat sinking all mirrors saq the arating. The
¥

¥

=

gvar, the tharimal cof
H 3

-

1 IREG £ TR g rnap el e

™
ia

lerar conteaction -F 5 gir attival housing and the figure of the mirrors
have a 1 o s et e 3 snsarang alignment and rigthity thiroughoyt
tha cexpected covip ritenital ego v

Tho ylea| omscg ars afnitesd e the anticnl hoursiog with holte,  The bholt

circle 18 rontaine! withn 3, ange, drtented ool that no gtress rigers

can possibly it

4.9.2 dadiation Shield and 2 rer Skir

Because of the tharmal leading and the radiometer svsten requirement
to operate at 10 0 207K, a radiation shieid s reqguir rd between the outer ekin
and the radiomete

DTON

prooer. The radiation =*nrH wiii e 8t a temrperature of

Y

er
0K, The outer :'\':"r wili be At I00°K.  The radistion shield and the outer

4 aluminem and strengthened by rings to support the -
atm~  here differential pressure at jaunch. There is a further requirement
of & .erinsulation between *he radiation shield and the outer skin, ¢ rvogenic
tubing and supercritical heluum cerforms dw coaling function reguired at the
{f the complete svstem posmh]e, the

SKipr are fabricate

radiation ihmld. o vake the acsgsembly




radiation shield and the outer skin provide for separate assembly of the thermal
tsolators discussed o

¥ ey P 11F Pt R
Wit DXl sllsed 10

4.9.3 Mechanical, Tnermaliy isclated, Support System

10 support the radiometer witnin the orvogenically cooled syvstem, s
mounting tecrnigue must | tich will act as a thermal solstor, and
provisions must be nade for the chanpe in the inner package dunensions when
the package 18 cooled dowrn owddition, the isolator must withstand the mech-

anical loadings during the [sun b of e raket  To accomplish this, a8 com-

oromise must be worsed twern the thermal and the mechames! requirements,
Fhe ervogest heat transfer regquitenents are 050 watt from the radiom-
eter to the radiation stheld sl 5 wonls fron the ratiation shield (o the outer
vessel fherpe 15 als EEt atu? st the Lottt of the radiometer which wall
'3 *

abigorh the heal (ransferre Lrougt the srsopento inlet piping and the axial
hrust susparts 0t e rasdiiat etery
Pt

Because of the Iarge varial tetaperatere between the inner and outer
vedseld the inner vease E the radiometer will shrink by 0,045 10,
when the yrt o5 fedd diow = radig! =tofd distmeter 15 also reduced
by a sunilar ameant Eef=tn the radia] mechsmiesl supports must he
degipghed {0 arcommaedate ¢ ‘ e varistion withoul csusing large
SLress INcreanss i 2 etots fae assurnie that there will be eight radial
mechanical suppor? s'at; - r al the front and four at the rear, there
must be two thermally isodate ] support {see Figure 53) per station to mini-
mize the heat transfer {=S= oport rust e capoble of withstanding vibration
and gshook adhwag duriag jaune?

- =¥ vOOdkIN RAGHER
\'l

38 At \

INVEE SHIF 1 ey

BATHAT ) ™
SHIFT

- W ¥ =i

PETEE A WA b /

Figure 93  Rad:smeter Support Pointe
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In a paper by R. P. Mikesell ard R.B. Scott (Ref, 1u), 1t was shown that ’

3/8-in. diameter pyrex glass balls are excellent thermal 1solators and can

support loads of greater than 2000 lbs per ball. (It 15 of interest to note that

HRC has used a pyrex ball support in the collar developed for the Nightscope
Prograr. ‘1.« device was mounted to a rifle and has successfully withstood

the shock of many hirings. ) it will be necessary to lumit the load to less than

the maximurm {or each ball and to provide a means to preload the balls over

the dimensional variations caused by temperature effects. This can be done

by preloading each ball with a belleville spring washer {see Figure 93).

‘The belleville spring washer 15 simdar to a flat washer but made of high-
strength steel and deformed 1nto a shallow conical form. Because of its non-
linear spring characteristics, heavy loads can be applied 1o this spring with
sma!l deflectior.s, and when mouerate 1o heavy loads are applied small changes ;
in deflection muy not create large variations in the load. Therefore, by using
well designed supports atilizing the spring shrinkage of the inner vesse will
not cause a noticeable reduction of the preload. A lond deflection curve for
this spring 18 shown in Figure 94,

It should be noted that there 1s a variahle-spring constunt related with the
I

deflection, or -
4p
¥x® K .

where K, the spring constant, is noniinear and tends 1o decrease with increases
in deflection. Bv proper design ‘echnigques, the low gpring constants asrociated
with the preload deflections can be used to vibrationally izojate the inner pack-
age {rom the higher radial, vibrational, inputs of the outer vesgsel during the
launch period, The vibration model for this svetem 18 that of a two mass,

two spring svystem with the vibration input into the first spring,

My is the radiation shield and 3 is the radiometer. The laws of motion
for this svstem are
\ll.\l*hif\l ‘I\.z(‘.\l ~-X.3 = K. M

..\12 )\2*!\2 (T\'z-f\l) = 0

This pair of simultaneous equations can he solved for the amplituden of the
radiometer and the radiation shield in the radial direction. The maximum
amplitude will be obtained at a low frequency which may require soft snubbers
if it is shown that *he clearances are used up in deflecting the springs. High-
frequency vibrations will be attenuated rapidly and will have little effect on

the radiometer. It should be noted that each outer ball support is grooved in
the axial direction. This has been done to provide no resistance to the axial
shrinkage of the radiometer. Therefore, all axial 1.,ads will have to be resisted

1
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by the axial supports at the bottom of the radiometer, Rotational loads will
be resisted primarily by the radial supports with some aid from the axial
SuppoOrts,

A tripod support at the lower end of the radiometer will resist axial thrust,
To reduce heat transfer 10 8 minumum while still providing a rigid structure,
a three-gtage support 18 regquired, The first stage 18 & heat station mounted
on 3/8 in. diameter stainless stecl tubes. This will support the radiation
shield through three stainless steel standoffs which are not directly fastened
to the heat station, A jong central tension member serves 1o preload the stand-
offs on the heat stativo

Heat transfer through this rod s reduced by making 1t as long as passible
which, in turn, allows a greater diameter and thus & high resistance to axial
tensile loading

Because of the vxtremedy small hoac-iransfer requirements between the
radiometer and the radiation shicld, the pyrex ball mounts must also be used
in the third axial stage.  hese balls (three bells ure used) will be preloaded
by small-diameter, high-stresgth tensile memnbers,  The balls will resist the
thrust loads, leaving the vibrational Joads acting primarily on the tension rods,
Type 410 stainless atee] {or some other high- streamh orvogenic material) with
A vield strength of more than 1040, 000 psy wil! be ysed for these rods which will
have a chameter of approxirmatels 0 080 3. each. This will provide 8 total
cross sectional resistance of 0,018 0. which, with a clamping load of 70% of
the vield strength of *he roda, wili prejoad the balls with 5 force of 1 800 1bs
or 600 ibg each. This ahould be safficient 10 rerigt vibration loadings from
the acceleration {orces without attaiming sufficient magnitude to exceed the
preload. Radial motion will not be sulficient to cause a combined ptress
exceeding the vield strength of these membiors,

The low temperature experienced by the inner giructural members will
increase their strength which, bv the use of proper design techniques, will
withstand the environmental and temperature stress induced into the radiom-
eter package,

4. 10 CRYOGENIC SYSTEM DESIGN

The svstem proposed uses suparcritical melium gas as a single cryogen
for detectors and optics. Figure &5 illustrates schematically the nroposed
svstem.

The following criteria were used in establigshing this desgign:

® Heat loss of 8 watts from container to radiation shield,
preflight
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o 3 watts additional heat loss during flipht due to earth .
radiation into the entrance aperture

Ground hold time of up io 2 hrs
Fiignt time of 20 min

50 mw from chopper energy dissipation requirements

The storage container voluine required is approximately 5 cubic diameters
(dm3), piving 623g of [.He,

The LLHe is transferred into the storage cantainer in the liquid state at
1 atm in all cases, f the vent hine were simply plugged from that point (with
no venting relief) the helium would absorb 473/¢ at 10°K and reach a pressure
of 29 atm, requiring a heavy-walled storage container, Such a supercritical
helivin svstem is impractical for this apphication,  Instead, the helium is
vented at a predetermined pressure level and provides the advantape over
liquid (gas systems) of heat absorption throupgh cold-gas shielding,

To assigt in the visualization of the stored helium thermodyvnamics, Fig-
ure 96 presents three temperature-entropy (-S) giagrams that are simplified
to show the desired features. ‘The data are computed from these diagrams -
and from NB3 tabular data on the thermodvnamic propert.es of heliuni, The
boundary cenditions are the contents of the storage container with heating
incident thereto (0, 4 watt), and temperatures up to 77, whichever is reached .
first. [n the case of the heoiling liquid heliwin, Figure 96, the energy absorbed
by the gas venting from the container is not evaluated, 1t is recognized that
this boundary condition ts arbitrary because the design will utilize the refrig-
eration energy of the cold gas. In the upper diagram, A, the cnthalpy gained
is just that of the heat of vaporization of the liquid helium, from point 1 to 2.
[f the helium vent is closed off at some time after the filling of the storage
container with l.He and allowed to pressurize to 3 atm, then the thermodynamic
process follows the patn 1-3-4, in the middle diagram. No venting of helium
takes place in the path 1-3, but when the container pressure reaches 3 atm,
venting will occur along the path 3-4. 1t can be noted that the storage con-
tainer temperature is rising during this entire process. 1n the bottom diagram,
C, a similar process takes place but at a pressure of 5 atm,

Supercritical helium thermodvnamic properties vary over a wide range
in the region im mediately above the critical point. The specific heat capacity,
C,, and thermal conductivity, \, reach very high values in this very narrow
z0ne, and the closer a system can operate to the critical point the higher the
values become, From the T-S diagrams, for example, the "flattening'" of
the isobar lines just auove the critical point will readily let one chserve the
sudden ‘ncrease of Cr. This tyvpe of thermodynamic operation is not done
without some problems, though. The immediate supercritical region is not
too well explored, and thermodynamic oscillations and instabilities can occur,
yviel”ing temperature and pressure fluctuations that compound thermal and
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mechanical design problems. Some of the fluctuations can be damped out by
taking advantage of acoustic damping priuciples

The next question deals with the length of time that the storage container
takes to pressurize, following the inminial filling of LHe, Computations have
been made 1o determine the useful time of refrigeration as a function of the
percentage of ligquid fill 1n the storapge container at the tinie pressurization
gtarts, The graohcal results are snoan 10 pigure 97 for pressurization levels
of 3 atm and 5 atmn with a l-awm free boihing refercm ¢ line. The boundary
conditicrs ire a volumie of 5 dmd, a heat ivad of 0.4 watt, and an imtial 100%
fill., It can be seen that a fully 1 »am i free-boding !.elmm container wtll have
a useful refrigeration tume of about © nrs, while the 3-atin case may reach
nearly 11 hrd, depending on the time of the pressurization.  Five-atm opera-
tton shows an (rcreasing operating tirne as the houd Nl decreases,

The reguits shown n Figure 98 assy that, during the tinie required for
the container to reach gregsure, there s no venting of helium gas through the
radiometer and the radiation shield,  Presuming that the imtial filling opera-
tion was c¢onducted slowlv 23 that e resuluing pas flow cools the shields,
thig cutoff of venting yas uuring pressurization will allow these parts to warm
up again and substantnialiv increase the heat load on the starage contamner, 1t
becomes ugeful 1o kntow how long 1t would take for o contuner to reach its
venting pressure.  Figure 99 1llustrates thie uime factor, showing for the
3 atm case, that the pressurizing tiine acreases from jus: over 1 hr st 100%
fill to over 4 hrs at a 707 fill. Two nlu-r’nal ves can be suppested 1o achieve
the pressurization of 'he gtoraye contatner without allewaing the remainder of
the radiometer to unad'v rige in temperature: (1! incorpoerating an electrical
heater in the storage container so as 1o gquickly raise the crvogen energy level
to that of the desired pressure or (2} providing a secondary radration shield
heat exchange tubing to permit the pvassing of an externally {ed cryvogen (such

& ‘iquid nitroren, LLN9) to the shield  The second method noted can also be
used to provide a degree of precooling of the radiometer prior to the feeding
of liquid helium to the storage containers,

As previouslyv noted, the concept of usirg helium as a refrigerant for the
radiometer depends hoanh upon using the very high enthalpv of the venting
gas. Staged thermal protection systems must be considered that progressively
add thermal energy, or extract rf’frlgeranon from the gas. Shown in Fig-
ure 95 is a tvpical svstem where the gas flows through heat exchanger “ubing
on the baffle/optical structure so that heating by the planetary radiation during
flight can be effectivelv absorbed at temperatures less than 20°K. Gas flow
is then routed to the radiation shield surrounding the ra‘iometer to intercept
the major part of the ambient heating of the radiometer. An optimum trade-
off temperature for the internal radiatioy shield is in the area of 60 to 80°K,
and the anticipated gas flow will be more than adequate for cooling the shield
to these temperatures. To further extract more refrigeration from the helium,
a heat stationing of the radiometer plumbing lines and thrust support is also
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provided, [t s evident that a key requirement of this gas flow system s the =
efficient transfer of heat from the structural elements to the gas. To this end

rmany systems use small diameter vent tubing for the helium as the heat trans-

fer coefficient becomes greater with smaller hvdraulic diameters, D,,. Small
diameter tubing can beceme clogged with frozen gases, however, xf the system

is not properly handled,

i 0 alleviate the problem of using small-diameter tubing and still obtain
gmall values of Dy, this radiometer will use an internally finned copper tubing,
Figure 100 shows (greatly enlarged) the cross section of a duplex finned tubing
that 1y available on the market., The outer tube is drawn down onto the inner
tube to proovide a very substantial mechanical bond between the fin tips and the
outside of the inner tube, The anticipated tube confipuration is 0,250-in, OD, and
and with the inner member being a blanked-off tube or a sol d rod, The selected
diameter will enable the use of standard copper twebing fitting during the radiom-
eter agsembly, The qm cess of ths finned tubing depends in part on the heat
transfer integrity of the bond between the fin uips and the inner member., Fig-
ure 101 shows a 50X and 100N magnification metellurpical view of the bond line,
While the bond cannot be described as a cold weld, the mechanical swaging pro-
cess provides a good thermal interface for heat transfer purposes. The imapor-
tance of thig point 15 that the surface of the inner member must provide its use-
ful portion of the heat transfer surface area,

The selected heat exchanger tubing has a wetted perimeter, P of 3. 52 3
‘cmi, a flow cross-gection drea, -\g. of 0, 1278 rmz, and a Dy, of 0. \Y4.)? cm,
where: Dy = 4 Ac /Py,  In computing the convective heat transfer coefficient
for heat exchanger tubing being used for helium vent gas, the flow regime is
very much tn the laminar resion with Bevnolds numbers, N 16 being less
than 109, Alsz», the ratio of tubing length to Dy, 18 yuite higf tvpically for
this case L. /D > 600. In referring to Kavs and l.ondon, "(‘ompac‘t Heat
Exchangers’ gor this flow regime and for (essentially) a rectangular tube (cach
flow channel between the fins being somewhat rectangular), the convective
heat-transfer coefficient, h, 1s inversely proportional to the Reynnlds number
to the unity power, hes N -1 Therefore, h is independent of the helium
mass flow, M, and dopen ent onlyv on the Prandtl number, N 1/3, specific
heat, C,, viscosity, microns, amd inversely to the Dy, Representmg the
inverse of h in the form of a thermal resistance, R, per unit length of heat
exchanger tubing.

A second thermal resistance must be considered in the gas flow, that is,
the resistance associated with the available enthalp or R = 1/M Cp

For the expected values of mass flow, 6.01 g/s M 0.04 g/s, the associ-
ated mass flow thermal resistance will be: 20 k'w> R > 5k/w. Thus, the
thermal transfer to the helium gas is very good compared to the cnthalpv gain
and the gas temperature will be quite close 1o the heat exchanger tube wall
temperature,
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The practical aspects of filling of the helium storage conuainers must be
considered. Provisions for filiing in either a horizontal or a vertical upusition
must be made. Figute 102 shows schernaticaily the canted storage container
orientation. The criteria here is to place the container vent outlet in the
uppermost puosition for either a horizontal or a vertical position.

For support mounting two concentric sets of radial ball mounts using
pyrex spheres in hardened metai bail scats are proposed, with the inter-
mediale interface of each concenmuic set being the radiation shield, thus
providing a heat stationing of the support thermal transfer. From the outer
shell to the radiation shield a total of eight balls will be used with the pre-
load ir the area of 200 lbs, and resulting heat transfer of 0.2 watt for each
bail or a total conduction of 1.6 watts to the 1radiation shield.

Between the radiation shield and baffle/optical structure another group
of eight balls will be used rad:ally at a preload of about 200 lbs, but the
resultant heat transfer is only 0. 025 watt each, total 0.2 watt, due to the
lower boundary temperatures and resultant decrease in the thermal con-
ductivity of the pyrex glass.

A major portion of the mechanical forces on the radiometer occur during
launch and along tite thrust axis. The radiometer must be very well sup-
ported along this axis, the cylindrical axis of the assembly. Betwern the
baffle/optical structure and the radiation shield a set of three balls and three
stainless steel retaining screws are planned with a thermal transfei of 0.07C
watt for tne balls and 0. 075 watt for the retaining screws. From the radia-
tion shield ovtward to the outer shell the allowed heat transfer can be greater,
and the resultant thrrust support incorporates a preloaded structure employ-
ing stainless steel members that also incorporate the additional heat station.
The heat transfer to the radiation shield is expected to be 4.0 watts.

Radiant heat transfer from the ocuter shell to the radiation shield com-
prises the major area of this type of transfer. If opposing faces of ithe
respective membei s were to be merely gold plated with typical emmittances
of 0.32, the radian® heat transfer would be about 5.8 watt, To reduce this
heating value, a multilayered aluminized Mylar superinsulation will be used.

The applicaticn of as few as 10 layers of MLI will be effective in reducing
the radiant transf r to the radiation shield to about 1 watt, an acceptable
vaiue.

Dissipations by the detector system, which occur during flight operations.
arn~ predominantly that of the beam chopper which has a value of 0,050 watt.
Dissipations by the detectors and their closely associated preamplifiers will
be in the milliwatt level and will not have a significant effect on the overall
thermal balance of the radiometer. Since the detectors and the chopper must
be the coldest elements of the radiometer, they will be ver; closely coupled
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with copper thermal straps to the helium storage containers which is less
than 7°K by design. It would be expected that the chopper will be no more
than 1°k above the container temperature,

Pric: 1o the flight operations, the radiometer will have been evacuated
and filled with the heliuin ¢yrogen. Once a suitable altitude has been reached,
the vehicle nose cone will be ejected and the front cover of the radiometer
outer shell (vacuum closure) released. With the radiometer pointing near
the earth tangent there will be a substantial heat load upon the expoused front
of the radiometer. The earth radiation, considered here as diffuse and at
300°K, will impose a heating of about 2.6 watts into the entrance aperature
of the radiometer. Tlie remainder of the exposed radiation shield will also
have the earth heat load present, but it is expected to be able to retain the
MLI on the major portion of the shield and, therefore, not grossly upset the
thermal input to the shield,

Radiant thermal energy entering the aperture will be incident on all
parts of the baffle, but most of the 2.6 watts will be absorbed within the first
25 cm of the baffle tength as shown in Figure 103. An analogy was made of
parallel discs with increasing spacing coupled with the geometrical view fac-
tors between the entrance aperture disc and discs stationed along the baffle.
This analogy will hold provided that the incoming radiation is considered to
be from a diffuse source, such as the earth. The two curves describe the
ratio of thermal radiant energy incident to any plane relative to the energy
entering the aperture, and also shown in step form is the absorbed energy
relative to the energy entering the aperture.

For flight titnes on the order of 20 min, the heat entering the baffle
represents a total energy of 3100 J, which is well within the residual energy
storage capability of the helium cryogenic system. Of importance is the
thermal gradients in the baffle that will result from this sudden impingement
of heat energy. By using relatively pure aluminum in the baffle construction,
the metallic thermal conductivity will be maintained at a fairly high value.

In the temperature range of 5°K to 15°K the conouctulty is not far from that
of room temperatures, having fallen from a maximim in the region of 20°K
to 30°k. In the first 25-cm length cf baffle, the heat load wili result in
temperature gradients of less than 6.2°K ¢nsuring that no part of the baffle
will exceed 20°K te.nperature limits.

4.11 CALIBRATION

The extreme sensitivity of the instrument requires a very high-quality
(low-radiation-leakage) cooled-background test chamber for all absolute
calibrations (Figure 104). Two chambers which will be suitable are:

the Air Force chamber at Tullahoma, Tennessee, and the Honeywell
Chamber now under construrtion,
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A secondary calibration capability will be provided in the instrument in
two places. When the cover is in place a small light (IR)-emitting laser
diode (L.LED) source will act as a source, to traverse the entire optical sys-
tem. In this way it wili be possible to check the eweration and calibration
of the instrument on the ground, during launch and during ascent, until the
cover is removed. Once the cover is off, a second LE[) can be stimulated
on command for inflight cdlibration. This second diode is located behind
the radiaticn chopper and i1s only operative while thie chopper is closed. The
optical system behind the chopper, consisting of the spectrometer and the
detectors, are also stimulated. The channels which may be calibrated and
checked in this manner depend on the choice of laser diode. Various LED
laser diodes are available for IR wavelengths. The choice of calibration
diode is still under study, and a diode type will be selected in the design
phase of the program.

4.11.1 Description of Honeywell Chamber

Chamber -- The chamber s 78n. in diameter and 28 in. high. It is fabri-
cated of stainless steel and outfitted with two concentric aluminum shrouds --
an outer shroud cooled to 77°K with hiquid nitrogen and an inner shroud cooled
to 20°K using liquid hehum. A 45-1n. chamber extension houses a helium-
cooled radiation trap which absorbs collimated radiation passing the radiom-
eter when it is rotated to an off-axis position. The interior of this trap and
the inner shroud are painted with 3M Black Velvet to ensure absorptivities
grc?ter than 0.9. The chamber is capable of maintaining a vacuum level of
10-6 torr.

Blackbody Source_and Attenuator -- The blackbody source i1s configured as
an off-axis recessed cone {length/diameter = 3) made from aluminum with
internal specular black surfaces. This configuration has demonstrated a
directional emissivity of > 0,293 over a cone angle of at least 10 deg. The
source 1is initially directly cooled by liquid nitrogen, and temperature sub-
sequently can be controlled to within 0. 1°C using a platinum resistance
thermometer within the block and a propertional control amplifier driving
a nichrome wire heater,

Directly in front of the source are mounted an aperture wheel, a
clopper, and an attenvator. The attenuator is an integrating sphere coated
inside with a diffuse, highly reflective paint. This combination is capable
of reducing the transmitted source energy by a factor of 10°. Output from
the attenuator passes through a filter wheel and a varianble aperture plate
which defines the size of the simulated point source,

Pojnt-Source O} =s -- From the point source aperture, the beam is directed
in an /4 cone to an elliptical mirror which reimages it. Stray radiation is
trapped in the process, and the well-defined beam continues on to an off-axis
parabolic mirror which collimates it in the direction of the radiometer. Both
the aperture and collimating mirror will be adjustable from outside the
chamber through sealed bellows linkages.
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Extended-Source Optics -- A 2 in. x 4 in. heated flat plate radiates to an
elliptical mirror which reimages it just below the pnint source reimage
positicn. A flat mirrur then direc's this radiation 1o the parabola where
it is superimposed on the collimated point source beam. The extended
source represents a horizontal angular spread of 10 deg and a vertical
angular spread of 5 deg, 1t is adjustable vertically from 1/2 deg to 8 deg
below the radiometer optidal axis.

All mirrors are made of ULE fused silica, with a gold coating, and are
cooled conductively with liquid helium through lines attached to the mounting
plate.

Shrouds and Baffles -- l.iquid-helium-cooled shrouds and bafiles are located
within the chamber to minimize stray reflections and self-emission, par-
ticularly into the radiometer field of view. All internal exposed surfaces
are coated with 3M Black Velvet to achieve absorptivities greater than 0.9,

Temperature Monitoring -- Temperatures of the sources, mirrors, point
sourcy aperture, and chamber walls are monitored with platinum resistance
surfate temperature sensors,

Error Analysis -- A cahibration accuracy of approximately 5% is estimated
for this chamber,

4.1i.2 Calibration Tests

The following tests will be performed to obtain a ground calibration
of the radiometer:

(1) Chamber functional checkout

(2) Experimental verification of error analysis; the PCC
will be calibrated and its accuracy established

(3) Radiometer functional checkout

(4) Voltage-irradiance calibration: data v.xll be obtained
to produce a curve relating watts/cm? incident on the
apertiure to output voltage of the radiometer; this
measurement will be repeated several times,

(3) Off-axis rejoction measurement; the capability of the
radiometer for rejecting off-axis radiation while
measuring radiation from a point source will be deter-
mined; the radiometer will be subjected to radiation
from I_/2 deg to 8 deg off-axis.
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{6) Voltage-1.adiance calibration verification; upon completion
of tests at HI, the radiometer will be shipped to AEDC, i
Tullahoma, where the voltage-irradiance calibration will
be repeated 1n the 7-voit LWIR sensor test chamber.

The following tests will be conducted to calibrate and verify the stability
of the inflight calibrator:

® 1FC functional eheckout.

e Calibration and stabihity: the IFC will be operated immediately
after each of the voltage-irradiance calibration tests described
above (4); these tests will provide a calibration and measure

oy

of short- and long-term stability of the JFC. |

e Calibration and stability verification; 1n conjunction with test
item (6) above, the IFC will be retested in (2) above at AEDC,
Tullahoma, *to verify calibration dccuracy and stability.
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SECTION 5
SYSTEA DESIGN

5.1 CANDIDATE ROCKET VEHICLIER

5.1.1 Vehicle Comparison

The investigation of rocket vehicles as candidates for the  .nb radiance
measurement mission centered on these having over 200 1b pavioad and over
300-km altitude capabilit“ Inquiries were made of rocket manufacturers on
thi% basis, soliciting information on configurations and performance for

chicles npcratlondl in the 1971 to 1973 time period. Vcehicles having one and
two stages, within the 13-in. to 31-in, diameter range, and having total impulsc
in the range of about 3 x 109 to 3 x 10" Ib-sec have been noted for considera-
tion. Both sohd- and liguid-propelled vehicles were included in the study. In
one case, 4 new and proprictary sohd fuel has been suggested as having signi-
ficantly l()wer costs and wider tenmperature tolerance., In general, the rockets
of interest are not those prominent 1 carher rocket missions, most of which
were carried out at lower altitudes, or, where higher gltitudes were flown,
made use of many stages,

Salient points of comparison of 11 rocket vehicles are given in Figure 105
and table 22, ‘The former shows graphically the celationship of peak altitude
to paviead weight as reported by different rocket manufacturers; the latter is
a tabulation of kev information relas ing to vehicie application, In Table 23,
it 18 seen that, for pavlead weights preater than 400 1bs and altitudes greater
than about 400 km, 31-in. diameter vehicles are required,  Among the
smaller-diameter vehicles, Nercbee 3500 Astrobee 17, and 13lack Brant VB
have the best altitude-weight performance,. Of these, Astrobee I {s not a
flight-proven vehicle, though 1t mav be operational in 1071,

\erobee 150/170 vehicles have inadequate performance for the limb
measurement mission and will not be considered further, Sandhawk-Tomahawk,
though capable of altitude performance in the 500~ to 700-km range for 100-1b
and 200-1b pavleoads, Joes not appcar adequate either, 1ts small diameter
indicates the need of a hulbous pavload with performance degraded to 1ess
than that given in Figure 105, Sandhawk has an excellent flight hxstor\, having
flown 250 to 300 flights in single- and two-stage versions with virtually no
failures and with pavloads up to 12 in. in diameter weighing 220 lbs. Thiokol
has suggested Terrier, a surplus Navv item, as a boost stage for Sandhawk-
Tomahawk to raise its apogee perhaps 300 to 400 km. The Terrier-Sandhawk
and Sandhawk-Tomahawk combinations have flown but not in the combination
of all three vehicles. The altitude-weight possibilities of this three-stlage
version would bear further stucv if pavlead dianieter car. he of the order of
i2 in,
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The Black Brant VB is the most likely candidate among the Rriscol
Aerospace venicles, The Black Brant 1V family nas only 10-in. liameter
forward hardware, and payload weighis heavier than 200 lbs are conjectural.
Of this family the Black Brant IVA has flown, its heaviest payload being 198
Ibs .o (. apogee altitude of 600 km. Black Brant VB has had 18 flights with
0 fatlures., Its 17-in. diameter is compatible with tnat of Nike, and the
possivility of a Nike bocst has beer under study by NASA, As seen in Fig-
ure 105, the predicted performance of Black Brant VB with Nike boost
exceeds that of Aercobee 350. The Y'B has been flown using tae Skylark
recovery systein, and a modified Sandia system has bzen flown successfully
by NRL from Wallops with water recovery, Bristol is developing its own
reccvery system to be flown in May 1970,

The Astrobee F rocket is a proprietary Jdevelopment which ma; be opera-
tional by 1971, Designed to make use of existing Aerobee subsystems
(attitude controi, recovery, pavioad housing and extcnsions), it features a new
solid propellant material. This material hias wide range of burning rates
which makes it possible, with a single motor, to have a high-thrust delivery
for liftoff follnwed by a low-thrust regime for cliinb. This dual-mode burning
characteristic crecates the effect of having an auxiliary booster at launch, In
addition, the new material has increascd tolerance to temperature extremes
and costs an order of magnitude less than conventional solid propellant. The
altitude-weight performance of the Astrobee F approaches that of the Aerobee
350, but its cost will be about one-fourth of the 350's. Its anitude-weight
performance, as shown in Figure 105, is expected to surpass that of the
Aerobee 350 with Nike boost. Although its maximum payload weight has not
been specified, Aerojet-General feels it may be 500 lbs or more,

The Aecrobee 350, a Nike-boosted, liquid-propellant rocket, was developed
by NASA prompted by the need to carry large-diameter optical systems aloft
for longer periods. Its altitude-weight performance is the best of the less than
31-in. diameter rockets shown in Figure 105, Its price is also the highes* in
this diameter class, It has made three successful flights and is considered
to be qualified. Eight more flights are scheduled in the next two years from

1 Wallops and White Sands Missile Range -~ the only lucations at which the
350 is flown. The renquirement for a tower restricts launching to these two
sites although some consideration has been given at NASA to the possibility
of rail launching, using a Nike-Hercules or other heavy-duty rail or boom
launcher, Additional tower launchers are estimated to cost about a quarter
million dollars. A recovery system for the Aerobee 350, patterned after that
of the Aerobee 150, is expected to be flight-tested in late 1369,

The 31-in. diameter vehicles include the Astrobee 1500 and the Castor-
based SWIK's and ARPA vehicles, The Castor-based rockets are similar to
the Athena vehicle which at mid-1969 had bad 116 flights with 91 successful,
The standard SWIK (SWIK A) has had seven flights, all of them successful,
The SWIK B and D are upgraded versions of the standard SWIK but have not
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flown, The ARPA vehicle has had five flights, all successful. The common-
ality of these vehicles can be seen in the Table 23 power plant listing. It is
geen that they can use Castor 1 or Castor 11 first stages with two strapped-on
Recruit motors for boost; second stages are Hercules Antares 1, Antares 2,
or the Thiokol TX-251 motor, These are similar motor combinations to those
used foc the first and second stages of Athena, the vehicle used in penetration-
aids research. The Castor NM-33 with two Recruit boost motors has been
successfully flown over 200 times, and the Castor TX-354 motor is used as the
second stage of the Scout launch vehicle,

The similarity of the Atiantic Research SWiK vehicles and the Aerojet-
General Astrobee 1500 can be noted. The Astrobee 1500 uses the Aerojet
Junior as 2 first stage augmented by two Recruit boosters in the manner of
the SWIK vehicles., The Alcor 1B is the second stage. The Aerojet Junior
motor was originally developed for the Jupiter progiram and has been user as
the back .p second stage of the Scout vehicle., The Alcer motor was developed
for use as an upper stage in the Scout program, and the A ~or 1R, an improved
version of the original Alcor, was developed for the Athena pr%gram. The
Astrobee 1500 has a first-stage total impulse of about 1, 8 x 18V pound-seconds,
nearly that of the SWIK A, B, and ARPA vehicles, but its second-stage total
imputse is about one-third to one-tiolf of these vehicles,

Of the 31-in. diameter vehicles shown in Figure 105 the ARPA has the
lowest altitude performance. ‘The weight of this vehicle, both before and
after propellant burning, is appreciably heavier than that of the SWIK A,making
it a less likely candidate.

5.1.2 Summary aid Conclusions

An investigation of rocket vehicles operational in the 1971-1273 time
period was made using information contributed by four vehicle manufacturers.
The vehicles considered have one or two stages, and most use auxiliary boost
for high initial thrust. RBoth solid- and liquid-propelled vehicles were included
in the survey.

Vehicles having less than 22-in. principal diameter have peak altitudes
below 400 to 500 km with pavloads of 300 to 500 lbs. For higher missions,
it is necessary to resort to 31-in. diameter vehicles having peak altitudes
onthe order of 900 to 1500 km. These larger vehicles have significantly
higher costs, and none have recovery experience. However, if flown from a
range having a central latitude, it is estimated that th2ir more extensive view
coverage would make necessary about half the number of flights as would be the
case using less thun 22-in. rocke!s flown from a southerly and northerly
latitude,

For missions in the peak altitude range of 300 to 400 ki, the Nike-boosted
Astrcbee 350, Astrobee F, and Black Brant VB are candidates. Of these,
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Astrobee 350 is limited to tower-launch locatiuns and is considerably more
expensive than the other two candidates., Astrobee ¢ has attractive features
but its availability in 1971 is not ensured, Black Brant VB requires qualifi-
cation flights with the Nike boost but offers a competitive price, a good flight
record, and a slightly larger payload diameter than the Astrobee F.

For misgions in the peak altitude range above 1000 km, SWIK A and
Astrobee 1500 have flight experience. SWIK B and D offer best altitude-
payload weight performance and proven miotors although not flight-proven in
these specific combinations,

For this program, the Black Brant VB has pbeen selected as the candidate
vehicle, offering 250- to 300-km altitudes with net payloads in the range of
300 “>s and an excellent success record. In addition, this vehicle offers the
possibility at a siriple extension to 500-km altitudes through addition of a
Nike boost stage.

5.2 SELECTED VEHICLL DESCRIPTION

The Black Brant V is a singie-stage, solid-propellant, rocket available in *
three standard configurations - VA, VI, and VC, These three configurations
are similar in external appearance and launch weight but differ in that the
VY and VC have a higher-performance motor than the VA, The VA and VB
have three external fins and are designed to be launched from a 35-ft long
boom-=-t1ype launcher fitted with underslung forward and rear rails which
provide 15 ft of travel and zerv tip~ff, The VC has four fins and is designed
for launch from existing towers at Wallops Island and White Sands., The
Black Brant V motor characteristics are shown in Table 24, and typical
performance data for the three configura‘ions are shown in Table 25,

Figure 106 shov's the nominal apogee height versus gross payload weight
for the three standard Black Brar. V configurations. These data show that the
Black Brant VB has the highest ~erformance; therefore this configuration is
covered in greater detail in *..e follov iug paragraphs,

The Black Brant gross payload is the total weight forward of station 0.0
(Figure 107) including the nose cone, any cylinder extensions required and
the igniter housing. The standard nose cone weighs 53 lbs, the Black Brant
VB igniter housing weighs 19 1bs, and the standard cylinder extensions wecigh
approximately 7 lbs plus 1 lb per inch of length, TFigure 108 shows {ne apogee
versus nayload weight for launch angles between 75 and 87 deg. In this
illustration, the net payload is gross payload less the weight of the standard
nose cone, igniter housing and a 21-in. cylinder extension. As an example, the
Black Brant VB will carry a nct payload of 300 lbs to an apogee between 250
and 300 km, depending on quadran® elevation,
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5-10
Table 24, Black Brant V Motor Characteristics
Configuration
[tem VA VB and VC
[BAL Motor Designation | IoRS25000 | Z6R520000 |

Length (inch) 210 210

Diameter (inch) 17.2 17,2
Grain Configuration 6 Pt. Star Center Shell-Slot
Auto=-ignition temp (°F.) 527 527
Total impulse (lb-sec) 383, 000 506, 000
Average thrust (lb.) 25,200 17, 025
Average chamber pressure (psi) 810 663
Burning tume (sec) 13,2 26.9
Action tume (sec) 18.1 32.4
Operating temperature range (OF.) 0to 120 =10 to +125

Table 25. Typical Black Brant V Performance
Data (308-pound gross payload)

[tem

Q.E. (deg)

Apogee (km)

Time to apogee (sec)
Range at impact (km)
Time te impact (sec)
Maximum velocity (ft/sec)

Maximum longitudinzi
acceleration {gj

Maximum dynamic pressure
(b/1t2)

Terminal roll rate (rps)
Burnout (sec)
Burnout altitude {km)

Configuration
VA VB VC
85 85 85
181 375 352
220 330 310
a3 269 258
410 605 580
€200 8500 8500
16 i5 i3
11,600 5,900 5,900
Oor 4 Oor4 Oor4
T+ 18 T + 33 T+ 33
18.9 38.17 38.7
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ihe Hlack Brant VB launch acceleration will vary from a maximum of
over 16 g's to a maximum of less than 10 g's depending on payload weight,
launch angle and other factors. Figure 109 shows the launch acceleration
time history for several typical launch configurations.

The Black Brant VB standard nose is an ogive fairing with a 4, 25:1
fineness ratio available either in stainless steel or fiberglass. The nose
fairing is 75 in. long with 2 maximum diameter of 17,2 in, The payload
compartment length can be increased to a maximum of 145 in. by adding
standard cvlindrical extensions, Figure 110 shows the center of gravity
regtrictions for HBlack Brant VB pavloads.

The Black Brant VB can be {lown with fins set to produce either a noninal
zero (+0.5 rps) rate or be set to give the roll history shown by Figure 111,

There have been 18 flights of the Black Brant V13, through August 1969,
with no failures, The predicted success ratio for achieving expected altitudes
and flight performance of 997

The pavload recovery system history for the Black Brant V is as follows:
The Skylark recovery system has been used on the Black Brant VA, Vive
recovery sydtems have been flown; the last three resulted in successfl
recovervs, The five syctems were all launched from Churchill with land
recovery, ‘The Skvlark recovery system is 17,05 m, long, weighs 70 lbs, has
an impact velocity of 30 ft/sec with a 500-1b payload and will recover a pay-
load with a maximum gross weight of 500 1,

Bristol Aerospace 1s designing a parachute recovery svstem specifically
tor the Black Brant VB and VVC. Both the logic svstem and the parachute
have been independently flown. This system is 12 in. long, weighs 70 1bs.
uses a 28-ft main chute, has an impact velocity of 28, 3 f'/sec with a 400-1b
payload a. d will recover a maximum pavload of 500 lbs. This svstem is
scheduled to be launched aboard a Black Brant VC in May 1970 followed by
a second launch from White Sands in November 1970,

The Naval Research l.aboratories are flving a modified "Sandia" recovery
svstem on Black Brant VBs, The standard parachute has been replaced by a
larger unit to permit recovery of heavier pavloads. The first launch is
scheduled for November 1969, The Air Force Cambridge Research Center
is reported to have scheduled two Black Brant VB launches from Eglin with
recovery. An "air snatch’ is planned using a C130 aircraft. The recovery
system used would be similar to the Bristol system but with hea'rier shrouds.
Figures 112 and 113 show typical impact range and impact dispersion data for
ti.e Black Brant VB, Impact dispersion can be reduced to approrimately one-
third of that shown by Figure 112 by using the Black Brant VC and a tower
launch from Wallops or White Sands.

The current price of Black Brant V rockets is shown by Table 26. The
prices are in US dollars and are FOB Winnipeg, Canada.
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Table 26.

Cost of Black Brant V Rockets

art No.
6000945
00017
-00013

600-00045
-00017
-00115

600-00046~1

600-00046-3

600-00048

600,-00048+~3

600-C0047

500-0004./-1

i

Description
Nose assembly including:
Fiberglass cgive nose fairing

Igniter housing with foreward
launch lug

Nose assembly including
FRP fiberglass ogive nose fairing

Igniter housing filtered with
rikbing shoes

15 K825, 000 rocket motor
including igniter assembly

15 KS20, 000 rocket motor
igniter assembly

Nozzle assembly

Exit cone assembly

Tail assembly including: aft body
assembly with rear laur. :h Ings

and fin assembly

Tail assembly including: 4-fin
assembly and rubbing she

Cost

$ 2,230

$16,940

% 1,060

¢ 6,320

BP VA | BB VB | BB VC

$ 2,230

$23, 580

$ 1,350
$ 6,320

$ 2,236

$23,580

$ 1,350

$ 8,130

Total Cost

$26,° ;’1$33, 480

$35,2¢0
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The Black Brant altitude-payload performance can be increased by using |
a boosted system similar to that used on the Aercbee 170 and Aerobee 350,
With this system, a Nike booster is attached to the bottom of the Black Brant ‘
through a spigot system,

The Nike adds an average of 50,000 lbs of thrust for the first 3.2 sec of
flight and then falls awav from the Black Brant. Figure 114 shows a prelimi -
nary comparison ¢ .. altitude-payload weight performance of a Black Brant
VB and a Nike-boosted Black Brant VB. 1t is estimated that the use of the
Nike booster gystem would add from $6, 000 to ¢7, 000 to the cost of the Black
Brant VB in addition to the cos. ¢ development engineering and rocket
qualification flights,

The addition of a Nike-boosted stage to the Black Brant results in an
increase in apogee altitude and an increase in the total time available for
measurement. Trajectories have been computed for the Black Brant VC
and these are shown in Figure 115, About 80 sec are consumed in pre-
measurement maneuvers in both cases, The apogee altitude in the Nike-
boosted case i3 about 45% higher, and the total measuren;ent time is 480 sec
or about 23% longer than if the VC were not Nike boosted.

L]

The Black Brant VB has slightly better performance than the VC as shown
in Table 27. These are nominal values with a gross payload weight of 547 lbs
and Q. E, of 85 deg.

Table 27, Performar~e Comparison of Black Brant Vehicles

Vehicle | Nixe-Boosted | Apogee Altitude (km) | Measurement Time (sec)
VB No 27¢ 420
Yes 390 510
vCe No 250 3390
Yes 360 480

5.3 AUXIL.ARY SUBSYSTEMS

The proposed auxiliary subsystems consist of the payload sup;orting
structure, attitude control, attitude determination, telemetry, tracking,
electrical power, separation, and recovery.
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The integrated payload ig designed to be contained in a standard Black
Brant VB nose fairing as shown by Figure 116. Table 28 shows the individual
auxiliary subsystem weight, volume and power allocations. This subsection
describes the recommended characteristics of these subsystems,

5.3.1 ’ttitude Control Subsystem

This subsection presents the probe vehicle attitude control subsystem
requirements and constraints, a functional description of the recommended
attitude controller, a description of its physical ~onfiguration, a discussion
of the system mechanization, and a brief description of the inertial sensors
proposed in addition to the basic attitude reference svstem. The attitude
reference system is discussed as a separate item.

Requirements and Constraints -- The launch environment through which the
attitude control system must survive is described later in this subsection,
since the attitude detrrmination svstem is more sensitive to the launch
acceler ..ions and vibraticns than the attitude control subsystem. The follow-
ing describes the major functions of the attitude control system.

e Control svstem is activated at termination of boost and
pavlioad separation,

e All three vehicle rates are nulled, and pavload is aligned
to local veriical,

° Horizon scan mode is initiated. Vehicle is maneuvered to
alternately scan between 11 and 17 deg of the horizon in a
vertical plane 2t rates of 0.6 deg/sec and to mancuver hetween
scan plancs at a higher rate,

° Prior to entr-,, all vehicle rates are nulled, and payload
is aligned w'th roll axis normal to flight path to minimize
aerodvnamic heating and damage.

The foliowing pavload pa-ameters have been assumed for purposes of
sizing the attitude control system:

o Moments of inertia
2

ar—y
(1]

5.05 slug-ft
2

ar—y
n

v Iz = 32. 8 slug-ft

"

e Payload weight

w_ = 469 lbs
o
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