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-hre presented in the paper. The instrument design meorporates various techniques to
eliminate the need for cooling of the optics and structural parts, which avoids the
inconveniences and difficulties associated w ith the operation of cryogenically cooled
instruments, without significantly sacrificing sensitivity. The radiometer may be used
in a selectable spectral wavelength and bandwidth mode , a limited spectral scanning
mode, or a tuneable spectral wavelength mode. The various modes of operation are
accomplished through the use of interference filters whose spectral characteristics are
somewhat adjustable by properly controlling or setting their angular orientation. The
simplicity of operation of the instrument has provided a means of measuring atmos—
pheric airgiow emissions and aurorally enhanced emissions in the . 8 to 1. 75 ~m region
on a routine basis. Also , through the use of a reticle chopper and backgro un d suppres—
sion technique , the same radiometer has been adapted for measurements of low energy ,
spatially concentrated emissions in the . 8 to 7 ~sm region.
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INTRODUCTION

The techniques used for the development of infrared electro-optical

instrumentation vary significantly from the development techniques used for

instrumentation at other wavelengths. When developing a sensitive infrared

electro—optical instrument, the effects of thermal emissions from the instrument

structure and optics must be considered. Techniques must be developed and

used to decrease , suppress , or balance out the thermal emissions to levels

• .; w hich are insignificant compared to the signal emission levels that are to be

measured. Also, techniques of suppressing the background around the detector

are required to obtain maximum sensitivities from “state-of—the-art” photon

limited detectors.

The most obvious way to avo id the thermal emission problems is to

4 cryogenically cool the optics and structures of the instrument with LN 9, L ile ,

or other coolants. However, in many applications this technique is undesirable ,

since it adds several complications to the operation of the instrument during

measurement programs. For example, at low’ altitudes frosting problems

occur at the optical interface between the instrument and the atmosphere. This

problem can be avoided through the use of extensivv anti—frost  svst t .’ms , but

these systems often require a large dr ~ gas suppl y in addition to the l iquid

coolant supplies already being used. These coolant and defrost problems make

this type of instrument somewhat difficul t to operate in measurement ~I roi.~rams

which require continual data monitoring ove r a large numbe r of hours on a

regular basis.

To avoid these problems a filtered radiometer which requires only detector

cooling was designed and developed. The instrument operates at ambient

temperatures and has successfully been used to solve a v a r i e t y  of measurement

problems. For example , it has been used to measure upper atmospheric

emissions in the . S to 1. 75 ~m range.
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The same instrument with a slight modification allows measurements of
localized sources in extended backgrounds in the • 8 to 7 ~im spectral range.

The most notable characteristic of the radiometer is its capability to
operate very reliably over extended periods of time with a minimum amount of
operator attention. It has an optional accessory which allows limited spectral
scanning, fixed wavelength tuning, and solar scatter background suppression.

The design layout of the radiometer will be presented and analyzed in
• this paper. Special emphasis will be placed on the thermal suppression

- techniques which were incorporated. The characteristics and capabilities of
the instrument will be discussed in detail, and examples of typical measurements
will be presented.

• 1  
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RADIOMETER DESIGN AND CHARACTERISTICS

A pictorial view of a radiometer which incorporates the design to be

discussed is shown in Figure 1. The radiometer has four independent optical

and detector channels integrated into one package. The instrument uses a

common optical chopper and a common filter wheel which minimize the physical

size of the unit. Other similar units incorporating one or two independent

optical channels have also been designed. In all cases the optical layout is

essentially the same. The optical layout for each channel is represented in

Figure 2.

The basic lens system consists of a 2—inch diameter , 1/2. 5 objective

lens followed by a 1—inch diameter f/. 7 field lens . In addition, the detector

is often immersed on a third lens of hemispherical shape to minimize the

required detector size. Tn the layout the objective lens images points at

infinity on the aperture plane which defines the field of view of the radiometer.

Since the objective lens is relatively slow, its imaging properties can be made

extremely good to guarantee a sharply defined field-of—view. However , the

field lens does not require these same sharp imaging qualities , since its

function is to collect the optical signal passing through the aperture and

condense it onto a detector. As a result , the field lens can be made relatively

fast which minimizes the requi red detecto r size and maintains a low equivalent

f number for the optical system.

As shown in Figure 2 , the radiometer design incorporates an optical

chopper to modulate the signal. The chopper is located within .025 inches of

the apertu re plane. The standard chopper modulates the complete aperture

on a fi ft y pe rcent duty cycle basis; however , coded or reticle type choppers

can he Used to enco(Ie the focal field or define the aperture. These coded

choppers can extend the capabilities of the instrument by spatially encoding

the signal and by Suppressing backgroun d and instrument emissions.



~~~~~~~~~~~~~~~~~~~~~~~~~
T’T

’”
~~~~~~~~~~

’
~~ 

‘

~~~~

‘ ‘

.

~~i: _

Figure 1. Four channel radiometer.

i-CHOPPER DETE TORL t /

~~~~~~ DEWAR

~~ ~~~~D2 DETECTOR
3JGNAL

OTOR

CHOPPER
REFERENCE

MAGNETIC
PICKUP

DI

Figure 2. Optical layout of radiometer.
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After the modulation is performed , the signal is spectral—ban d limited

by an optical interference filter. This fil ter defines the spectral response of

the instrument and limits the modul ated thermal emissions that reach the

detector from the instrument structures. Typically, a rotatable filter wheel

is used to locate the filter, which allows some wavelength selection through

filter changes.

Once the optical signal has been filtered , it is collected onto a detector

and is ready for processing. The processing usually involves a standard

synchronous demodulation technique using lock—in amplifiers. A typica l  layout

of the processing method for a four channel unit is shown in Figure 3. The

processing technique provides a real time output voltage whose amplitude is

proportional to the modulated optical energy reaching the detector. It is

important to note that unmodulated energy is not detected , since the synchronous

demodulator circuits only recognize signals that are referenced to the chopper.

Therefore, the only instrument thermal emissions that a ffect the signal levels

are those which are spectrally limited to emissions within the optical bandpass

of the filter , since the filter and aperture are located after the chopper.

However , the effects of the therm al emissions from the warm instrument with in

the passband must still be considered. For many cases in the near infrared

region , these emissions are insignificant. At longer wavelengths they become

more significant, and back ground bal ance techniques are required to extend

the usefulness of the instrument. In the following two sections, consideration

of these band limited thermal effects will be discussed for some practical

modes of operation of the radiometer. In add ition, consideration will be given

to how the total thermal background affects the detector ’s sensitivity , since

even the unmodulated thermal back ground can increase the noise of a photon

limited detector.
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Near Infrared Operation

One iml)ortant use of the radiometer is for the measurement  of uppe r

atmospheric emissions in the . s ~m to 1.75 ~m region. In this  spectral region

the thermal emissions of th e instrument are small compared to typica l emiss ion

levels of ni ght airg iow. This is apparent from Figure 4 , which shows the thermal

emission intensities of a 300°K b lackb ochv and some typical intensities of the

atmospheric night airg iow- emissions over the spectral ~v~’velength region. The

presented blackbod v emissions , as calculated by Plimck’ s law , should r epre sent

worst—case instrument emission intensities. The presented ntmospheric emission

levels are typical of the night sky emission intensities that h ave been measured

by AFGL , U SU , and others. ” 2 , 3, 4 As shown in Figure 1, the wors t—case

• instrument emissions are several orders of magnitude below the expected nig ht

airglow emissions of the 09 (1~~ ) band at 1. 27 ~m and part of the first ove rtone

OF! band. As a resul t , instrument emissions in this region shoul d have an

ins ignificant effect upon measurements of the night airgiow. h owever , at longer

waveleng ths the thermal  emissions from the instrument approach the expected

atmospheric endssion levels.  At 1. 75 •~n~ the thermal  emissions are still about

an order of magnitude below the night sky , but beyond about 1. ~~ ~m the ins t rument

en h i s s i o n s  begin to dominate and must  be blocked or rej ected.

The radio meter  in Fi~~ re 2 can use the optical f i l ter  to I ’ej c( ’t detee t al ) l e

emiss 1(105 from the ins t rument  beyond 1. 75 ,~in .  Various band pass f il ters  can

he used to 1 in ii t  the measurement  reg ion to narrow bands w ithin the . s to 1. 75 ~m

region , I)U t it is ext reii~e1v important that the f i l ter  also adequately block the

longe r ~va vel cngt h the rmal  cm issiOn~ of the instrument st ruc ’t u i’e. Thi s  blocking

must  he comp lete and (‘xtend to the long wavelength cut—off  of the li l t ( ‘ ( b r being

used.

The blocking problem is readil y solvable when an intr insic germanium

detector is used , since th e typical detector cut—off occurs at about 1. 7 rn . Other

ty pes  of detectors present more of a problem howe ver. Cooled PbS detectors ~ i th  a

• _ • . _ ._,

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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rn rut—off  require about H ye orders of blocking to adequately block the

ins t rument  ( ‘ n hi s S i ( In s . InSb detectors require even better blocking. They

require about seven orders of r e je ct i o n , si nce their  response (‘xtefl (l5 to longer

‘~ avclengths where  the t h erma l  emission intensities become much Liege r. For

the near infra red m ( ’asu  renle nts  described , the rad iometer  is ty p i ca l l y  assembled

w i t h  the  r ,no elecl  r i c : i l I y  cooled PbS or liquid nit rogen cooled germanium detectors.
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As a result, filters with adequate blocking have been readily obtainable from

some of the better filter manufacturers.

Typical noise equivalent spectral radiances (NESR’s) of the radiometer for

th ree types of detectors are shown in Table 1. To obtain the low NESR ’s given ,

special attention must be given to the detector selection and detector operation.

The detector temperature must be optimum , and cold shielding and cold filtering

must be used to minimize the photon noise from the warm background. This is

especially important for the InSb detector , since it responds to longe r wave-

- 
. 

lengths where the background energy gets large.

From the table it is apparent that the instrument is sufficiently sensitive

to measure the typical airgiow emissions shown in Figure 4. The instrument

has been ve ry successfully used for these types of measurements from the

• ground and from an aircraft, and some typical results are presented in the

measurement section of this report.

Table 1. Typical radiometer noise equivalent spectral radiances for near
infrared operation with a 100 field—of— view, a . 025 Hz electrical

__________ 

bandwidth, and .05 gm optical bandwidths.

Detector Detector Detector Detector D* Wavelength N~~SI1
Type Cooling Temperature cm Hz~ /w- im w/cm sr um

PbS Thermo— _ GO oC 3 x 1011 
1.7 9. 3 x io 12

electric

InSh LN 2 77°K 3 x io ’2 1.7 9 .3 x ,o 13

(Cold
Filtered)

Ge LN 2 77°K 7 x i0
13 1.45 4 .0 x 10~~~

~i

.

Reticle Chopper Operation

The radiometer has also been extremely useful for measurements of
• localized emission sou rces in extended backgrounds at wavelengths as long as

7 ~m. To accomplish this the aperture and chopper of the radiometer are

- - - -

~
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modified to a reticle system. The reticle system is designed to balance out

the instrum ent thermal emissions and also bright unifo rm backgrounds. Flowever ,

spatially small infrared sources are not balanced out, and they are detectable

w ith the radliometer.

A typical reticle chopper and aperture is shown in Figure 5. These parts

APERTURE PLATE
\ APERTURE OPENING
\ \ CHOPPER OPENING

CHOPPER

Figure 5. Typical reticle chopper and aperture plate.

replace the chopper and aperture shown in the optical layout presented in

F’igure 2. They are placed at the focal plane of the objective lens , and the

spacing between the chopper and aperture is kept to a minimum. As d iscussed

p revious l y , the objective lens of the radiometer images distan t sources on the

apertu re plane. The radiant flux which passes through the aperture opening is

condensed and un i fo rmly  distributed over the detector. This is accomplished

by the field lens since it images the objective lens onto the detector. As shown

,~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.
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in Figure 5, the chopper is constructed such that in equal and a constant amount

of the aperture area is blocked and open at all times while the chopper is rotating.

As a result , uniform radiation sources which fill the field aperture opening are

unmodulated when they reach the detector. Emissions reaching the detector from

the chopper blade and instrument are also unmodul ated , since they are also

uniform and fill a constant area of the aperture at all times. h owever , a source

will be completely modulated upon reaching the detector if its image size in the

focal plane of the objective lens is smaller than the size of the opening formed

by one chopper blade opening and the aperture opening. These modulated signals

are the only ones that are detectable with the radiometer , since the detector

signals arc synchronously demodulated with a vector phase—lock amplifie r which

& x t i ’ a c t s  otil mO (IUl:itelh signals that are referenced to the chopper. These

eh arae tcr i~ t ic s  make the instrument very useful for the measurement of spatially

sinai! i ’~~ s our c e s  in a bright background.

Fl i e  ra i I i onn t~’r Operating in this mode has some practical limitations

host ‘ye r. In I I hi i( Ill to the usual l imitations of the detector ’s sensitivity and

ili~ q uih i t  t ’ -’ I1  th e optical components , there are practical limitations as to

~‘ ha t t ’ \ t t ’ n t  I I -  r ot i c le  seheni e can suppress or balance out the therm al emissions

of h a -  i n -~1 run ien t  and the extended bright backgrounds. if a reticle , as shown

i n l”igu r 5, is care fu l l y  constructed and optically balanced , one can obtain as

much as four orders of background suppression. With this suppression , the

uneonled instrument is capable of measuring sources having spectral radiances

is small as l0~~ watts/cm —sr— ~ m in the -l to 5 gm range . At shorter wave-

lengths even lower intensity sources can he measured , while at longer wavelengths

the instrument  is more limited because of the increased instrument thermal

emissions. More sophisticated reticles can be designed to further extend the

usefulness of the instrument. For example , a coded retiele chopper can be

used to spatially encode th e ima ge of a source. One poss ible encod er might

consists of several sets of hl adamard encoded slots or masks positioned on

concentr ic circles to form the chopper blade. As the blade rotates across the

image at the ape rture , the intensity as a function of position is encoded. Then

by pro perl y decod ing the signal s from the detector , spatial resolution of the

_ _  _ _
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source intensities is obtained.  To fully understand this technique a thorough

discussion would be necessary, and it will not be presented in this paper.

However , it is worth noting that the basic radiometer being discussed can readily

incorporate these types of techniques.

Tuncable Spectral Response Operation

For many measurement program s it is desirable to shift , or tune , the

central wavelength of a spectral bandpass radiometer during operation . This

• is often accomplished through the use of a circular variable filter (CVF) which

c ’ allows continuous wavelength scanning or wavelength tuning of a radiometer

over a large spectral region. Practical instruments incorporation CVF’s have
5been successful ly designed for AFGL by USU. However , CVF’s are often very

expensive, and their minimum spectral bandwidth is presently limited to about

2 or 3% of the center wavelength. Also, many measurement applications only
- ‘ require wavelength tuning or scanning over a limited spectral region. For

these applications another app roach , which is commonly used in visible photo-

meter designs , can be readily extended for use in the infrared radiometer being

discussed.

The technique involves tilting an optical filter to produce wavelength

shifts. Figure 6 shows a modified optical layout of the radiometer which

incorporates a tuneable filter. In this configuration, the tuneable filter defines

the spectral response of the radiometer. The optical filter behind the chopper

is used only to limit the modulated thermal emissions of the instrument which

reach the detector. This blocking filter usually consists of a wide bandpass or

shortpass filter , and it must he selected to sufficiently block the instrum ent

thermal emissions without affecting the spectral region being scanned by the

tuneable filter.

It is important to locate the tuneable filter before the objective lens, since

the angular variation of the radia’~ion collected by the radiometer is minimal at

this location. Spectral scanning or spectral wavelength tuning is accomplished

simply by changing the filter’s angular orientation with respect to the optical

16 
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axis. Many filters can be successfully tilted to a maximum of 35
0 without

drastically affecting their transmission and bandwidth characteristics. The

wavelength shift obtainable is d ependent on the filter construction , but shifts

as large as 10~7 of the center wavelength have been successfull obtained.

The use of th is techn ique has been applied to measurements of the upper

atmospheric hydroxy l emissions. Figure 7 shows the spectral response curve’s

of the radiometer at various filter angles. The response curves are overlaved

on a typical spectrum of the hydroxyl first overtone region as measured by a

wide field of view’ interferometer designed by USU and AFGL . If the filter

is continuously rocked from 00 to 1~ , the radiometer will scan from a wav e—

length corresponding to 5900 cm~~ to a wavelength corresponding to 6000 cni~~
with a spectral resolution of about 50 cm 1. The scanned region can be

increased to include ~vavenumbers up to about 6200 cm - b increasing the

angular scan of the filter to a maximum angle of 300 Also , the radiometer

can be tuned to selectable fixed wavelengths within the spectral scan region by

selecting the proper filter angles with a programmable stepping dev ice.

As show-n in Figure 7 , the spectral resolution of the tuneable radiometer

is not good enough to resolved all the spectral lines of the 011 emissions.

However , the resolution is good enough to resolve regions of intense emissions,

like those of 5995 cm~~ , from regions where the emissions are minimal , like

those at 5950 cm~~ and 6030 cm~~ .

This limited resolution capability can be ver y useful in the measurement

of the OFI emissions from the ground during twilight conditions , since it provides

a means of distinguishing between the solar scatter and the true OH emissions.

The twilight measurement can be further improved by incorporating a polarization

filter in addition to the already existing filters. The polarization filter is used

to reject the large polarized portion of the solar scatter which exists (luring

twilight conditions. Using both of these techniques , the OH emissions can l)e

successfully measured from the ground at solar d epression angles as small as

3
0 This essentially gives a dayglow measurement of the Oil emissions, since

at 3
0 depression angle the sun is still shining on the sO km altitude region whe re

the generation of the 011 emissions typically occurs.
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Figure 7. Spectral response of the tuneable fil ter radiometer overlaved on a
region of the OH, -‘ V = 2 spectrum.

The tuneable fil ter radiometer can also he use ’t to a(lvantage in many other

practical measurement applications, but i t s  uses a t e  son iewh at limited by its

spectral resolution. Therefore, th e  radiometer s cal)ab ilit ies coul d be great l ’~
improved by incorporating a filter with a narrower bandwidth.  This is possible

with present—day technology, but it is often costly . The filte r used to define the

f radiometer response shown in Figure 7 cost only ~,500, providing a successful

• test of the technique without a large investment. Several companies have indicated 



that similar filters with bandwidths of about 15 cm ’ can be manufactured using

Fabry-Perot techniques. In fact , Perkin—Elmer has successfully made solid
- Fabry—Perot infrared f ilters with bandwidths less than 1 cm ’. These very

narrow filters are expensive, but they would be a very worthwhile improvement

when greater spectral resolution is needed.
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TYPICAL MEASURED DATA

The high reliability, excellent stability, and operational simplicity of the

radiometer have made possible the cataloging of large amounts of data which

have been collected over a period of eight years. The catalog includes measure—

ment s of var ious upper atmospher ic emiss ions and measurements of var ious
infrared sources with limited spatial size.

The most extensive measurements taken have been of emissions from

exieted hydroxyl molecules in the upper atmosphere. The most widely acce pted
photo-chemical reactions adopted to explain the origin of these hydroxyl airglow
em iss ions are

H + O 3~~ OH* (v :c 9 ) + O

HO 2 + 0 ~ OH
t 

(v 6) + 0
2

To diate, howeve r, there are still substantial uncertainties concerning the

specific processes which govern the OH emissions. These uncertainties result

from observed intensity variations which are not fully explainable. To provide

inputs to these unlmowns, the radiometer discussed in this paper has been used

to measure hvd roxvl intensity variations of all types over the past 8 years. 1

The measurements include diurnal variations , day—to—day variations , spatial

variations , and variations associated with auroras. An example of one signi-

ficant intensity variation is given in Figure 5 , which shows intensity variations

of the first overtone 011 (5,3) em issions as large as a factor of 5 over an

eight—day period. Thi s Particular variation is very pronounced, whereas many

others are less apparent.

21
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Figure ~~ . Pronounced intens ity var iations of the first overt one hvd roxvl (5 , 3~
band apparent zenith emissions over an eight-day period at Poker

- ‘ Flat , Alaska.

Measurements similar to those of the OH emissions have also been made

of the O9 (~~ g) 0, 0 band emissions at 1. 27 ~m. An example of the 09 ( 1 •
~~)

measurements is given in Figure 9. As shown , the magnitude of the variations

is very similar to that of the OH for the same S day period. In addition, it

shoul d be noted that the long decay rate from the daytime to nighttime levels of

the 02 emission is also measured .

Xo~~ 1.272 , ~~X 0254

MARCH I , 975 28

28 
MARCH 3, 975 24

< 0215 0245 0315 0345 0415 0445 0515 0545 06 15 0645 07~5 C745

TIM E AFT ER GROUND SUNSET ( 0 0  SOLAR ELEVATION )

Figu re 9. Pronounced intensity variations of the O,, ( • (0 , 0) band apparent
zenith emissions at 1. 27 • ,m over an eigi~t — d ~~y period at Poker Flat ,
Alaska.
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Typical ly, the OH and 02 emissions are measured simultaneously. This

is easily accomplished since the radiometer can be constructed to have up to

four independent channels that can operate continuously. The simultaneous

measurement allows correlation studies to be made between the two emissions.

A visible photometer is also operated to increase the understanding of the

correlated information. Figure 10 shows some interesting data coll ected for one

of these studies. As shown , an apparent enhancement was observed in the 09
emission but not in the OH emission. This enhancement appeared to be a 4

spatiall y related phenomenon , since the measurement was macic from an aircraft

flying a north-to-south profile. In order to sufficiently analyze enhancements

such as this , a large catalog of similar measurements may be needed. However ,

• this presents no problem to the radiometer , since it can operate day afte r day

over long time periods without interruption.

The specifi c measurements discussed thus far mainl y incorporate the

techniques explained in the Near Infrared Operation section. However , as

discussed pr~ vious1v , the instrument can be used for a variety of measurements

at longer wavelengths by incorporating a reticle ehopper. Many of the measure-

ments macic in this manner are classified and therefore will not be specifically

presented in this paper. Instead , a brief d escription of specific types of

measurements that can be measured with the instrument is given in Table 2.

Thi s tabl e should pro vicle an understanding of the overal l capabilities of the

instrument operating in the reticle mode.

All of the data discussed in this paper are presented onl y to g ive the reader

a better idea of the uses and capabilities of the radiometer. The presented data

are not intend ed to Is ’ complete or sufficiently analyzed to be of scientific

significance. If there is further interest in specific data , many of the articles

referenced th roughout the paper should be of interest .
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