
AN INFRARED RADIOMETER FOR 

MILLIMETER ASTRONOMY 

GRAEME JOHN SMITH 

B. Sc. Physics, University of Lethbridge, 1999 

A Thesis 
Submitted to the Council on Graduate Studies 

of the University of Let hbridge 
in Partial m e n t  of the 
Requirements of the Degree 

MASTER OF SCIENCE 

LETHBRIDGE, ALBErnA 
DECEMBER, 2000 

@ Graeme John Smith, 2000 



uisitrons and Acquisilans et 
raphii Services senricss bibiiiraphiques 

The author has granted a non- 
exclusive licence ailowing the 
National Li'braiy of Canada to 
reproduce, loan, distn'bute or sel1 
copies of tbis thesis in microform, 
paper or electronic formats. 

The author retains ownersbip of the 
copyright in this thesis. Neither the 
thesis nor substantial extracts h m  it 
may be printed or otherwise 
reproduceâ without the author's 
permission. 

L'auteur a accordé une licence non 
exclusive permettant A la 
Bibliothèque nationale du Canada de 
reprodiiire, prêter, distribuer ou 
vendre des copies de cette thèse sous 
h forme de mi~ofichelfdm, de 
reprodriction sur papier ou sur fonnaî 
électronique. 

L'auteur conserve la propriété du 
droit d'auteur qui protège cette thèse. 
Ni la thése ni des extraits substantiels 
de celle-ci ne doivent être imprimés 
ou autrement reproduits sans son 
autorisaton. 



To my parents, Vivian and Francis Smith, 

whose love and inspiration made this possible, 

and to Bobbie, whose encouragement 

and w m  embrace got me through. 



The performance of existing and planned millimeter and subrnillimeter astronomical arrays 

is limited by fluctuations in the amount of atmospheric water vapor dong the antenna's 

line of sight. Correcting the resulting phase distortion of the received signals is seen as a 

significant technological challenge. Measurements of the variation in the line-ofsight water 

vapor abundance at the level of 1 micron precipitable water vapor on a time scale of 1 

second and at arbitrary antenna positions are required. This thesis describes the design 

of, and prelirninary results obtaified with, a water vapor monitor operating at infrared 

wavelengths which shows considerable promise for this application. Irnprovements in, and 

future plans for, the second generation water vapor monitor curreritly under development 

are aiso discussed. 
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Chapter 1 

Introduction 

1.1 Overview 

The 2lSt century will see the introduction of very large baseline miilimeter rvave- 

length radio telescope interferometers that are capable of resolving features on the order of 

milli-arcseconds. As these telescopes operate on the principle of interferometry, they must 

accurately rneasure the time delay between reception of various parts of an eiectromag- 

netic wavehont at ciifFecent antennae composing the radio telescope array. Any mriation 

in the propagation speed of an electromagnetic wave on its way to the antenna array, due 

to atmospheric inhomogeneities, wiU distort the wavefront and lead to rnisinterpretation of 

the signals Erom astronornicai sources. The electronic instrumentation has advancd to the 

point where the factor which now Iimits the attainable spath1 resolution of large miiiime- 

ter radio interferometers is the variation in the iine-of-sight water vapor abundance whicli 

causes variations in the etectromagnetic path length and hence interferometric phase. 



Previous a p p r o a b  to atmospheric phase compensation include the fast svitchàng 

and paàred a m y  techniques [lj. Zn the fast switching approach, a radio antenna is repeatedly 

moved hom the astronomical target source to a nearby calibration point source such as a 

quasar. Observed deviations of this point source Erom the expected drcdar syrnmetry of 

the Airy difiaction profire then correspond to atmospheric phase distortions which can be 

determined and compensated for in the signals from the target source. This approach has 

the advantage of giving a true memure of phase distortion since the quasar is known to be 

a point source. If every antenna of the array is switched in this way, then the phase error 

for each can be determined. There are severai drawbacks to this approach, however. The 

calibrntion measurements are done dong a different lineof-sight than that of the target 

source and hence involve àifferent atmospheric paths. Observations of the target source 

are therefore interrupted by the cdibration measurements and, since suitable calibration 

sources may not be available close to the target source, this process may result in long 

calibration cycles during which the atmosphere is assumecl to be stable. 

In the p&ed am3 approach, observation of the calibration point source is done on 

a continuous basis with a few of the antennae comprising the array; this avoids interrupting 

the observation of target source incurred with the fast suétching approach. Once again, 

however, the linoof-sight used to obtain the phase error information dixs fiom that of 

the target source, Furthemore, at a cost of 4 1 0  million per antenna, dedication of even 

a smali number of antemae to phase compensation represents an expensive solution to the 

pro blem. 

Due to the dominant role of water vapor in the phase delay of eIectromagnetic 



radiation, a new approach has been developed for astronomical phase correction which uses 

multi-channel radiometric observation of the 183GHz water vapor emission line [2]. In this 

approach the radio telescope antenna is used for simultaneous observation of astronomical 

sources and atmospheric water vapoc emission. This technique offers the advantage of 

sampling the water vapor ernission from the same atmospheric column that the astronomical 

signals p a s  through and may be implemented at every antenna in the array. The drawbncks 

in this case are the risk of introduction of radio frequency noise due to the presence of a 

local oscillator in the telescope receiver cabin and the relatively low signal levels due to 

a small spectral bandwidth (1GHz) of each radiornetric channel and the inherently low 

radiant emission of the atmosphere in this spectral region. 

This thesis describes an infrared technique for measuring water vapor column 

abundance and presents the results from the trial run of a prototype instrument constructed 

at the University of Lethbridge and tested at the James Clerk Maxwell Telescope (JCMT) on 

Mauna Kea in Decernber of 1999. This passive mode of observing atmospheric water vapor 

emission poses no threat of radio frequency interference to an astronomical rcceiver and takes 

advantage of a wider spectrd bandwidth and greater radiant emission £rom atmospheric 

water vapor in the infrared region. Use of a liquid nitrogen (LN2) cooled photoconductive 

detector provides both high sensitivity and high operating speed . 

Section 1.2 describes the rehtionstiip between atmospheric water vapor abundance 

and electromagnetic path length variation and gives a formula for this conversion. Section 

1.3 details the benefits of measuring water vapor in the idiared and contrasts this approach 

with radio frequency radiometric techniques wMe Section 1.4 iists some potential draw- 



backs. Section 1.5 presents a calculation of temporal resolution. Section 1.6 discusses the 

phase compensation requirements of the Atacama Large Millimeter Array (ALMA) which 

is representative of the new generation of large millimeter wavelength interferometers. 

1.2 Tropospheric Phase Delay 

The troposphere is the I o W  layer of the atmosphere; it extends to an altitude 

of approximately 10 km and contains, besides the major constituents N2 and O?, various 

trace gases such as H20, COz and N20.  Due to the decreasing temperature in this layer, 

water mpor exists primarily at low altitudes, but yet in concentrations gent  enough to 

contribute to phase delay even €rom high altitude observing sites such as Mauna Kea, 

Hawaii (- 4000 m) and Chajnantor, Chile (- 5000 rn). 

Due to their large dipole moment and rrsymmetric top geometry, water vapor 

molecules interact with electromagnetic radiation thoughout the submiliimeter and infrared 

spectral regions, becoming particularly important at  wavelengths below 1 cm. The resulting 

absorption, and hence phase delay as expressed by the Kramers-Kronig relation [3], increases 

the refiactive index of the atniosphere from uni@, and tnust be accounted for if diffraction 

limited performance is to be obtained fiom Iarge radio interferorneter arrays. If tropospheric 

water vapor was well mixed, the phase delay of an electromagnetic wave passing through 

the atmosphere would be constant across its wavefront resulting only in a uniform signal 

attenuation and phase delay. Due to compIex hydrodynamic processes, variable tropospheric 

temperatures and the ability of water to exkt in all three phases in the Iower atmosphere, 
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Figure 1.1: Variations in atmospheric water vapor abundance cause distortion in the wwfront of 
an electromngnetic wave. 

however, the concentration of tropospheric water vapor is highly variable even over smdl 

distances (mm) and short time intervals ( N S ) .  This variability poses a problem for the 

upcoming generation of large radio telescope arrays, such as ALMA, with baseLines on the 

order of 10 km. If the amount of water vapor above each antenna of an array can be measured 

accurately and rapidly, then its effects on phase variations, and hence interferorneter anguiar 

resolution, can be compensateci. 

Figure 1.1 shows an illustration of the phase delay produced by variations in wa- 

ter vapor density in the atmosphere above a dual element radio interferometer- Using the 

quantities shown in the figure, the instantaneous apparent angular location of an a s t m  

nomicd source, 0, as determined by the radio interferometer can be evpressed in terrns of 



the baseline of the interferometer, b, and the additional electromagnetic path lengt h, d, 

or, equivalently, the phase change of the electromagnetic wave, 4, caused by water vapor 

through 

where 4 is in radians. The phase change, 4, of an electromagnetic wave of wavelength X due 

to propagation through an atmosphere characterixed by an altitude dependent refractive 

index due to water wapor, nFlz0 (h) , is given by 

2* JOa n-0 (hl 
4 = X 

which can be written as 

using an average atmospheric index of tefraction due to water vapor (n),lz, and effective 

atmospheric height h,t,. From equation 1.2.1, the corresponding additional electromagnetic 

path length due to water vapor, d, is then 

The anguiar resolution of a radio interferometer depends on the degree to which 

the phase relationship between the signais hom ditferent antennae can be resolved. Using 

the above relationship, rms variations in the perceived direction of a source, O,, can be 

given in terms of an equivalent rms phase noise, #,, or equidently, an rms path length 

variation, &, specified at a given operating wavelength. 



Since changes in the refiactive index of the atmosphere at microwave frequencies 

are due to variations in atmospheric water vapor abundance, the exceçs electromagnetic path 

length, d, has been related to the vertical column abundance of water vapor, w, expresseci 

in units of millimeters of precipitable water vapor ( m m p v )  by [l] : 

where Tacm is the average temperature of the atmosphere in K .  For an atrnospheric tem- 

perature of 260 K, the excess path becomes 

and, using equation 1.2.4, the associated wavelength dependent phase variation is then 

This conversion factor has been verified e~perimentally for astronomical purposes 

[4] and is now in widespread use in the radi~astronomical cornmunity [SI. 

1.3 Advantages of an Infrared Approach 

A necessary requirement for the accurate radiometric rneasurement oE atmospheric 

water vapor abundance at inErareci wavelengths is for water vapor emission to be spectrdy 

isolated £rom other infrared active atmospheric molecular species. Previous rneasurements 

taken Çom the sumrnit oE Mauna Kea have shown that atmospheric ernision in the 20 pm 



(- 500cm-') spectral region is due to water vapor alone and evidence in support of this 

daim is included in this section. 

An inhared approach to water vapor measurement is attractive for several rea- 

sons. Firstly, since strongly absorbing atmospheric molecular species emit as blackbody 

radiators, the spectral radiance from atmospheric water vapor is far greatet at inErareci 

wavelengths than at radio Erequencies as can be seen by evaluating the Planck formula at 

typical atmospheric temperatures. Secondly, considering the simple case where the fluir 

available to a radiometer (infrared or radio frequency) is proportional to the integral of 

spectral radiance over a spectral range dehed  by the bandpass of the system, the total flux 

available to an infrared system is much greater since it uses a spectral bandwidth severd 

orders of magnitude larger than radio frequency systems. This increased Bu'r c m  then be 

translateci into more sensitive measurements, faster operation, srnaller instrument size or 

some combination thereof as compared to radio frequency radiometers. Thirdly, photocon- 

ductive detectors operating at infrared wavelengths offer high operating speeds, stability, 

and simple instrumentation. Findy, as previously mentioned, an infrared radiometer is an 

entirely passive device and is kee of radio kequency interference. It may thus be placed in 

close proximity to sensitive radio frequency instrumentation without risk of noise induction. 

In view of the above considerations, an infiareci approach to water vapor measure- 

ment is expected to yield a sensitive, high speed and compact device which can easily be 

incorporated on both existing and future radio telescope antennae. 



1.3.1 Spectral Isolation of Water Vapor Emission 

In order to measure water vapor abundance radiometricdy it is essential to select 

a spectral range in which water vapor alone contributes to atmospheric emission and, if 

possible, to have that region near the peak of the Planck curve to maximize the sensitivity 

of the observations. Tnfrared atmospheric emission above the summit of Mauna Kea has 

previously been measured using a Fourier transfocm spectrometer [6] over the spectral range 

455 to 635 cmw1. Figure 1.2 is an excerpt Erom these data and shows the emission from 

455 to 516 cm-' (lowest curve) and computer simulated emission from N20, CO2 and 

HzO (upper three curves) modeled for the atmosphere above Mauna Kea. The water vapor 

coIumn abundance during acquisition of the measured spectra was 0.43 mmpwv and the 

column abundance pararneters used For the synthetic emission spectrum of N20, COz and 

H20 were 2.67 x 10-~ kg ln-*, 3.20 kg m'2, and 0.83 kg m-2, respectively. 

As seen from the figure, there is an absence of emission from CO2 and N20 for the 

entire spectral region shown and, furthermore, the measured atmospheric emission spectra 

are WU described by emission Erom H20 alone, Since, as shown in the FoIlowing section, this 

region lies near the peak of the Planck curve for an atmospheric temperature of N 260K, 

it is a prime spectral region in which to conduct water vapor radiometry, provided the 

necessary optical cornponents (fiiters and detectors) c m  be obtained. 

A secondary consideration in the selection of a spectral range is the degree of 

saturation of the emission lines. As described in Chapter 2, unsaturateci iines give the 

most sensitivity to water vapor column abundance since the integrated Iine intensity grows 



Figure 2.2: hIeasured and computer simulateci UIfrared atmospheric emission above Mauna Kea 
showing the spectral isolation of water vapor in the spectral tegion near a = 500 cm-' (A = 20 
pm). Upper three curves are computer simulated emission Erom N20, CO2 and H2O using coIumn 
abundances of 2.67x10-~ kgm-2, 3.20 kgm-2 and 0.83 kgm-2, respectiveiy. The lowest curve is 
the measured atmospheric emission under conditions of 0.43 mmpuv., 



approximately linearly with abundance in this regime. After the onset of saturation, on the 

other hand, the integrated line intensity exhibits a square root dependence on water vapor 

abundance corresponding to growth primarily in the wings of the line. The use of a spectral 

range containhg as many unsaturated lines as possible is then desirable for high sensitivity 

water vapor radiometry. As described in Chapter 3, the inçared filter available for the 

prototype radiometer had a spectral passband of 462 - 505 cm-'; as seen Gom Figure 1.2, 

although this region contains a mixture of both weak and strong absorption features, the 

majority are unsaturated and hence this region is well suited to the sensitive radiometric 

measurement of water vapor. 

1.3.2 Radio Frequency Inter ference 

The heterodyne detection occurring in radio frequency water vapor monitors re- 

quires the presence of a local oscillator. Since the mixing process is nonlinear and the local 

oscillator signal is strong compared to astronomicd sources, there is a risk of radio fie- 

quency interference with other heterodyne receivers mounted on the telescope. An idiared 

radiometer, an the other hand, uses a DC biased photoconductor operating in a passive 

mode, and thus generates no radio frequency interference. The ,highest modulating fie- 

quency occurring in the prototype infrared radiometer was the 200 Hz chopping Gequency 

of the optical chopper. 
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Figure 1.3: Blackbody emission c m  evaluated for a range of atmospheric temperatures. 

1.3.3 Radiance Cornparison 

The total flux, a, in Watts, collected by a water vapor radiometer is the product 

of the throughput, A $2, and the radiance, L: 

where A is the aperture area, $2 is the solid angle of acceptance of the aperture and L is 

the spectral radiance of water vapor integrated over the spectral bandpass oE the system 

under consideration. Although atmospheric: water vapor emission as measured by both a 



183 GHz and 20 pm infrard radiometer will not be M y  saturated for column abundances 

on the order of - l m m p v ,  saturated ernission wiii be assumed for the cornparison of the 

two systems. In this case the spectral radiant emission fmm atmospheric water vapor will 

be given by the Planck bnction, 

with units of w rn-'~r-~(crn-l)-~ and where Tat, is the temperature of the atmosphera in 

K and a is wavenurnber in cm-'. 

As shown in Figure 1.3, at typical atmospheric temperatures of - 260 K, maximum 

emission occurs at a avelength oE - 20 pm (500 cm-') and is approximately three orders of 

magnitude greater than at radio frequencies. For example, for an atmospheric temperature 

of 260 K, the Planck spectral radiances at 500 cm-[ and 6.1 cm-l (183 GHz) are 

and hence 

Offsetting the advantage of the greater spectral radiance avaiiable in the infrared 

is the fact that water vapor monitors operating at radio hquencies use the antema dish 

itseif as the collecting aperture; using the 15 m diameter JCMT mtenna as an  ample, the 

colIecting area is 



The prototype instrument described in this thesis, on the other hand, was con- 

structed with a primary optic 125 mm in dimeter. The collecting area in this case is 

and the collecting area of the radio dish is seen to be - 14,300 times Iarger. 

As discussed in Section 3.1, the field of view of the prototype radiometer provided 

sampiing of a 10 m patch of atmosphere at a range of 1 km and thus corresponds to a solid 

angle of 

Assunring the 183 GHz (A = 1.6 mm) system operates at the diffraction Limit of 

the JCMT antenna, the field OF view of the antenna subtends an angle 

corresponding to a soIid angle of 

Given the large focal length of typicd radio telescopes, however, the water mpor 

emitting region wiii occur in the near 6eid and the solid angle given in equation 1.3.10 d 

not be valid. Calcdation orC th2 field of view of the radio a n t e ~ a  in this case wiU depend 
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Figure 1.4: The radio frequency approach to measuring the emission of the 183 GHz water vapor 
line tises six discrete channels plnced dong the emission profiie, each of which provides n different 
sensitivity under variois degrees of iine saturation. 

upon the height of the emitting region and, while difficult to eduate ,  wiU tend to approach 

the solid angle given by equation 1.3.8. 

Assuming the water vapor emits as a blackbody, the integrated radiance is given 

which can be approximated as L = Bu Au = Bu(~upper - u ~ ~ ~ ~ ~ )  if the spectral radiance 

is considered constant over du. 

The spectral bandwidth of the prototype inGared radiometer as de6ned by the 



infrared filter was N 450 - 500 cm-', and thus Aa = 50 cm". 

In the 183GHz radio frequency approach, the water vapor radiance is measured 

in several discrete frequency channels placed dong the line profile, each on the order of 

1.OGHz (3.33 x 10-* cm-l) wide, as shown in Figure 1.4. The water vapor abundance is 

then inferred using computer models from the observed radiances in these channels, taken 

either individually or in combiiation [2]. A single rneasurement of water vapor abundance 

in this approach is thus obtained using a spectrai bandwidth of Au = 3.33 x 10-~ cm-'. 

Using the Planck spectral radiance at 183 GHz calculated above and assuming it 

to be constant over the spectral bandwidth, the flux available to the 183 GHz system for a 

single water vapor abundance measurement is then on the order of 

where, a s  discussed above, the solid angle is taken as the same as that of the infrared system. 

On the other hand, the Bu available to the infrared radiometer is 

The above calculations are ody approximata since the radiances are overestimated 

in both cases (the water vapor emission in reality wiii not be M y  saturated over either 



spectral bandwidth) and system efficiencies and modulation factors have not been taken 

into account. Even so, the total flux a d a b l e  to an iafrared radiometer with a collecting 

optic on the order of 125 mm diameter is seen to be - 2 orders of magnitude larger tban 

that of the radio frequency approach using a 15 m diarneter antenna. For a radio antenna 

smaller than the JmlT dish, such as at the SMA or ALMA, this factor increases further. 

In addition to being used to achieve a drastic reduction in instrument size, the increased 

atmospheric water vapor emission available to the infrared system can then be traded for 

an increase in measurement speed, signai-to-noise ratio or an even fi~rther reduction in 

instrument size. 

1.4 Drawbacks of the Infrared Approach 

The potential drawbacks of an infrared approach to atmospheric =ter vapor mea- 

surements are threefold. The fi&, as previously mentioned, is that a sm'ail aperture ra- 

diorneter d l  not sample the same atmospheric column as that viewed by the antema dish 

itself. To address this problem, the field of view of the smaller in£rared radiometer may be 

designed so as to minimize this ciifference, for euample, by sampling a patch of atmosphere 

of the same diarneter as the radio antenna at a range within the scaie height of water vapor, 

Anotber possible solution would be to install more than one infiareci radiometer on a single 

antenna and use interpolation of the signals fkom each to derive an aggregate water vapor 

memement  . 

The second possible disadvantage is that the emission from ice crystds in cir- 



rus clouds is expected to have a greater impact in the infrared than at radio Erequencies, 

The discussion is cornplicated by the lack of detailed information on cirrus cloud emission 

and the large variation of cloud and ice structures possible. Even in the event that corn- 

mon cloud types at the Chajnantor site, for example, interfere with infrared water vapor 

rneasurements, the best performance Gom ALMA will be obtained under the clearest atmo- 

sphenc conditions and these are precisely the conditions under which the infrared approach 

is e..pected to excel. Perhaps the best solution to phase correction on the next generation 

of radio telescope arrays may be to incorporate both types of instruments to enable phase 

correction under a wide range of atmospheric conditions. 

A third disadvantage is that water vapor emission rneaçurements in the 30pm 

spectral region becomes unusable at  low altitudes due to the increased saturation of the 

large number of spectral Lines in this region. The radio frequency approach, on the other 

hand, rernains viable under these conditions and can be used at Lower altitude radio arrays 

such as the VLA in New Mexico. The latest generation of radio interferometers including 

the Smithsonian Millimeter Array (SMA) on Mauna Kea and ALMA at Chajnantor, located 

at altitudes of - 4000 m and - 5000 ml respectively, are at sites where the infrared approach 

to water vapor radiometry can be expected to be effective. 

1.5 Temporal Resolut ion 

An estirnate of the measwement rate needed to compensate for rapid variations 

of water vapor abundance above an antenna can be made by considering windspeed and 



Figure 1.5: A simple mode1 for the estimation of radiometer temporal resolution based on windspeecl 
ancl antenna beam crossing time. 

antenna size as depicted in Figure 1.5. iE an average windspeed of 100 km hr-' is assumeci, 

the tirne taken for a water vapor feature to cross a nominaiiy sized 10 m dimeter antenna 

beam is - 0.36s. Actual water vapor structures are more comphcated than this simple 

mode1 and thus a tempord resolution of 0.1 s was specified for the prototype radiometer. 

1.6 Phase Compensation Requirements of ALMA 

The radio telescope array currently planned for ALMA wüi  consist of 64 anten- 

nae of 12m diameter arranged on a lOkm diameter ring, and due to its large baseline, 

promises sub-miiii-arcsecond imaging under the best atmospherïc conditions. The water 

vapor c o l m  abundance, w, at Chajnantor, the site of ALMA on a high plateau in the 

Chilean Andes, varies between 0.5 and 4 mm pwv [5] with an average of 1 mmpm [l] . A 



Figure 1.6: A view of the Atacama plateau, the future site of the Atecamn Large Mimeter Arrny 
(ALMA). 

photograph of the ALMA site is given in Figure 1.6 and an artist's representation of the 

ALMA array is given in Figure 1.7. 

A mesurernent of the phase ciifference between signals from two antennae, o b  

tained via correlation techniques, is expressed in terms of a visibility, V, 

where 4 is the phase ciifference between the signals at a given operating fiequency and V, is 

the maximum visibility occurring at zero phase delay. The effect on the average amplitude 

of V due to phase noise is [Il 

where (p,, is the rms phase fluctuation due to variations in water vapor column abundance. 

For theoretical treatments this equation can be expressecl in tenns of the array baseline, 15, 

using theoreticai models of turbulence, for example, that due to Kolmogorov N. A phase 

error of 1 radian, for example, gives a coherence of 



Figure 1.E A representation of an aria1 view of the proposeci ALMA array. 

A recent ALMA Memo [7] quotes the current target electromagnetic path resolu- 

tion as 50 Pm, which, using the conversion factor of 6.5 given in equation 1.2.6, corresponds 

to a column abundance resohtion of 7.7pm pwv. This ieads to a coherence of N 95% at 

300 GHz or 85 % at 600 GHz. Another memo [8] puts the target path resolution at 11.5 prn 

( 1 . 7 ~  pu), but this paper ais0 concedes that this is 'setting the bar u e q  high'. 

Given the greater performance expected from an infrared approach to water vapor 

radiometty, the 'hr' was raised higher stili by setting out to construct a prototype ra- 

diorneter capable of 1 pm resohtion in precipitable water vapor column abundance (6.5 pm 

path length error) in a 1 s integration, This thesis describes the design, construction and 

preIiminary r d t s  obtained with the prototype radiometer at the JCMT. 

Chapter 2 contains a review of the theory behind the operation of the radiometer 



and includes a discussion of radiative t r a d e r  theory, water vapor line broadening, com- 

puter siniulated atrnaspheric water vapor emission and radiosonde data showing the vertical 

distribution of water vapor in the atmosphere above Mauna Kea. Chapter 3 describes the 

design and construction of the prototype instrument and includes mechanical, electrical 

and opticai and software aspects of this construction. Chapter 4 preçents the preliminary 

results obtained on the trial run of the radiometer at the JCMT on the summit of Mauna 

Kea in Hawaii in December of 1999. Chapter 5 briefiy discusses improvements and future 

directions of the infrared water vapor radiometer project. Chapter 6 concludes the thesis 

by giving a description of IDL analysis software created during the course of the thesis. A 

CD ROM is included with the thesis and contains IDL analysis software, raw data obtained 

with the prototype radiometer at the JCMT in the form of IDL .sav data üies and the CU 

control program used to operate the prototype instrument. 



Chapter 2 

Atmospheric Radiat ive Transfer 

and Water Vapor 

2.1 Overview 

Tbe analysis of radiative transfer through a medium requires the application of 

radiometric principles; therefore a review of the key concepts and definitions of radiom- 

etry is given in Section 2.2. A detailed andysis of water vapor radiative transfer in the 

atmosphere woulci need to consider a muiti-layer mode1 including pressure, temperature 

and water vapor abundance variations with altitude and, in addition, take into account 

the cornplex spectral ernission and absorption characteristics of water vapor and al1 other 

inhared-active mobcuIar species present in the atmosphere. Such an anaiysis is difficult to 

develop analyticaüy. Zn order to appteciate the generd features of the dependence oE water 

vapor infcared emission on the amount of water vapor present in the atmmphere, a review 



is given in Section 2.3 of the analytical theory of radiative transfer in the simplified case of 

a singIe homogeneous atmospheric layer with a single iine of absorption/emission, followed 

by a comparison of line broadening mechanisms appiied to the case of water vapor above 

Mauna Kea. Having established the fom of broadening expected for water vapor, the end 

result af the analysis is the synthesis of a curve-of-groutth relating the radiant emission of 

water vapor to the abundance of emitting molecules. 

Section 2.4 discusses the experimental technique used to acquire a cume-of-gourth 

and its subsequent use in the prediction of instrument performance. Section 2.5 presents a 

computer generated mode1 of atmospheric water vapor emission above Mauna Kea; it is then 

used to synthesize an artificial curve-of-grnulth. The estimated radiant emission derived hom 

this cume-of-grourth was used at the outset of the project to test the viabiiity of an infrard 

water vapor radiometer using commercidly available components. The vertical distribution 

of water vapor in the atmosphere hm implications in regard to the optical design of the 

prototype radiometer; radiosonde data showing typical conditions above Mauna Kea are 

described in Section 2.6. 

2.2 Radiometric Basics 

Radiometry describes the transport of electromagnetic radiation in a physhi sys- 

tem. The formulae encountered in radiometry involve spectral dependencies generaiiy &Y- 

pressed in terms of eiectromagnetic frequency or wavelength. Spectral quantities in this 

thesis wiii be given in terms of wauenumber, a, which specifies the reciprocal of wavelength, 



1/X, with d t s  of cm-'. Using the familiar wave equation c = U A  describing the propaga- 

tion of electromagnetic radiation in a vacuum, wavenumber is related ta optical Erequency 

by 

where Y is kequency in Hz and c = 3 x 101° cms-1 is the speed of ligllt in vacuum, or, 

alternatively, to wnvelength, A, expressed in microns (IO-") by 

The analysis of radiative transfer is formulated in terms of spectrai energy, Eg, 

spectral power a,, spectral radiant intensity, I,, and spectral radiance, L,. The spectral 

subscript o denotes a merentiai with respect to mvenumber, for example E, = dE/du, 

and thus ttotal energy, power, intensity and radiance are obtained by integration of these 

quantities over a spectral range of interest. Table 2.1 lists these spectral quatities and 

their associateci units. 

Table 2.1: Radiometric quant ities and associateci units. 

Radiometric Qunntity Syrnbol 

spectral energy 

&rai radiance 

As shown schematicalIy in Figure 2.1, the spectral intensity, Io, describes the 

emission of radiant spectral power, a,, emanating fiom a source area dA, or equivalently, 



Basic Radiometric Quantities 
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Figure 2.1: A schemntic iiiustrntion of the relntionships nmong the basic quantities of rndiometry. 

projected area dAp = dAcos9, contained within a solid angle &, labelled as  travelling in 

a direction centered on solid angle dQ, and normalized to unit solid angle : 

As seen in the figure, this emission is equivalent to that From n point source P at 

a distance r Erom the surface clA as shown in the figure. Spectral radiance, L,, normalizes 

the emitted spectrd energy to unit pmjected area element dAp in addition to unit solid 

angle : 



Figure 2.2: The general case of radintive transfer betwveeri two arbitrary surfaces. 

Using these basic quantities, a general formula cxpressing the transfer of radiant 

energy £rom one physicai surface to another is given by 

where (901,, is the spectral power transferred from surface At to surface A? and L,, is the 

spectrai radiance of surface Ai.  Area elements Al and A2 are, in general, arbitrarily shaped 

and arbitrarily oriented surfaces whose normal vectors subtend the angles Ol and O2 with 

respect to the distance between differential eIernents dAi and dA2, as shom in Figure 2.2. 

In this thesis oniy plane parde1 radiative transfer d l  be considered (i.e., Ol = d2 = 0). 

The transfer of radiant p o w  Etom an atmospheric source area to a radiometer 

detector element via an optical system can be derived from equation 2.2.5. Using the 

definition of soiid angle, Q = A/?, the transfer of spectral power from an atmospheric 

source area, As, ont0 a coliecting aperture of area Apt is given by 



where SZd is the solid angle subtended at the collecting aperture by the source area and L, 

is the spectral radiance of the atmospheric source area. Since the throughput of an optical 

system is conserved [9], this is equivalent to 

where Cld is the solid angle subtended at the detector by the collecting aperture. This 

will be used extensively in Chapter 4. 

2.3 Radiat ive Transfer in a Single-Layer Atmosphere 

2.3.1 Absorption in a Linear Medium 

If a medium absorbs linearly and the propagation direction is labelied by t, then 

the change in spectral intensity due to absorption can be written as [IO] 

where km is the mass absorption coefficient in m2 kg-'and p is the mas density of the 

medium in kg m-3. Alternatively, a iinear absorption coefficient, K,, can be defined with 

units of m-l, ailowing the attenuation to be expressed as 



Volume of gas is characterized by an absorption 
coefficient k, (or KJ and density is a function of z. 

Figure 2.3: Absorption in a lincm medium. 

The dimensions of K~ or kup indicate that these quantities specik absorption per 

unit distance of propagation and thus apply to unit cross-sectional area, or equivalently, 

column area. 

As depicted in Figure 2.3, a useful relation can be developed imrnediately for the 

case of the transmission of radiation through a gaseous medium of thickness I ,  mass density 

p, and absorption coefficient k#, or, altemately, r;,. If r again denotes the propagation 

direction and I,, = is the normaiiy incident intensity on the slab, integration of 

equations 2.3.1 and 2.3.2 from t = O to t = 1 gives an emergent intensity of 

in the case of a medium of variable density, and 



in the case of a medium of constant density. The quantity 'IL = p l  is known as the absorber 

amount with units oE kgm-*. Equation 2.3.4 can also express the generai case of variable 

column density as in equation 2.3.3 if the constant density p is replaced with an averaged 

density 

The absorption coefficients kg and K, describe the spectral absorption in the 

medium and are in general functions of wavenumber and density. Formulas for these coef- 

ficients will be developed in Section 2.3.6 for the case of a single molecular line. 

The differential expression for absorption as given by equation 2.3.2 may be refor- 

mulated in t ems  of loss of spectral energy due to absorption. Using equations 2.2.4 and 

2.32, and the fact that dE, = d@,dt, the difierential expression for the loss of radiant 

energy is given by 

dE, = K= L,dQ dA dz dt 2.3.6 

and will be usefui in the development of atmospheric radiative transfer discussed in Section 

2.3.5. 

2.3.2 Ernission in a Linear Medium 

As shown in Figure 2.4, the radiant emission of spectral energy, E,, fiom an 

infinitesimai volume element dV of a gaseous medium into a solid angle di2 is given by 
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unit area dA , 

Figure 2.4: Emission kom a Linear medium. 

where E,, is the spectral volume emission coefficient characterizing the medium with units of 

J ~-~rn-~(crn-~)-~sr- ' .  The analysis of radiative transfer in the atmosphere will be carried 

out for the case of plane pardel geometry and hence the propagation direction parmeter, 

2 ,  is separated Çom the volume t e m  in equation 2.3.8. 

2.3.3 Atmospheric Pressure vs. Density 

Eguations describing radiative transfer are usually formulated in terms of particle 

density whereas atmospheric conditions are oRen given in terms of pressure. Any expression 

invohing a mass density of partides, p, in kg m3, can be written in terms of the atmospheric 

pressure, P, since, for any given volume of atmosphere, V, the ideal gas Law leads to the 

conversion 



where R = 8.314 J mol-L I C L  is the universai gas constant, k = 1.38 x WZ3 J K-' is Boltz- 

mann's constant, Tutm is the temperature of the atmospheric volume V, M is molecular 

weight in kg mol-', and m.,, is molecuie mass in kg. This relationship c m  apply to each 

atmospheric species individuaily; in this case hl, 9, P and p are the rnoIecular weight, 

molecule mas, partial pressure and mass density of the species per unit volume of a t m -  

sphere, respectively. Alternatively, by taking an average of M and - per unit volume 

of atmosphere, i.e. (hl) and (m.,,), equation 2.3.9 expresses the conversion between total 

atmospheric pressure, Put,, and total atmospheric m a s  density, p,,,. 

Alternatively, a mass mixing ratio, FY,, particulnr to a given species, can be defined 

and used in conjunction with equation 3.3.9 to evaluate the mass density for a particular 

species. This last relation is useid, for example, when the water vapor density, pM2,, must 

be ~ ~ t r a c t e d  from radiosonde water mpor miuing ratio data ecpressed in gramsof water 

vapor per kilogram of atmosphere. 

2.3.4 Hydrostatic Equilibrium in the Atmosp here 

Prior to the theoreticai deveIopment of single line atmospheric radiative transfer, 

an expression for the variation oE density with altitude is required since the absorption 



Definition of pressure differential 

dP = P(a+da) - P(a) 

Buoyant force on volume element dV 

F, = [P(a)  - P(a+da)] dA z -dPdA 

Gravitational force on volume element dV 

F a =  - m g = - p ( a ) d a d A g  

Equilibtium condition Fa + F, = O yields 
the hydrostatic equation : 

Figure 2.5: The hydrostatic equation describes the gravitationdy induced vertical density profile 
p = p(a )  where a is the altutude measured from ground level. The density profile can alternately 
be given as p = p ( z )  where z is the electrornagnetic propagation direction used in the analysis of 
radiative transfer and is measured from the top of the lnyer. 

coefficient, I;,, Fvill be shom to have a density dependence. A plane parallel single layer 

atmospheric mode1 with a homogenous temperature but gravitationally induced pressure 

variation will be considered. 

Considering the column of unit cross-sectional area shown in Figure 2.5, and using the 

propagation direction parameter, z, in place of altitude, the differential ~xpression for hy- 

drostatic eqdibrium is 

dP = gpdz 2.3.11 

where P is pressure in w m-2 and g = 9.8 r n ~ - ~  is the acceleration due to gravity. Using 

equation 2.3.9 , equation 2.3.1 becornes 



where H, the scale height, is the altitude at which the pressure is reduced by a factor of 

eVL hom tbat at ground level. 

The scale height can apply to each atmospheric species individuaiiy or to the 

atmosphere as a whole using an average atmospheric molecuiar weight fit,. lntegration 

of equation 2.3.12 from z = 1 to an arbitrary z yields 

where P(t) is the grounci pressure. 

Equation 2.3.14 can alternately be put in terms of density, p, or number density, 

IV, by replacing P(z)  and P(1) with p(z) and p( l ) ,  or N ( z )  and N ( t ) ,  respectively. With a 

temperature Talm assigned to the isothermal model atmosphere t h  expression for density 

ns a function of altitude is then 

2.3.5 Radiative Dansfer in a Plane Parallel Atmosphere 

Figure 2.6 shows a schematic of the simplifieci czse of plane paralle1 radiative 

t r a d e r  in a singie atmospheric layer subject to gravity. The model atmcisphere with total 

path length, 1,  is characterized by an absorption co&cient nm, emission coefiuent E,, 

gravitationaiiy induced density profile p(z) and assigned a uniform temperature Tot,. A 



Posslble External Source 
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2.6: A schematic illustration of the simplified mode1 used for the analysis of atrnospheric 
radiative transfer. A single line of absorption/emission is considered. 

possible extemal source is shown outside the atmosphere and a radiometer views verticdy 

froni the ground. 

Using the definition of radiance given by equation 2.2.4, and noting that da, = 

dEu/dt, conservation of spectral energy applied to the section dz requires that 

[%I " dRdA dt = dE~emitted - dE~mbmrrbec l  

Rom equation 2.3.8, the emitted energy in this layer is 



dE,,,,,, = €* dSl dA dz dt 

and, using equation 2.3.6, the energy absorbed is 

d.EQobrrnbcd = K~ Lu dR dA dz dt 

combining equations 2.3.17 through 2.3.19 gives 

= -KU L u  + C. 2.3.30 

which is known as the equation of radiative transfer. The opaciw, ~ ( z ) ,  cm be defined as 

x(1) = k0dz 2.3.21 

Using this notation, dx = K~ dr and the equation of radiative t rwfer  becornes 

dL *= Ju-& 2.323 

where J, is the source function 

JO = -e 
K u  

Equation (2.3.22) can be integrated by multiplying both sides by ex, 

& e x +  L, ex = J, ex 

or, equivalently, 

$(lu ex)  = J, ex 

Integrating from x = O to an arbitrary x yielàs 



[Lu ex]; = [Ju ex]$ 2.3.27 

With Lm = L+o) denoting the radiance verticaüy incident on the top of the 

atmosphere, evaluation of the definite integrai yields 

and after division by ex, the radiance observed by the radiometer on the ground, Lu, can 

be written as 

The principle of local themodynamic equilibrium (LTE) States that, for a given 

atmospheric layer, the absorption due td the molecular species located in that layer must 

be equai to its emission if the temperature of the Layer is to remain constant. Kirchoff's 

law then allons the source Function to be taken as the Planck function, 

where &(T) is the Planck radiance, which, in terms of wavenumber, is 

Bu (T) = (2 h c2 1004 $) 2.331 

with units oE w m-2sr-f(cm-L)-1 and is evaluated at the temperature of the layer, T = 

q,,, in K. 



If it can be assumed that the radiometer does not observe a significmt celestial 

object, the spectral radiance that is incident on the outside of the atmosphere, Lu,, , is then 

due to the equivaient 3K cosmic background radiation of space, which, if evaluated using 

equation 2.3.31, is seen to be negligible at infrared wavelengths. The radiance observed by 

the radiometer is then solely due to emission of the atmosphere. Using the mass absorption 

coefficient, ku, and assuming this coefficient to have a dependence on density, p, which itseif 

is a function of altitude, z, the c~pression for the radiance becomes, €rom equation 2.3.29, 

Using the averaged, but still exact, expression for density obtained by suhstit uting 

equation 2.3.15 into equation 2.3.5, the observed radiance is then 

An atmospheric molecular species under M y  saturated conditions (kupa, I >> 1) 

is then seen to emit at a maximum radiance given by the Planck radiance, evaluated at the 

atmospheric temperature in which the species resides. 

Having established an expression for the radiance of a single spectral line observed 

by a radiometer on the ground, attention is now turneci to the form of kv which reflects 

the arnount of absorption, and, by Kirchoff's Law the amount of emission, in the mode1 

atmosphere. The form of k,, is shown to depend on the broadening mechanism of the 

transition under investigation, 



For the case of absorption due to a single spectral iine, the mass absorption coef- 

ficient, km, cao be expressed as 

where j(u - go) is a normalized shape Cunction, or Line bmadening pmfile, which has the 

ProPrSr 

and is determinecl from the line broadening mechanism. The formula for j contains a 

parameter, y, the half ~wédth ut  halJ muainnum or HWHhl, which specifies the distance, in 

wavenumbers, from the line center, ao, to the points on either side oE the iine center where 

the absorption Ealls to half its mz~vimum value, as shom in Figure 2.7. 

The parameter S in equation 2.3.34 is known as the integmted &ne stwngth 

~ = / - ~ k , & = / ~ k , d o  O 2.3.36 

with units of m2 kg%n-t and its value for any particular transition is ilvailable From data 

tabulated in the literature [Ill specified at a standard temperature of 296 K. In light of 

equation 2.3.4, the ihe  strength for various gases can be experimentaily determined using 

n npor celi oE path length, 1, and homogeneous sample of density p through the relation 



Spectral Distance from Line Center, ( a- q) 
(cm " ) 

Figure 2.7: A generic iine profile is chnracterized by a parmeter, y, giving the distance, in 
wavenumbers, hom the iine center, u,, to the point where absorption falls to hall that at the 
h e  center. y is refered to as the half width nt hnlf maximum (HWHM). 

The line strength weights the area of the normalized broadening profile for a given 

absorber abundance while the shape of the broadening profile reffects the broadening con- 

ditions that are in effect. As the broadening profile changes shape in response to different 

broadening conditions, the integrated area remains constant. The iine strength, S, is thus 

independent of the width of the Iine profile and is a fundamental parameter describing a 

specific transition. 

There are essentiaiiy three mechanisrns which cause the emission Eiom a quantum 

transition to have a finite width. The first is the natuml width of a line which arises because 

the quantum states of a molecule have a variability in energy, AE, which is related to the 



lifetime of the state, At, through the Heisenberg relationship Ai? At ~ h .  The variability 

in the frequency of emission [12J, expresseci in terms of wavenumber, can be written 

where h is Planck's constant. The effects OF natural broadening, being less than 0.001 cm-' 

for the strongest molecular transitions [13] fl4], will not be signifiant in cornparison to 

other atmospheric broadening mechanisrns and c m  be neglected. 

The second broadening mechanisrn is due to the Doppler shift in emission frequency 

caused by the motion of the emitting rnolecule towards or away from the observer. The 

distribution of rnolecdar speeds in an atrnospheric layer of temperature T are described by 

the Manveil-Boltzmann (bil3) probability distribution 

where v is the velocity of the molecule, h , i , d e  is its mnss in kg, k is Boltzmann's constant 

and the temperature is given in K. The resulting Doppler shifts wiil then also be dmribed 

by a statistical distribution and the Doppler line broadening expression, derived using the 

Ml3 distribution, is [IO] 



The Doppler broadening mechanism becomes increasingly important at high alti- 

tudes where the atmospheric pressure is low and the atmospheric temperature, and hence 

mean molecular speed, is high. 

The third broadening mechanism, dominant at  Lower altitudes, is known as Lore?ab 

broadening and arises from interruptions in the oscillations of quantum transitions due 

to coiiisions between molecules. The frequency of the interruptions is dependent on the 

pressure and, to a lesser e-tent, the temperature of the gas. A Fourier analysis of the finite 

length wave-trains constituting the emission Erom quantum transitions in a homogeneous 

volume of emitters, and taking into account the Poissonian nature of the perturbations [12], 

yields the pressure broadened, or Lorentz, iineshape 

where yt is the Lorentzian 

[12] to the pressure, Pl and 

HWHM. Using the kinetic theory of gases, y' can be related 

temperature, T, of the molecular species through the relation 

where T is the mean time between coliisions of the molecules and 7, is the HwHR/Z tabulated 

in the literature at a specific pressure and temperature. In the case of an altitude dependent 

pressure P = P(z), the CurtisGodson approximation, 

can be used in equation 2.3.43. A sirniIar calculation may be applied to the temperature, 

but since equation 2.3.43 euhibits only a square root dependence on temperature, and 



€urthecmore, that the temperature fds off roughly iinearly with altitude, the effects of an 

altitude dependent temperature are las significant. 

Figure 3.8 shows rt comparison of the shapes of the Lorentz and Doppler profles. 

Ench has been normalized to unit area and thus represents the sarne amount of total ab- 

sorption but it will be noticed that the Lorentz proiiie has much larger wings and hence 

the total absorption, or, by Kirchoff's law, emission, due to a single Lorentz broadened line 

requires integrating out to much larger distances from the Iine center than in the case of a 

Doppler broadened line. 

2.3.7 Broadening Regime for Water Vapor 

The analysis thus fa has not been specific about the atmospheric moleculac species 

involveci in radiative trmsfer. The broadening mechanisrns discussed in the previous sec- 

tion are sensitive to temperature and pressure, and, since these quantities are functions of 

altitude, the vertical distribution of the atmospheric molecular species under consideration 

has a direct bearing on which broadening mechanisrn(s) are of importance. The molecular 

species of interest for this project is water vapor, and since this molecuiar species eusts 

primady at altitudes below - 10 km, the half widths of the Lorentz and Doppler profiles 

wili be comparecl to establish their relative importance at a high altitude observing site 

such as Mauna Kea. 

As wiil be sbown in Section 2.6, radiosonde data reveal that water vapor &ts in 

significant amounts to an altitude of approlrimatdy 1 - 2 km above the summit OF Mauna 



Figure 2.8: A cornparison of the Lorentz and Doppler area normalized h e  broadening profiles. 
The Lorentz profile is m n  to extend to larger dist~ces from the Line center thm in the Doppler 
case for the same total amount of absorption. 

Kea. Using these radiosonde derived data, an atmospheric temperature of 360 K and an 

atmospheric pressure of .Y 600 mb (60 kPa) may be assigned to this region. A typical water 

vapor iine has a width of .Y 0-lcm-' (u, = 500~m-~, Po = 101.3 kPa, To = 2% K) 

[Il], and, with RIHzO = 0.018 kgmol-l, the following halE widths cari be calculatecl for the 

Lorentz and Doppler broadening of water vapor using equations 2.3.41 and 2.3.43: 



For atmospheric water vapor observeci kom Mauna Kea, Lorentz broadening is 

seen to dominate over Doppler broadening. In the rernainder of the analysis the broadening 

coefficient will thus be assumed to be Lorentzian, i.e., 

2.3.8 Radiance from a Single Water Vapor Line 

The expression for the total radiance seen by a radiometer on the ground is found 

by integrating equation 2.3.33 over a spectral range of interest. For the case where the 

integral is taken over aii wavenumbers the total radiance is 

With k, expressing the Lorentz broadened absorption due to a single line as given 

by equation 2.3.42, the result of the spectral integration c m  be evaluated analyticdy and 

is known as the Ladenberg-Reiche equation [14] 

where Jo(x) and Ji(x)  are the Bessel Functions of order zero and one, respectively, and 

imaginary argument. The quantity x is given by 

where 



is the absorber amount dong an atmospheric path length 1 containing an average density 

of absorber pu,. 

An optically thin limit is applicable to an atmoçphere with a low opacity x = k,, p 1 ,  

as defined in equation 2.3.21. An expression for the ground level radiance may be obtained 

eit her by using a smaii x approximation of equation 2.3.49, or directly from equation 2.3.48 

by taking X, « 1, in which event e-x e 1- x = 1 - k&. The spectral integration then 

yields 

In the case of large opacik the radiance can be s h o w  to have the form [14] 

The integration over wavenumber occucring in equation 2.3.48 is for the range 

[O,oo] but in practice, for a band limited opticai system, this integrai and the integrals of 

the limiting cases in equations 2.3.52 and 2.3.53 are evaluated over the passband of the 

system determined by the combined detector/filter response. 

As indicated by equation 2.3.52, in the case of Iow opacity a linear relationship 

~xists  between the observed radiance and the absorber abundance, pl. A water vapor 

radiometer is then seen to be most sensitive to growth in emission when the water vapor 

abundance is smaii and this is preciseiy the regime in which the infrared radiometer is 

evpected to be vaiuable to high altitude submillimeter observatories. 



2.3.9 Curve-of-Gmwth Synthesis 

The radiance observed by a radiometer plotted as a Function of the abundance of 

the emitting species, or absorber amount, is known as a mirue-of-grouth. An IDL progam 

was written to iiiustrate the growth in integrated emission of a single Lorentz broadened 

line as a function of increasing path length, 1, while keeping density, pressure, temperature 

and line strength constant. A Lorentz half width, 70, of 0.1 cm-' and a normalized Planck 

radiance of 1 were arbitrarily selected for use in the numerical illustration. Figure 2.9 shows 

the growing Lorentz profile and the resulting integrated curve-of-gmwth. 

When the integrated emission and absorber amount are plotted wing logarithmîc 

scales, the curve clearly shows the two limiting power law behaviors described by equations 

2.3.52 and 2.3.53, i.e., a weak and a strong regime. In the weak regime, the area under the 

spectral line grows linearly with increasing absorber abundance. As the absorber abundance 

increases, the line eventually saturates as it reaches the Planck curve corresponding to 

the local atrnospheric ternperature. Further increase in absorber abundance results in a 

widening of the spectral line and, when the line is heavily saturated, the integrated area 

increases as  the square root of the abundance. 

In order to enhance sensitivity, the spectral bandpass of a practical infrared ra- 

diorneter should include rnany Iines of water vapor emission. Such a region may comprise a 

compiicated mixture of weak and saturated lies. Although it cannot be described anaiyt- 

icaily, the resuiting curve-of-grouth from a spectrai region containhg many iines wili have 

the general form as that displayed in Figure 2.9. Data obtained from the prototype instru- 
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Figure 2.9: A curve of growth (bottom graph) cm be synthesized by integrating the emission of a 
Lorentz broadened iine (top graph) as it responds to on increasing absorber nmount. 

ment and presented in Chapter 4 confirrn the presence of two distinct regimes of growth 

corresponding to a constant power law description in low and high water vapor abundance 

conditions. 

2.4 Application of the Cume-of- Growth 

Data from a calibrated water vapor radiometer providing phase calibration for an 

interferorneter array would have the form of signal as a function of tirne. As demonstrated 



in the'following section, data in the form of a mrve-oj-gmurth can be used to predict the 

performance of a radiometer. Section 4.8 wilI also show the usefulness of the curve-of-g~ourth 

in calibrating the radiometer. 

2.4.1 Obtaining a Cwue-of-Grouth Via Sky-Dipping 

To obtain a curve-of-grouth, the amount of absorber viewed by a radiometer must 

be varied in a known way and plotted against the corresponding signal. In a laboratory set- 

ting, for example, a variable length multi-pas mpor cell could be used to Vary the observed 

absorber amount in a well defined way while keeping the broadening conditions constant. Ln 

the case of the atmosphere, there is no way to arbitrarüy set the water vapor abundance but 

the method of skpdàppàng provides a mnvenient method of mrying the effective absorber 

amount seen by a radiometer. If the vertical pressure, temperature and absorber amount 

profiles can be assurned to be the same for a local section of atmosphere, then, as in the 

laboratory setting, the observed absorber amount can be varied by a controlled variation of 

path length by acquiring signds Erom a radiometer as it is swept through a range of zenith 

angles. 

Refemng to Figure 2.10, for an atmosphere of effective height h, the effective path 

length dong a line of sight defied by zenith angle 0 is given by 

Since 1 airmass corresponds to the atmospheric height h, the path length may be written 



airmass: A = 1 

1 Observation Angle 9 1 
1 

airmass: A = - 
cos (9) 

path length: I =  h path length: 1 = A h 

absorber abundance: u,,,, = p., h absorber abundance: u,, = p,,A h 

L scannina 

Figure 2.10: A curue-of-pwth is obtnined by the technique of sky-dipping, in which the radiometer 
scnns a range of zenith angles through an nssumed horizontaiiy homogeneous atmosphere. 

where A is airmass. If the atmosphere is considered to be horizontaiiy homogeneous, and 

is characterized by an average density p,,,, then the absorber amount, uo, dong the lin+ 

of-sight at any zenith angle, 8, will be related to the zenith absorber amount, uZmith, by 

This retation may be incorporated into equations 2.3.48 through 2.3.53 to give the 

observed radiance as a h c t i o n  of zenith angle, or, equivalentIy, airmass, A, since 



The absorber arnount u has standard SI units of kgm-2 since, as seen in equation 

2.3.51 or 2.4.3, it specifies the m a s  of obsemd absorber normalized to a line-of-sight column 

of unit cross-sectionai area. When appiied to a vertical column of atmosphere, the absorber 

amount is referred to as a colunan abundance, W. Liquid water has a density of 1 gcm3 and 

hence a 1 mm thick layer O€ water on a 1 m2 surface area has a mass of 1 kg. The units of 

column abundance, Le. kg m-2, when applied to a vertical column of water vapor are then 

equivalent to a depth per unit area in mmpuni. In the case of water vapor, a cunie-of-gmwth 

is then labeled on the horizontal suis with absorber arnount given as colurnn abundance, 

'w, in mrnpuru. 

2 A.2 Radiometer Performance Derived From a Curve-of- Grouith 

If the infrared detector of the prototype radiometer responds linearly, its output 

signal wiii be related to the observed radiance via multiplication by a calibration constant 

caiied the instrumentai responsivity with unitç of V W-'. The quantity plotted on the ver- 

ticai axis of a curue-of-groutth can then be either the radiometer signal or the conesponding 

radiance. The quantity on the horizontal axis is absorber amount. The differentiai of this 

curve relates the error in the observed radiance to an error in absorber amount, as a h c -  

tion oE absorber amount. In practice, the error in the measiired radiometer signai (V) is 

determined by repeated observation of the blackbody references. The error in radiance is 

then derived by dividing this measured signal by the instrumental responsivity as nrill be 

discussed in Section 4.6. As demonstrated in Figure 2.11, the error in absorber amount is 

then found by projection of the radiance error ont0 the absorber amount auis. This error 



absorber amount (mm pwv) - ....g ives an error in pwv here 

- An error in signal (or radiance) here .... 

For a given error in signal (instrumental noise], the errorin pwv 
is smailer under dry conditions than it is under wetter conditions. 

Figure 2.11: An illustration of the use of a m m - o f - p w t h  for caiculating the resolution in absorber 
amount (i.e. precipitable water vnpor) horn the instrumental noise of the radiometer. This procedure 
can be reverseci and used to specify rndiometer noise performance for a target absorber amount 
resolution. The vertical uïs of the me-O!-grozulh cm be radiometer signai, or, after conversion 
via the instrumentai responsivity, radiance. In the case where the curve-oj+wdh has been obtnined 
from a spectral integration of cornputer synthesized emission spectra, the verticai axis is already in 
radiance. 

cm then be compared to the resolution requirements of raàio telescope observatories such 

as ALMA as discussed in Chapter 1. 

In the case where a numerical mode1 of an atmosphere is availabie, an artificial 

curue-of-gruuth may be synthesized from it and, reversing the above procedure, may be used 

to estirnate a radiometer detection performance necessary for a desired absorber amount 

resolution. 
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Figure 2.12: Computer simulateci water vapor emission above Mauna Kea for a variety of mIumn 
abundances ranging from 0.25 - 4.00 mm p v v  in steps of 0.25. 

2.5 Comput er Simulated At mosphere Above Mauna Kea 

The trial of the prototype radiometer was to be conducted at the JCMT and 

therefore a muhi-layer mode1 atmosphere [6] was used to simulate the water vapor emission 

above this site for the spectral region 450 - 500 cm-l for a variety of column abundances 

From 0.25 to 4.0 mmpwv. This simulation, s h o w  in Figure 2.12, shows a mixture of strong 

and weak emission features. 

Figure 2.13 shows the came-of-grouth determined fiom a spectral integration un- 

der the individual curves in Figure 2.12. The derivative of this mme-of-gmurth relates a 

variation of pum to a variation of radiance as previously discussed. As seen fiom the figure, 



Figure 2.13: Cunie-of-gmwth synthesized fiom the sùnulated emission above Mauna Kea show in 
Figure 2.12. 

the estimated ernission radiance fiom the atmosphere under the condition of 1 mm pwu 

is approximately 0.85 Wm-2sr-1 and the derivative of the curue-of-gmwth at 1 mmpwv 

is .Y 0.45 W m-2~rf Lmmw-L. These values were used in an initial feasibility study to 

estimate the performance required of the prototype infrared radiometer; this calcuiation 

will be reviewed in Section 3.2. 

2.6 Distribution of Water Vapor in the Atmosphere 

Idealiy, the idrarecl radiometer shouid sample a volurne that corresponds to the 

beam of the radio antema for which phase correction is required. The effective volume oE 

atmosphere sampled by a diffraction-limited radio telescope corresponds to a cyiinder of the 

same diameter extendhg to the outer limit of the atmosphere. The idrareci water vapor 



radiometer, on the other hand, is a very compact device with a small coiiecting optic on 

the order of a few tens of centimeters. The chdenge was to design the prototype such t hat 

it samples, as far as possible, the cylindrical beam of the radio antenna. It was therefore 

decided to design the field of view of the radiometer such that it sampled a patch of sky 

equd in size to the radio antenna at a range not shorter than the effective scale height of 

water vapor. As the prototype was to be tested at the JCMT, an estimate of the effective 

scale height of water vapor above Mauna Kea was required and radiosondes launched from 

the nearby Hi10 airport provided such data. 

If water existed only in the vapor phase, and in an isothermal atmosphere, then 

the vertical distribution would be given by the hydrostatic expression derived in section 

2.3.4. Rewriting equation 2.3.15 in terms of particle density, N, and altitude, a, the vertical 

distribution of water vapor molecuIes is then given by 

where N(a)  is the number density of water vapor molecules at an altitude a above the 

sununit, N(0) is the number density at the summit and H is the previously discussed scde 

height, 

applied to water vapor. Evaluation of equation 3-62 using a mean atmospheric temperature 

of 260 K yields a scaIe height for water vapor of 12.7 km, but since water vapar condenses 

out at temperatures below 273K, the actual distribution could not be e~pected to foIIow 

equation 2.6.1. An eflective scale height can be dehed  as  the altitude at which the number 



Figure 2.14: Radimnde dnta for the ntmosphere in the region of Mauna Kea giving atmospheric 
temperature and precipitable water vapor as a function of atmospheric pressure. Curves startiug at 
the Iomr right in the figure represent pressuretemperature profiles. Curves starting from the Left 
in the figure represent pressurepwv profles, 

density of water vapor molecules, integrated hom ground level, faiis to e-' of the totai 

integrated amount . This quantity can be evaiuated numericdy from radiosonde data such 

as that fiorn the Hi10 radiosondes. This effective scde height can be expected to be highly 

variable as  it reflects the Aanging conditions above Mauna Kea but typical values of the 

numericaiiy derived scaie height c m  be taken as a good criterion for the sampling range oE 

the prototype radiometer. 

The Hi10 airpott is situated a p p r h a t e i y  43km to the east of Mauna Kea and 

radiosondes are Iaunched from this Iocation twice a day, at 2 pm. and 2 a.m. local Hawaiian 



tirne. These radiosonde data are accessible on the web at: 

An example of a week of such data is shown in Figure 2.14 where integrated pwv 

(curves starting from the left) and atmospheric temperature (starting from the lower right) 

are plotted as a h c t i o n  of atmospheric pressure. It is seen from this figure that the 

integrated precipitable water vapor is Iargely contained in a region below - 500mb. It is 

aiso seen that the total colurnn abundance varied widely during this week; the driest day 

haci a total column abundance of 0.4 mm puru, another group of three days had an average 

value of - 1.4 m m p v ,  and on two dnys the pwv was indeterminate, as evidenced by the 

two almost horizontal curves representing heavily overcast conditions. 

Eduat ing the scale height formula nrith an average atmospheric moleculac mass 

of 0.028 kg mol-' and an average atmospheric temperature of 260 K yields 

Using this scale height and the typicd atmospheric pressure at the çummit of 

626 mb, the altitude at which the pressure drops to 500 mb can be derived via the hydrostatic 

equation: 

Given the approximate nature of the above calculation, an effective water vapor 

scale height was taken as 1 km. The infrared radiometer was therefore designed to sample 

an area of - 10 m diameter, the typical size of a radio antema, a t  a range of 1 km. These 



values then establish an optical field of view for the design of the prototype radiometer 

(Section 3.4.1). 



Chapter 3 

Radiometer Design and 

Construction 

3.1 Overview 

This chapter presents details of the design and construction of the prototype ra- 

diometer. The starting point in the design process were the EoUowing four input parameters 

presented in the preceding chapters: 1) the expected atmospheric water vapor radiance 

of - 0.85 W m-2sr-1 obtained via computer simulation (Section 2.5), 2) the atmospheric 

sampling criterion of a 10 m diameter patch of sky at a range of 1 km, chosen to match as 

cIosely as possible the atmospheric colurim of the proposed f i i iA  radio antennae at the 

effective scale height of water vapor (Section 2.6), 3) a nrorking spectral range of - 450-500 

cm-L within which water vapor infiareci emission could be expected to be isoIated hom that 

due to other atmospheric species (Section 1,3,1) and 4) the desire to measwe the coiumn 



abundance of water vapor to a resolution of N lpmpwv in an integration time of - 1 s  

(Section 1.5). 

The first step was to conduct a feasibility study to estabiish the viability of an in- 

frared approach to water vapor measurement. Assurning certain component characteristics 

such as the spectral bandpas of the uifrared filter and sensitivity of commercially available 

detectors, this caiculation de t edned  the approximate size of the optics required for the 

prototype and is reproduced in Section 3.2. The remainder of the chapter describes in detail 

the design and construction of the prototype including optical, electronic, mechanical and 

software aspects. Section 3.3 begins with an overall view of the radiometer systern which 

consisteci of three principle components; an instrument platform, an electronics package 

and a laptop computer executing the control software; each of these parts of the system is 

then discussecl in detail. Section 3.4 describes the design of the instrument platform which 

included optical components, blackbody references, detector dewar and detector preampli- 

Ber. Section 3.5 describes the electronic instrumentation and Section 3.6, the instrument 

control software. 

3.2 A Preliminary Feasibility Calculat ion 

The spectral region of - 450 - 500 cm-1 was the target spectral region for the 

prototype radiometer. The radiance from water vapor above Mauna Kea predicted by the 

computer model for this spectral region under conditions of 1 mrnpwu was 0.85 mW. The 

atmospheric sampling criterion, defining a field of view for the protome, was chosen to 



sample a 10m diameter patch at a range of 1 km. A primary rnirror diameter of 125 mm 

was chosen as a good compromise between collecting area, cost and the compact design 

envisioned for the radiometer but was subject to revision pending the outcome of the signal- 

to-noise calculation. Using these figures, a preliminary calcdation was made to ensure that 

an infiareci approach was feasible using commerciaiiy amilable infrared detectors and flters 

under the somewhat pessimistic asiççumption of 10 % optical efficiency. The calculat ion 

proceeded as follows. 

The collecting area was 

Using the sampling criterion of a 10 rn cliameter patch at a range, R, of 1 km, the 

field of view of the radiometer was 

The predicted radiance of water vapor above Mauna Kea was - 0.85 iVm'2sr-L 

(Section 2.5). The total optical efficiency, 7, was rissumed to be 10% which yielded a total 

coliected power 

Discussions with detector manufacturers indicated that a photoconductor sensi- 

tivity performance of D* = 2 x log cm& W-lcould be expected for a mercury-cadmium- 

telluride (MCT) detector element operating in the region of 500~-n-'. iWth an area of 

1 mm2, the detector noise-equivaient-ponrer (NEP) was 



NEP = = d m -  =5  x 10-L' WJLIZ' 

The resulting signal-to-noise ratio in a 1 s i n t e d  became 

The derivative of the computer synthesized cume-of-grovth (Figue 2. la), relating 

the error in observed water vapor radiance to the ercor in precipitable water vapor for 

the case of Mauna Kea was 0.45 w m-2sr-L(mmpwu)'1 under conditions of 1 mm punr. 

Using the signal-to-noise ratio of 1600 calculated above and the predicted radiance of 0.85 

w m-2sr-1, this translated to an error in precipitable water vapor,ur, of 

for a 1 u detection in a 1 s integration. 

This preliminary calculation indicated that the chailenging mensurement resolu- 

tion of - 1 pm p m  could be achieved using a collecting optic 125 mm in diameter and ushg 

a commercially available LN2-cooled MCT photoconductive detector, band limited to the 

spectral range 450 - 500 cm-'. 

The infrared filter required to define the spectral bandpass of the system could 

be accomplished either by a bandpass type filter or, aiternatively, an edge £iiter used in 

conjunction with the sharp long wavelength detector cut-off characteristic of MCT detectors. 

These filters are not commercially avaiiable, but fortunately an e~perimental tilter with 

a paçsband of 462 - 505 cm-l was purchased from the University of Reading InErarecl 
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Figure 3.1: An overd view of the protome radiometer showing the three principle parts of the 
system; the instrument platfonn, the electronic instrumentation and the laptop control computer. 

Multilayer Laboratory, and this provided the last elernent needed for the construction of 

the prototype infrared water vapor radiometer. 

a... 

Laptop Cornputer 

3.3 An Overall System View of the Radiometer 

............................................................................................... 

Figure 3.1 shows an overd view of the water vapor radiometer which is comprised 

of three principle components; an instrument pIatform, the electronic instrumentation and a 

laptop control computer. The electronic instrumentation consists of a chopper wheel driver 

unit, a lock-in ampWer and an interface contml unit (ICU) which houses power supplies, an 

A/D converter for the signal output ftom the lock-in and a pardel port computer interface. 



FinalIy, a laptop cornputer nins the control software. The design and construction of each 

of these components is discussecl below. 

3.4 The Instrument Platform 

The instrument platform contained aU the optical components, two blackbody 

references and LN2-cooled infiared detector dewar assembly with detector preamptifier and 

re0ective optical chopper. The optical system consists of a Bat scanning mirror directing 

light to an off-auis paraboloid having a focal point on the detector. The scanning mirror 

provided a range of observable zenith angles Çom O to 70.38' and hence curues-of-grovth 

could be obtained representing an airmass range Çoin 1 - 3. 

The cold blackbody consisted of an open flask of LN2 placed on the floor directly 

below the scanning mirror assembly and into which was placed a disc of ~ c c o s o r b ~ ~  [15], 

a cornxnon absorber at submillimeter wavelengths, so as to eliminate reflections Ecom the 

mirror-like bottom of the flask. While the temperature of the ambient blackbody changed 

with time, the temperature of the cold blackbody at the reduced atmospheric pressure on 

the summit of Mauna Kea could be taken as a constant 73 K. 

The ambient blackbody consisted of an alurninum plate coated with a thermaliy 

conductive epoxy (Epo - Tek 920) matrix of carbon black (2 % by weight carbon black) 

whose surface was irnprinted with a uniform grid of square pyramidal indentations by means 

of a plastic mold. The emissivity of this material in the spectral region of 20 pm has b e n  

meaçured to be greater than 0.99 [16]. The plate was mounted with insdating support 



brackets on the underside of the platform. The temperature of the plate was to have 

been measured with a sensor embedded in the center. Unfortunately this sensor was later 

discovered to have produced erroneous reodings. Arnbient temperature readings recorded 

from the JCMT outside air temperature sensor were then assigned to the arnbient blackbody 

reference in the subsequent analysis. A detailed top and side view of the instrument platform 

is shown in Figure 3.2. 

3.4.1 Parabolic Primary Mirror Design 

An off-axis paraboloid was chosen as the primary focusing optic so as ta avoid 

occultation of the optical beam by a secondary mirror assembly and hence maxirnize the 

optical energy collected for a given primary mirror diameter. This approach ais0 resulted 

in a simple and compact radiometer design. The diameter of the paraboloid was chosen to 

be 125 mm (Section 3.2); due to the previousIy determined field of view requirement and 

the standard 1 mm2 detector element, the focd length was fked by the conservation of the 

opticai throughput of the system. 

Referring to the schematic of the opticai system shown in Figure 3.3, conservation 

of the throughput of the opticd system requires that 

where Ad is the area of the detector, Rd is the soiid angle viewed by the detector, A, is the 

area of the paraboloid and % is the solid angle subtended by the 10 m diameter atmospheric 
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Figure 3.2: Side view (a) and top view (b) of the instrument platform. 
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Figure 3.3: A schematic of the equident opticnl system of the prototype radiometer. 

sampling area at the paraboloid. A good approximation of the solid angle subtended by a 

sampled area A, at the paraboloid at a distance R is ilp = AJR *, and, similarly, the solid 

angle subtended by the paraboloid at the detector is i ld = Ap/ f 2. Equation 3.4.1 can then 

be rearranged to specifjr a focal Length 

where dd is the diameter of the detector element and d, is the diameter of the source area 

(i.e. 10 m). Here the effective area of the 1 mm2 square detector element is taken as a circle 

of diameter dd = 1 mm. The focal length of the paraboloid is then seen to be determined 

by dd, d,, and R, aii of which having been previously determined, and is independent of the 

diameter of the paraboloid. Inserting vaIues into equation 3.4.2 yields a focal length of 

f = (1000) ,/-w = 0.1 rn 3.4.3 

Having estabhhed a nominal focal Iength consistent with the desired radiometer 
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Figure 3.4: Detaiis of the iDGassisted final design of the parabolic primary mirror. 
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field of view, it rernained to choose an off-aus throw angle, which, due the focal length, 

implied a certain clearance tiom the focai point to the edge of the optical beam. The dewar 

assembly had to be placed such that the focus of the paraboloid is at the detector element 

while the dewar itself is kept from intedering with the optical beam. Angles of throw much 

greater than about 45 degrees would provide a greater clearance for the dewar assembly 

but would result in an unreasonably deep paraboioid. The focal length calculated above 

and the previously determined paraboloid diameter of 125 mm were taken as target fiogres 

for the h a 1  design of the paraboioid but were subject to s m d  revisions that the choice of 

throw angle, detector fieid of view and dewar clearance demandeci. 

f- 



An D L  program (PerabolaJesign) was written to experiment with these trade- 

offi. With the paraboloid diameter set at 125 mm, the remainder of the parameters were 

iteratively adjusted while keeping the F-number of the paraboloid as close to unity as 

possible so as to avoid the difiiculties associated with the manufacture oldeep paraboloids. 

The graphitai output of this program showing the final arrangement is given in Figure 

3.4.including the equation for the paraboloid in the coordinate systern shom with x, y and 

400 having units of millimeters. A summary of the optical properties of the paraboloid is 

given in Table 3.1. 

Table 3.1: Su- of paraboIoid design parmeters. 
I 

l Design Parameter 1 Vdue 1 

The parabola was diamond turned fiom a solid block ol  aiuminum by Lummics 

Inc., (Ottawa), and was fabricated with an additional 25 mm of material below the x axis, 

as shown in the figttre, to aUow mounting holes to be drilled in the rear of the mirror 

itseif. The paraboloid mis bolted flat against a 25 mm thick aluminum mounting plate 

without provision for adjustment. An X-Y dewar assembly mounting platform provided 

focus adjustment in a horizontal plane wMe the vertical position of the dewar was adjusted 

by machining the thickness of the mounting fiange supporthg the detector dewar- Figure 

3.5 provides a detail of the top view of the final design of the opticd system and show 

the close tolerances required to keep a 125 rnm diameter optical beam while simdtaneously 



Figure 3.5: A top view detd of the opticd system showing the placement of the detector dewar 
at the focus of the parabolic prirnary mirror. 

accommodating the requirements of the detector dewar assernbly. A protective shroud was 

incorporated around the top <and sides of the paraboloid and provided a degree of protection 

From the environment. 

3.4.2 Scanning Mirror Assembly 

The scanning mirror assembly was designeci to provide ames-of-grouth for an 

airmass range of 1 - 3. Since, as discussed in Section 2.4.1, airmass = l/ cos(zmith 

angle), this range corresponds to a zenith mgle range from O - 70.38". The scanning mirror 

was actuated via a 200 step/rev stepping motor (400 step/rev in half stepping ) f o l l o d  by 

a 10 : 1 p d e y  reduction arrangement as shown in Figure 3.6. The control computer tracked 



the position of the scanning mirror by counting step pulses issued to the driver unit. A 

reference position was provided by an optical switch mounted on the scanning mirror axie 

block with the interrupting blade fastened to the large pulley of the scanning minor ade in 

such a way as to provide interruption of the opto-switch when the mirror viewed the nadir. 

Upon system start up, the computer drove the scanning mirror toward the nadir until the 

reference signal was obtained. The scanning rnirror position register in the control program 

ivas then reset to zero, Subsequent rnirror movement was then tracked by the computer via 

this register. 

The 10-turn potentiometer was attached to the stepper motor axle shaft so as 

to provide a secondary (analog) means of monitoring the scanning mirror position. The 

10-revolution range of the stepper motor ade  provided a one turn range of the scanning 

mirror aule and, hence, wns more than twice that needed to provide observations from 

1 - 3 airmasses. This enabled the 10-turn potentiorneter to be operated in the center of its 

rotational range. Nevertheless, a means hnd to be provided to prevent the computer from 

driving the motor beyond the lirnits of the potentiometer in the event of a failure of the 

control program. As also seen in Figure 3.6, a limit switch was placed on the d e  block on 

the opposite side hom the opto-switch and two round-headed screws were instaiied on the 

inner face of the drive pulley 95* apart so as to actuate the switch if the scanning mirror leFt 

the range of ailowed movement. The normaily high signal hom the l i t  switch was AiNDed 

with the step pulses issued by the control program at the input of the stepper driver unit 

to provide a hardware level emergency lock-out tunetion. 

The dimensions of the flat scanning &or were chosen slightly oversized so as to 
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Figure 3.6: A top view of the scanning mirror ttssembly showing the nadir reference position opte 
switch and out-of-range lunit switch. A detail of the opta-switch circuit is shown in the inset. 



accommodate the divergence of the opticai view fiom the paraboloid due to the field of view 

of the instrument, as weli as any small misalignment of the optical axis. The field of view 

of the instrument was 

8 ~ ~ ~ = 5 x 1 0 "  rad 3.4.4 

The distance dong the opticai a i s  fiom the surface of the paraboiic primary 

mirror to the center oE the Bat mirror was 460 mm and hence over this range the optical 

beam divcrged a distance of 

beyond the perimeter of a 12Srnm diameter circle as projected onto the surface of the 

scanning mirror. In sizing the mirror width, s clearance of 12.5 mm was allotteci to each 

side of the projected 125 mm paraboloid diameter, making the mirror width 150 mm. The 

projected distance of the optical beam along the scanning mirror in the vertical direction 

when at its maximum relative angle of 4 5 O  with respect to the optical avis of the system is 

a factor of fi times the projected paraboloid diameter. To this was added a clearance of 

fi x 12.5 mm making the long dimension of the scanning mirror 212 mm. The mirror was 

iabricated from op tical giass and coated with a Iayer of aiurninurn followed by a coating of 

Si0 n few nanometers thick for protection against the environment. 

3.4.3 Infrared Detector 

The inhard detector was a mercury-cadmium-teliuride (MCT) device, suppüed by 

Kolmr Technologies Inc. [l?], designed for operation at 77K. The detector specïfications 



supplied by the manufacturer are listed in Table 3.2: 

Table 3.2: Infrared detector characteristics. 

I Detector Parameter 1 Vdue 1 
I active area I 1 mmx I 

The specifications indicate a 10 % response cutoff wavelength of 22.15 pm (451 cm") 

and this makes it a reasonable match with the infrared filter as discussed in Section 3.4.4. 

The resistance of the device was measured to be 32 R at 77K and the optimd bias volt- 

age of 0.45V quoted by the manufactwer corresponds to a bias current of 14 mA. Verbd 

communication with the manufacturer suggested that slightly better performance codd be 

attained by increasing this value provided the breakdown voltage of 0.8V for the device 

wns not exceeded. Performance tests in the laboratory revealed no appreciable increase in 

signal-to-noise with increasing bias voltage and the recommended bias current of 14mA 

became the target current for the premplifier design. 

3.4.4 Optical Filter 

The narrow-band, infrared interference filter from the University of Reading, UK, 

was supplied with a response curve for normdy incident radiation and is shown in Figure 

3.7. In practice, the filter response should be modified to take into account a wavelength shift 

that occurs for radiation incident at an arbitrary angle. Since radiation korn the parabola 
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Figure 3.7: The spectrd response of the infrered passband fiiter. 

enters the flter as a rapidly converging beam, the circular area of the filter could be divided 

into annuli and the contribution from each corrected for wavelength and weighted by area. 

The total filter response would then be taken as the sum of these. Without a detailed 

knowledge of the optical and thermal properties of the filter required to perform the above 

calculation, the normally incident bmdpass response of 462 - 505cm-L wzts assumed for 

the filter. 

3.4.5 Detector Element Mounting Details 

A cross-section of the detector mounting arrangement on the cold finger of the 

dewar is shown in Figure 3.8 and includes the placement of the infrared flter and optical 

window. Also seen in the figure is the chopper blade which was fabricated Çom mirror-finish 

stainles steel with the reflective side facing the detector element. The chopper motor and 

LN2 dewar are mounted on a cornman base piate. 



The detector and filter are both contained in a two piece copper fiange mounted 

on the dewar cold finger and are thus both held at 73 IC' (the boiling point of LN2 on the 

summit of Mauna Kea). The outer part of the two-piece unit holds the infrared filter against 

the inner part which houses the detector in a light-tight enclosure. A thin copper washer is 

seated in the recess on the outermost face of the assembly and functions as the field defining 

aperture. The size of the hole in the aperture was determined by trial and error in the Iab 

so as to produce a 60' field of view. 

The optical window was fabricated from a thin (- 75pm) polypropylene sheet 

which provides evceilent transmission at a wavelength of 20 Pm. The sheet was unifonnly 

stretched in a cylindricai jig, sandwiched between two steel washers using superglue as 

an adhesive on both sides, trimmed around the circumference and then placed within an 

aluminum fiange as seen in the figure. An O-ring provided the vacuum seal of the fiange 

against the inner steel washer and a retaining cap secured the flange against another O-ring 

seai on the dewar body. The optical window was held in place by atmospheric pressure. 

3.4.6 Optical Chopping Blade and Dewar Assembly 

The optical chopping blade was fabricated £iom a mirror finish stainless steel using 

the process of s p a ~ k  emsion machining. This process elhinates any stress induced flanrç 

and, combiied with the mirror-like finifinish of the steel, produced a blade with a ùigh quality 

optical surface. The reflective side faced the dewar and provided the detector with an 

aiternating view of the radiation from the paraboloid and an unfocuseci view oE itself (i.e. a 
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Figure 3.8: Detail of detector dewar stiowing mounting arrangement for MCT detector element, 
infrard filter and refîective chopper. 

73K environment) together with the emission horn a very low emissivity arnbient surface. 

This design was chosen to produced n chopped signal of higher stability than would be 

=pected from a non-reflective bIade e~periencing the same temperature variations. The 

chopper whed was machined wit h 5 slots which, when rotated at 40 revolutions per second, 

provided a 200 Hz modulation of the opticd beam, The chopper blade motor was mounted 

on a verticai post so as  to provide Z axis position adjustment. The post was mounted, dong 

with the dewar, on a common base plate, as  seen in Figure 3.8, which allowed the entire 

assembly to be moved as a whole in focus adjustment. 

The dewar+chopper assembly was then ûxed on an opticd X-Y mounting platform, 

the X axis of which coincided with the optical a+ of the parabola, as seen in Figure 3.5. 

The bai focus position was achieved by adjustment of the X,Y, and Z positioning of the 



detector assembly with the detector viewing a hot plate of diameter 150 mm at a distance 

- 4m. 

3.4.7 Detector Preampiüier Construction 

The requirements for the detector preamplifier were that it be low noise, compact 

in size and have a temperature cornpensated biasing arrangement since the instrument was 

intended for outdoor operation over an anticipated temperature range on Mauna Kea fram 

-10 to +20°C. The LN2 dewar was supplied by Kolmar Technologies lnc. and included 

a small houçing for a preamplifier incorporateci on the side. The dimensions of the housing 

were 38 x 70 x 19 mm and the preamplifier board, connecter hardware and some cabling had 

to fit within this volume. Figure 3.9 shows a photograph of the preamplifier construction. 

The low noise requirement of the preamplifier was important since a large gain 

was used in the initial stage of amplification. Since the cold resistance of the MCT detector 

element was 32R, the themai voltage noise contribution was minimal; thw a low voltage 

noise preamplifier with similady mal1 input resistances would result in a low overall noise 

figure. The LinearTechnology LT 1028 operational amplifier (opamp) has one of the sm& 

est voltage noise specifications among commercialIy available opamps (N I ~ V E - ~ / ~  at 

200 Hz) and is particuiarly suited to Iow-impedance source applications where its relativeiy 

high current noise (N 1 pA HZ-'/* at 200 Hz) does not contribute significantly to the overail 

noise figure. 

A constant current biasing arrangement was used with the detector to provide a 



Figure 3.9: A view of the rear of the detector dewar showing the preampkr installation. 

linear relation between optical input and voltage output. The opamp was opernted in a 

non-inverting mode and codgured with a gain of 2000. A bandpass of - 20 Hz - 2000 Hz 
was selected to provide -3dB cut-off points an order of magnitude on either side of the 

modulation frequency of 300 Hz. A schematic of the preampliiier is given in Figure 3.10. 

Low resistance values were needed for R& and at the preamplifier input to 

match the low source impedance of the detector element and to avoid voItage noise due to 

the opamp input noise curent. The conficting requirement was that a physicdy srnall, 

and therefore relatively srnail value, input coupling capacitor, Ch, had to be useci to form 

the input high p a s  filter with a break frequency a decade below the 2OOH.z modulation 

frequency. Ci= consisteci of two LOO pl? tantalum capacitors in paraiiel and, with = 

50 Q, the lower -3 dB cut-off frequency was 



Figure 3.10: A schematic of the preampiiiier. 

To produce a gain of - 2000 in the passband of the prearnplifier a feedback resis- 

tance of Rf = 100 kQ was required. A feedback capacitor Cf = 680 pF resulted in an upper 

cut-off Çequency 

During construction of the prearnpEer it riras noted that combining resistors in 

series or parallel to synthesize a s p d c  resistance resulted in a substantidy increased 

noise figure of the preampiüier, possibly due to thermdectric efFects in the solder joints. 



Single resistance values as close as possible to the target values were therefore used in the 

fabrication of the preamplifier. This construction philosophy was particulnrly important in 

the detector biasing portion of the circuit. 

The preampiifier incorporated temperature compensation in the constant current 

generotor biasing the detector since the radiometer was to operate over a wide range of 

temperotures. The operation of this part of the circuit, seen in the upper left of Figure 

3.10, was as follows. A well defineci voltage &op of 1.80V is first established across the LED 

by biasing it well into conduction with the 1 kS2 resistor, Rb. Assuming the temperature 

characteristic of the pn junction of the LED is the same as that of the pn base-emitter 

junction of the 2N2907 pnp transistor, T ,  the voltage at the emitter of the transistor was 

12 V-1.8 Vf0.6 V= 10.8 V and independent of temperature. A temperature independent 

voltage of 1.2 V was thus established across &. The current through the detector, Id, was 

then determined by Re using 

In the final circuit a 75.5 R 1 % metal film resistor was selected for Re, resulting 

in a bias current of 15.3 mA, close to the optimal value suggested by the manufacturer. 

The inclusion of the 200 SI resistor, R,, was necessary to decrease the power dissi- 

pation of the transistor T. During final testing of the preampiifier in the laboratory it was 

found that operation without R, resuIted in a 65OC case temperature versus 54OC with R, 

included (the transistor can operate with a maximum case temperature of 200°C). Since 

the atmospheric pressure, and hence cooling efficiency, on the summit of Mauna Kea is 



approximately hl 60% that in Lethbridge, it was decided to include R, in the bias circuit 

to give an extra margin of safety. 

3.4.8 Preamplifier Noise 

The constant current source circuitry used to bias the detector element was con- 

sidered to be subject to refinement in subsequent versions of the radiometer whereas the 

detector and opamp configuration is e.xpected to remain unchanged. A preamplifier noise 

analysis without including contributions by the constant current source d l  then give an 

indication of the minimum noise level attainable using the LT 1028 o p m p  and the values 

for Rd, a, R,;, and Rf shown in Figure 3.10. 

The thermal voltage noise density generated by the detector elernent at the input 

of the opamp is 

That due to 4: is 



That due to & is 

The last thermal noise contribution is that due to Rj ,  

The voltage noise density generated by the opamp input current noise of 1 pA HZ-'/* (200 

Hz) at the + terminal of the o p m p  is 

and that at the - terminal of the opamp is 

Finaiiy, the voltage noise density of the opamp itself at 200 Hz is 



The total voltage noise density referred to the input of the opamp is then 

By using low resistance values at the input stage of the preamplifier, the dominant 

source of noise is seen tu be that due to the opamp, e7, md indicates the Fundamental 

noise limit to which future prearnplifier designs using the sarne MCT detector element may 

strive. Assuming that any fuime design oE the detector bias current generator will contain 

at least one transistor in the bias current path, the voltage noise density developed across 

the detector element due to shot noise wiii be, at a minimum, 

where q is the electron charge. The current noise of the b i s  circuit is thus seen to be the 

dominant noise component of the preamplifier. 

Considering the specific detectivity of the MCT detector element, D' = 2.88 x 

10D cm& W-', and responsivity, R = 45 V W-l, as reporteci by the manufacturer, the 

detector noise may be calcuiated theoreticaiiy using the detector area, Ad = 1 mm2: 

This noise voltage density is just slightly greater than the minimum possible instrumentation 

noise density calculated in equation 3.4.16 and indicates that, with a sufficiently low noise 

bias current generator, detector-limited performance is abtainable using the LT1028. 



At a system level, noise associated with power supplies, wiring and environmental 

factors must also be considered. Given the relatively high current drawn by the preampli- 

fier, operation with batteries would have been impracticai since they would require frequent 

recharging. Mains-derived power supplies, on the other hand, offer convenient operation but 

may not give the required noise performance. The preamplifier was therefore tested For noise 

using both batteries and transformer-based supplies powered fiom the mains (120 VAC) 

both with and without additional MHz filtering in an attempt to equai the noise perfor- 

mance available fiom batteries. 

The noise measurements were obtained using a FFT spectrum andyzer (Stnnforci 

Research Systems, model SR760, FFT spectrum analyzer) with the detector vienring an 

ambient temperature source. The results of the spectrum andyzer noise cornparison are 

shown in Figure 3.11; the preamplifier gain of 2000 has been accounted for and the noise 

density is referred to the input of the opamp. 

As seen in Figure 3.11, noise spikes at harmonics of 6OHz were present with both 

batteries and the mains decived power supplies, but to a lacger degree in the latter case. 

Since the optical signals were moduiated at 200H2, it was important to have a low noise 

voltage at this Erequency. The use of a lock-in amplifier ensures that noise spikes at other 

Erequencies wouid not adversely affect the performance of the instrument. It c m  also be 

seen that the noise performance at the moùulation Ecequency of 200 Hz was - 8 nvHz-'i2 

for both the Eitered 120 VACderived and battery supplies. The filtered l2OVAC-derived 

power supply, detaiied in Section 3.5.3, was therefore chosen for use in the final design. 
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Figure 3.11: The noise performance of the preamplifier using batteries (red), and 12OVAGderiwd 
power inciuding (bIue) and exclucihg [green} a 60 Hz eIectricd filter. 



Chopped Signal Lock In Amplifier 
From Detector Preamp I 

Figure 3.12: A schematic of the electronic components of the radiometer. 

3.5 Electronic Instrumentation 

Aside from the detector preamplifier, which was part of the detector dewar, the 

remainder of the electronic instrumentation consisted of the components shown in Figure 

3.12. The instrument control unit, ICU, contained d l  the power supplies used by the system 

and managed the interface between the laptop computer, the instrument platform and the 

lock-in amplifier. The chopper motor controiier unit operated independently of the ICU 

and provided a reference signal for the lock-in amplifier. Each of the components in the 

figure wili be discussed in detail in the foiiowing sections. 

u - A 

3.5.1 Chopper Motor Driver 

Stepper Motor Drive Cable 4 
laptop Compuler 

lnslrument Control Cable r 

The chopper motor driver unit was a Stanford Research Systems SR 540 closed 

loop controiler operated at a fixed modulating frequency of 200 Hz . 

[CU 



3.5.2 Lock-In Amplifier 

The lock-in amplifier was a mode1 EG&G 5208 single Channel LIA with a ratio- 

metric output Gom -10 to +10VDC. The lock-in amplifier time constant, T, and sensitivity 

were set to 10 ms and 200 mV, respectively, for al1 data acquired for this thesis. The external 

reference frequency was provided by the chopper driver unit. 

3.5.3 The Interface Control Unit (ICU) 

The ICU was comprised of three subunits; the computer interface board, the power 

suppIies, and a commercial stepper motor drive for the scanning rnirror mechanim. The 

laptop computer issued control commands to the ICU via 8 lines of the paralIe1 port and were 

subsequently processed by the ICU into various aspects of instrument control. The analog 

signal tiom the detector/lock-in amplifier was digitized within the ICU and transmitted 

back to the computer over three additional lines of the pardel port configured as a serial 

interface. As seen in Figure 3.12, two cables connected the ICU to the instrument platform; 

a stepper motor drive cabte and an instrument control cable (which also contained the 

power supply for the preamplifier). The two cables were used to minimize noise pickup on 

the detector power supply from the hi& curent stepper motor drive signals. The signal 

Erom the detector was then sent to the lock-in amplifier over a coaxial cable. Figure 3.13 

shows an interior detail photograph of the ICU. The power supplies are visible in the le& 

partition, the computer interface board in the center partition, and the stepper motor drive 

unit in the right partition* 



Figure 3.13: An interior view of the ICU showing the construction as compriçed of three electr~ 
magnetically isolated sections. 

Power Supply 

Power supplies were required for three subsystems of the instrument; the detector 

preamplifier, the stepper motor driver and the computer interface board, The supplies were 

houseci within the ICU and were constructed using generic L M  317/337 adjustable voltage 

regulator circuits deriving power fiom a standard 120 VAC outlet. A schematic diagram of 

the power supplies is given in Figure 3.14. 

The power supplies were constructed as two separate circuits, each with its own 

transformer, in order to çeparate the higher current supply required for the stepper rnotor 

driver h m  the low noise supply required for the detector preamplifier. The preampmer 

power supply was zt12VDC and constituted the k t  power circuit. The stepper motor 
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Figure 3.14: The radiometer powa suppties. The preamplifier supply was isolated from the higher 
current stepper motor and interface board supplies for better noise performance. 



driver unit required a minimum +28 VDC whereas the cornputer interface board required 

+5VDC; the power for both of these subunits was derived Erom a common supply and 

constituted the second power circuit. The transformer for the stepper rnotor drive/cornputer 

interface board was selected to give a f32VDC fltered output to meet the needs of the 

stepper driver. The +5VDC required for the interface board was &O derived fiom the 

+31 VDC by ûrst regulating to +12 VDC using an LM 317 reguiator located in the power 

supply partition of the ICU, and subsequently to +5 VDC, using an LM7805 device located 

on the computer interface board itself. This two stage reduction was implernented so as 

to prevent possible overheating that might have been incurred in a single device, keeping 

in mind the reduced atmospheric pressure on the surnmit of Mauna Kea. The +28VDC 

supply for the stepper motor driver unit was derived using another LM317 located in the 

power supply partition of the ICU. 

The noise performance of the preamplifier power supply was sdficient to give the 

- 8 ~ v H z - ~ / ~  discussed in Section 3.4.8. The resolution of the 12-bit A/D converter on the 

computer interface board, and thus the tolerable noise on the output of the LM 7805, was 

haif an LSB or 0.5 mV. In order to verify the noise performance of this supply, the output 

Eiorn the A/D converter was monitored while a constant DC input voltage was applied to 

an input channel. A constant digitization of the output was observed in the laboratory with 

an occasional dithering OF the le& significant bit, indicating a noise lewl of '1 r n ~ ~ z - ~ / ~ .  

As previously discussed, batteries were considered for the preamplifier supply but 

equal noise performance was obtained by filtering the output fiom the 332 VDC mains 

derived supply using large value inductors and capacitors configured as a low p a s  Elter as 



seen in Figure 3.14. Using the values of the inductor (18 mH) and the capacitor (1000 pF), 

the break fiequency of the low p a s  filter occurred at 

and was sufficient to reduce the noise to a level of - 8 nvIIz-ll2 at the optical modulation 

frequency of 200 Hz. 

Interface Board 

The interface board contained both digital and anaiog electronic Eunctions and was 

constructed on a high quality S c h ~ o ~ ~ *  gold plated wire w a p  board. The board included 

two separate ground planes which were used for analog and digital grounds. A parallel port 

interface with the control computer was chosen based on p s t  experience with this approach, 

the availability of a previously developed pardel port C++ communications Library, and 

the portability provided by this approach in the sense that this form of communication 

can be used with virtudy any computer. The interface board circuitry was divided into 

an anaiog section that performed data acquisition and a digital section that traoslated the 

pardel port signals into various controL functions, A schematic of the interface board is 

shown in Figure 3.15. 

The anaiog input section of the interface board consisteci of an A/D converter, a 

reference voltage generator and an eight channe1 CMOS analog multiplever used to evpand 

one of the A/D input channels by a factor of eight. The A/D converter was an LTC 129311 
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Figure 3.15: A schematic of the interEace board circuitry. 



which provided six selectable channels of 12 bit resolution, A 4.096 V reference voltage was 

supplied by an Anaiog Devices REF 198 resulting in a 4.096 v/212 = stl mV resolution. 

The previously developed C++ paraliel port communications library enabled the 

control program to acquire snalog data by invoking the single library b c t i o n  ADCRead- 

Chan(x), where x is the channel numbm O through 5. The CD 4051 CMOS analog mul- 

tiplexer was attached to channel 5 of the A/D and evpanded the anaiog input capability 

to 13 channels. These additionai channels were labeled as 5a througli 5h. Access to the 

=pandeci chmels  was achieved by specifying a three bit address using the digital out- 

put command, discussed below, and then performing the acquisition Gorn andog channel 

5 with the above library command. Six of the analog input channels were used for status 

information Gorn the instrument platform and one for acquisition of the detector signal 

via the lock-in amplifier. The remaining six channels were unused but available for future 

devdopment . 

The seven anaiog input functions and their channel wignments are summarized 

in Table 3.3. Channel O is the signal Gorn the detector/lock-in amplifier. The remainder 

of the signals require some additionai explanation and are described in turn. 

Channel 1 - Potentiometer The scanning mirror was actuated by a stepping motor 

whose positioning is controiied and tracked by the control program. Stepper motors are sus- 

ceptible to losing steps, however, and a backup means of measuring the rotationai position 

of the scanning minor was implemented by attaching a 10-turn precision potentiometer 

to the stepper motor shaEt as described in Section 3.4.3. The control program read the 



Table 3.3: Summary OF analog input functions. 

poteatiometer voltage through anaiog channel 1, cdculated the mirror position in degrees 

(or a i m a s )  and displayed the resuit as actual position on the user interface of the control 

cornputer. Also displayed was the theoretical position, as determined by the interna1 track- 

ing of the motor step count. Discrepancies between the two alerted the user to a problem 

with motor tracking. In practice, the digital control of the stepper motor never Failed to 

operate correctly and this dual mode position readout was of greatest value in the software 

development phase of the project. 

Channel Name 

O 
1 
2 
3 
4 
5a 
5b 

Sc - 5h 

Channel 2 - Reference Upon either syçtern power-up or selection of the initialization 

h c t i o n  from the user interface, the controi program drove the scanning mirror toward 

the nadir. The optical switch mounted on the p d e y  wheel signaled when the rnirror had 

reached nadir. The control program alternately issued a step comrnand foliowed by a read 

of analog channel 2 until this iine went high. The signai Tom the interrupter was a rarnp 

h c t i o n  from low (N 1.8V) to high (- 3.9 V) as the interrupting blade entered the switch 

and turned off the pull-dom phototransistor. The transition voltage level is a variable 

set by the software and this gave flexibiiity in the  h e  adjustment of the nadir reference 

position. 

Description 

Datector Signai 
Potentiometer 

Reference 
Out-of-Range 

the detector signai h m  the Io& in amplifier 
the output frorn the motor axia potentiometer 

the signal fmm an opto switch eensing reference position 
the signal fmm a lirnit switch sensing out of bounds 

Pressure 1 the output OC an on-board atrnospheric pressure seniwr 
Arnbient Temperature 

Air Temparatwe 
t h  signal From the ambiant blackbody tampernture sensor 

the signal From the outside air temperature sensor 
Unused 



Channel 3 - Out-of-Range The control so€twace monitored the signal from the out- 

of-range b i t  switch during ail subroutines involving step commands issued to the stepper 

motor driver and disabled the motor actuation program in the event of an internal tracking 

error. The range of operational motion of the scanning mirror was 90° (providing 180' O€ 

beam steering in the sky) but 2.5 degrees of tolerance was aliowed on either side of this. 

The switches were wired such that the input to channel3 was pulled d o m  to ground from 

+5 V by the closing of the limit switch. 

Channel 4 - Pressure A Sen - Sym model ASCX-15AN absolute atmospheric pressure 

sensor with integral output signal conditioning was included on the interface board and 

occupied analog channel 4. The output €rom the sensor was linear and two calibration 

points were established using the output voltages corresponding to the pressure readings 

€rom a mercury manometer in Lethbridge and Erom the JChIT atrnospheric pressure sensor 

on Mauna Kea. 

Channel 5 - Ambient/Air Temperature Metai case 2N2907 pnp transistors con- 

trolled by independent driver circuits on the interface board were to have been used as 

temperature transducers for the ambient blackbody. However, the transistors comprising 

the constant current source circuit were found to be &remely sensitive to their case tem- 

perature and produced anornaIous temperature data. 

The control program used eight lines of the control computer paraIIel port to 

provide digital control signais to the ICU. The control program was able to set or reset the 

lines using the library function SetDIO(x,y) where x is the digital channel number (O 



through 7) and y is the Iogical value (O or 1). Two digital controi outputs were required 

for control of the scanning rnirror stepper motor (step pulse and diredian) and four digital 

outputs were required for addressing the expanded set of anaIog input channels via the 

CMOS multiplexer. 

As seen in the interface board schematic diagram, the scanning mirror motor 

controller direction bit is assigned to digital output c h m e l  1 and is wired directly to 

this input. A Iogicd il on this line caused the scanning mirror to be driven downward. 

The step bit is assigned to digital channel O and is first ALWed with the output from the 

Out-of-Range data Line in order to disable the control progrm from actuating the motor 

at the hardware level. Four additional lines are required to address the extra andog input 

channels provided by the analog multiplexer. A logicd O on digital channel2 provides the 

chip select input to the multiplexer and must be sent prior to a read from analog channel 

5.  Digital channels 3, 4 and 5 provide the addressing for analog channels 5a through 5h 

with digital c h m e 1 3  being the least significant bit. 

The pardlel port lines are buffered by NAND gates on the interface board in order 

to protect the computer parallel port circuitry. These iines are not latched on the interface 

board since they are interndy latched inside the computer. The schematic diagram shows 

the wiring and l a b e h g  of the digital lines in detail. It  is important to note that the 

buffering inverts the digitai level on the interface board £rom that issued by the librirry 

comrnand above. With regard to the digital output library Eunction SetDIO(x,y), a y=O 

becomes a set operation (high) and y=l becomes a reset operation (Iow) on the interface 

board. The BIOS settings of the computer must be set to bidimtional for the pardel port 



interface to work correctly. 

The levels dehed  for the assertion of the Outof-Range and Reference signals 

were deliberately arrangecl so that a computer would be able to run the control software 

when nothing was connected to the pardlel port. During the development phase, it was 

particularly useful to be able to test the soRware without having the instrument connected. 

3.5.4 Motor Driver 

A SlmuSgn mode1 230 -T commercial stepper motor controller with optional re- 

duced cuvent and half stepping modes was used to drive a 100 step/revolution stepper 

rnotor. The rnotor was a 6 lead type but by connecting the coils in series as shown in 

Figure 3.16 the motor was operated in the 4 Iead mode and hence required less current 

and dissipated Iess heat. The controuer required a step pulse and direction signal as inputs 

which were derived €rom the interface board as described in the lmt section and was run 

in the reduced cuvent mode since the unit dissipated Iess heat and yet provided sufficient 

torque to hold the scanning mirror in position in this mode. The cunent in either of the 

coi1 windings under these circurnstances was measured to be 480 mA. If the scanning tnirror 

needed to be moved by hand, the ponrer to the controller was simply t m e d  off by means 

of an in-line switch. 

The controuer was also run in the half stepping mode by means of the full/half 

input select line as seen in the figure so as to provide the highest resolution possibie. In this 

mode 400 step pulses produced a full rotation of the motor. When account is taken of the 
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Figure 3.16: A schcmatic of the stepper motor driver unit. 

10 : 1 pulley reduction described in Section 3.4.2 and the 2 : 1 ratio between scaming mirror 

rotation and anguiar displacement of the instrument field of view, the anguiar resolution 

provided by the scanning mirror açsernbly was then 

As discussed in Section 3.1, the field of view of the optical systern was 0.5" 

which, if taken as Gaussian, is seen to be spanned by 3 samples. 

3.6 Control Program Software 

The instrument controI program mas wrkten using Ctt and run under DOS 

since this language and environment, respectively, produceci fast execution and access to 



low level cornputer resources such as the paralier port. Past experience and the availabiiify 

of previously developed code &O contributed to this selection. Borland Cf+ version 4.5 

was used for control program development and a Borland specific DOS-based GUI iibrary 

was used for rapid development of the GUI interface. 

3.6.1 The User Interface and Program Operation 

When the instrument was powered up, the control prograrn began operation by 

attempting to establish communication with the LTC 1293 A/D chip. If communication 

was not estabiished, the program offered the option to continue, which, if selected, resulted 

in normal program operation. This mode of program operation was indispensable during 

program development . 

If communication was established, the program prompted the user for the ncirne 

of a data file to which al1 instrument activiq and data would be logged. The prograrn then 

executed an ànitialàzation routine which set the radiometer to the nadir, displayed the user 

interface on the cornputer screen, and then awaited further user input. Figure 3.17 shows 

the user interface main screen. 

The instrument was designeci to acquire data in one of three observationai modes; 

stare, continuous scan, and slcydàp. When not acqiuring data, the program could be said to 

be in an àdle mode, The initiakation procedure, identical to that autornaticdy performed 

at system power-up, forced the instrument to disregard any current settings and &ove the 

scanning mirror to the nadir until the reference signal was acquired as previously described. 



Figure 3.17: The Main screen of the control program. 

The instrument then reset the interna1 position counter to zero and resumed the idle mode. 

This initialization procedure muid be invoked at any time in i d e  mode. 

Al1 of the observational modes were accessed by means of the appropriate radio 

button, seen on the lower right of the user interface in the figure; this resuited in the 

appearance of a popup menu into which specilic observationai parameters were entered. 

Two other important instrument control fundions, invoked Fom the keyboard and repre- 

sented on the user interface only by a notice on the bottom, were h a d  m e t  and soft m e t .  

The hard reset functioned as an emergency stop feature and terminated operation of the 

control program immediately. It codd be ùivoked at any time and r e tmed  the user to 

DOS. The soft reset terminated data acquisition activity after the currently eixecutiag cycle 

and re tmed the user to the currently ninning data acquisition mode. This Iater Eunction 



was useful for backing out of an observation with incorrectly specified parameters (wrong 

integration time, for example) without shutting down the session. 

During the operation of any of the modes a data record was written to a disk 

iiie and contained aii acquired data, a tirne stamp and a log of ail instrument activity 

(mode changes, parameter settings etc.). The acquired data differed in format depending 

on observationai mode and consisted primarily of the radiometer signal as a function of time 

or zenith angle, but included the pressure transducer voltage, temperature sensor data, and 

ail instrument control signais. During operation of any of the data acquisition modes, the 

radiometer signal was displayed in reai tirne on the user interface, in both graphical and 

digitai form, in addition to being logged to disk. A right click on the mouse when the cursor 

was in the graphicai display area caused the cursor to transfoni into a crosshair and the 

coordinates of the screen to be displayed numericaily. Several other data such as current 

time and the s t a tu  of any currently running data acquisition modes can be seen on the 

lower part of the user interface in Figure 3.17. Details of the operation of each observational 

mode are now given in turn. 

3.6.2 The Stam Mode 

In the stare mode the instrument pointed to a user-specified zenith angle at which 

the radiometer signai was acquired as a h c t i o n  of tirne. Figure 3.18 shows the stare mode 

popup menu accessed via the appropriate radio button seen on the lower right of the figure. 

The user selected the zenith angle h m  which data was to be acquired and the integration 



Figure 3.18: The stam mode menu. 

time for each measurement. The zenith angle could be specified in terms of the angle, in 

degrees, from zenith or the equivaient airmass where airmass=l / cos(zenith angle). Radio 

buttons were provided to specify predefined zenith angles corresponding to the Fcequently 

accessed positions of zenith (O degrees), ambient, rneaning the ambaient blackbody reference 

(located at 128') and LN2, meaning the LN2 blackbody reference (located at 1800). 

3.6.3 The Continuous Scun Mode 

In the continuow scan mode, the instrument was pointed to a user-speciûed start- 

ing zenith angle and then acquired the detector signal a s  a Eunction of increasing zenith 

angle using the highest possible resolution (0.18O/ step) until a Iower user-specified zenith 



Figure 3.19: The continuws smn mode menu. 

angle was reached. Once again, the angle could be specified in ternis of the equivalent 

a imas ,  if desired. The user also specified the number of scans m d  the integration time. 

Figure 3.19 shows the continuow scan popup menu in which these observationai parame- 

ters were entered. Observations using this mode consisted of cycles wherein a scan of the 

specified range of zenith angles was foiiowed, if selected, by measurements Erom each of the 

reference blackbodies. This selection was done via the Cd (calibration) radio button, seen 

in the lower left of the popup menu. 

3.6.4 The Sl@p Mode 

The skydip observationai mode perfomed the same function as the continuow scan 

mode in that atmospheric ernission could be observed over a user-speciiied range of zenith 



Figure 3.20: The skydip mode menu. 

angles, but diiered in that airmass increments in steps of 0.25 are selected or deselected via 

radio buttons in the skydàp mode popup menu, as shown in Figure 3.20. While the skydip 

mode provides a faster measurernent cycle than the continuow scan mode, the latter was 

used exclusively to provide ail data at  the highest possible angular resolution, the form most 

useful for radiometer calibration. The extra time involved in the acquisition of continuow 

scan datasets was not considered an important factor. 



Chapter 4 

Results 

4.1 Overview 

This chapter presents the results of the observations taken with the prototype 

radiorneter at  the James Clerk MawveU TeIescope (JCMT) on the summit of Mauna Kea, 

Hawaii. A description of the observing nui conducted at the JCMT, including comments 

regarding observationai conditions, is given in Section 4.2, and inctudes photographs shoMng 

the radiometer in operation. Section 4.3 briefly reviews the instrumentation which was 

discussed in detail in Chapter 3. Section 4.4 ~xplains how the instrument was operated and 

describes the form of the data records produced during the observing m. 

Data from the instrument was acquùed in either the store or a continzdous scan 

mode (Section 3.6) of operation. The instrument couId acquire stare data from arbitrary 

zenith angles using a wide range of sampling times but in practice data was obtained £rom 

only the zenith position at a sampling rate of 10 Hz. The stare mode of operation  as 



also used to acquire data simdtaneously with the 183GHz JCMT water vapor monitor, 

and these data provide a direct cornparison with the alternate radio frequency approach to 

water vapor measusement. Section 4.5 presents the resdts from the stare mode of operation. 

The continuow scen mode of operation acquired data over a continuous range of 

zenith angles from O to 70.38' (1 - 3 aimasses) which were used to construct a curue-of- 

growth. Data records froni this mode of operation aIso contained rneasurernents from the 

blackbody references which enabled the instrument to be calibrated in terms of radiance. 

These results, including a theoretical analysis of the calibration process, are described in 

Section 4.6. Section 4.7 describes the characterization of the field of view of the instru- 

ment as determined by taking continvow scan measurements across the moon. Section 

4.8 presents the analysis of continuous scan datasets containing atmospheric (water vapor) 

emission measurements and a discussion of the theory behind the analysis. This section 

culminates in the determination of the column abundance cesolution of the instrument, 

Aw, in micrometers of precipitable water vapor (pmpwu). An additionai result obtained 

using the continuow scan mode of operation was the observation of the time evolution of 

a cloud bank pnsçing over the summit of Mauna Kea. 

4.2 Observations 

Data were coilected during an observing nui at the James Clerk Maxwell Telescope 

(JCMT) atop Mauna Kea from December 9 to 18, 1999. Rain and fog on the summit 

prevented operation of the instnunent for the kst fou. days. The data presented in this 



Figure 4.1: A view of the prototype radiometer showing the instrument platform at the center of 
the skirt of the JCMT and the instmentntion Iocated some distance away. 

thesis were obtained over a five day period from December 13 to 17. During this tirne 

the local relative humidity, as  memured by the JCMT relative humidity sensor, ranged 

from a maximum of 50% on the 13th to a minimum of 14% on the 17th as the effects of 

the inclement weather graduaiiy diminished. Typicdy, the observations were conducted 

from approximately 6 p.m. to 12 am., local Hawaiian tirne, and contemporaneously with 

a JCMT observing nin conducted by other members of Dr. Naylor's group. The sky 

conditions were generaiiy clear with some scattered high cirrus cloud usually present during 

the earIy evening. A significant cloud bank was observed near the horizon on the evening 

of December 15th. 

Figure 4.1 shows a photograph of the protome radiometer at the center of the 



Figure 4.2: A view of the prototype at the beginning of a typical evening absenring ru. 

apron of the JCMT with the electronic instrumentation located some distance away on a 

cart. Figure 4.2 shows the prototype in operation ztt the JCMT taken at the beginning of a 

typicai evening of observation. Snow can be seen on a nearby cinder cone in the background, 

evidence oE the recent inclement weather. 



4.3 A Brief Review of the Instrumentation 

The instrument consisted of an LN2-cooled detector that alternately viewed the 

atmosphere, and ambient and LN2 blackbody references by means of a stationary parabolic 

mirror and a scanning plane &or. The optical input to the detector was chopped at 

200Hz by a reflective chopper blade, mounted immediately in front of the detector, so 

that the detector !vas alternately presented the throughput from the atmosphere (or the 

blackbodies) and a rdected view of its own cold environment. The modulated detector 

signal was amplified by a factor of 2000 by a low noise preamplifier (Section 3.4.7) and then 

synchronously detected by means of a lock-in amplifier with an additional gain of 100 and 

a ratiornetric output from -10 to +10 V. The output €rom this amplifier was digitized by a 

12-bit A/D converter and logged to a data fib. 

A Cf+ program, running under DOS on a laptop cornputer, was responsible for 

instrument control and data acquisition. Since the embedded temperature sensor gave 

anomalous rendings (Section 3.4), the temperature of the ambient blackbody reference was 

taken to be equal to d u e s  recorded by the JCMT zunbient temperature sensor and assigneci 

to the data on a He-by-He basis, where the acquisition time of a typical data file was on the 

order of 20 minutes. The temperature of the cold blackbody at the reduced atmospheric 

pressure on the summit of Mauna Kea was taken as 73 K for the duration of the observing 

nui. 



4.4 Instrument Operation and Description of Data Records 

The instrument was operated in one of two observing modes, staw or continuozts 

scan (Section 3.6). Upon power-up, the instrument created an obseMng session data file 

into which were recorded atmospheric pressure, observing parameters, session start and 

end times, and d l  the acquired data. Exiting the control ptogram then closed the file and 

terminltted the session. Any number of stare and/or contirnous scan operations cuuld be 

performed as a single session, but, in practice, observing sessions were restricted to only 

one type for simplicity. 

In the stare mode, the scanning rnirror pointed at a Lxed zenith angle and mea- 

surements of atrnospheric radiance were obtained as a funetion of tirne. The user specified 

the integration tirne and the number of measurements to be taken. The integration time 

used for s t a ~ e  mode measurements wns set at 0.1 s for ail data in this thesis. In contrast 

to the conténuow scan mode of operation, cdibration rnerisurements from the bIackbodies 

could not be selected automaticdly as  part of a stare operation. M e a d ,  measurements 

from the blackbodies were acquired in the same way as any other stare operation (Le,, by 

entering target angles of 128" and 180" corresponding to the locations of the ambient and 

LN2 references, respectiveIy) . 

In the conténuow scan mode, the scanning mirror first pointed to the zenith (1 

airmass) where the signal was integrated for the requested time, The zenith angle was 

then increased in O.laO inmments and the proces repeated until the upper limit of 10.38' 

(3 airmasses) was reached. The scanning rnirror then pointed to the ambient blackbody 



and subsequently to the LN2 blackbody for calibration measurements. The above sequence 

is termed a cycle. The instrument was able to scan between any two requested angles 

within the range of 0" and 70.38" but in practice only Ml range scans were obtained. 

The integration time for each measurement (as well as calibration measurements from the 

blackbody references) could be arbitrarily specified £rom a lower limit of 0.01 s but, as in the 

stare mode, integration tirnes of 0.1s were used exclusive~y. A Full continuou9 scan cycle 

then consisted of 391 (70.38" + 0.18O) measurements €rom the atmosphere followed by two 

reference measurements. One continuous scan session then produced one corresponding 

data file composed of one or more continuous scan operations. A typical file contdned 

between 10 to 20 cycles and thus 10 to 20 independent calibration measurement pairs. 

The control program logged di acquired data to a file suitably labelled as being 

composed of stare or continuous scan operations. Table 4.1 shows an excerpt fiom the data 

file log showing the supplementary data associated with each file. The 6rst column shows 

the day on which the me was created dong with any brief comments. Data files are labeled 

as 1, 2, etc. as shown in the second column and each represents an observing session. The 

third column gives the start and end tirnes for the session, The fourth and sixth columns 

speci& the type of session, Le. con t inuo ,~  scan or stare. In the case of a continuous scan, 

the fourth and ûfkh columns indicate how many continuous s c m  were performed and the 

range of agies used, respectiveIy. In the case of a stare mode, the sixth and seventh colunin 

show the number of samples taken and the angle at which they were taken, respectively. 

Column eight shows the local atmospheric pressure, P, in millibars, as measured by the 

on-board pressure transducer. As mentioned in Section 3.4, the temperature of the ambient 



Table 4.1: An accerpt Çom the data log showing supplementnry data associateci with each data 
file- The wcerpt shown inchdes oniy fuil mtinuow scan types of datmets. 

blnckbody was set equal to that provided by the JCMT ambient temperature sensor located 

on the apron of the JCMT; this d u e  of Tamb is recorded in column nine. Column ten shows 

the local relative humidity, H, as recorded from the JCMT huniidity sensor. 

4.5 Analysis of Stare Data 

The prirnary d u e  of the stare mode was to obtain high speed observations of 

the variation of water vapor ernission as a function of tirne ahng an arbitrary line-of-sight. 

This mode of observation was also vaiuable in the gathering of atmospheric emission data 

contemporaneously with the JCMT 183 GHz =ter vapor monitor and allowed a cornparison 

between the data obtaiaed fiom the prototype radiometer with that hom the radio frequency 

approach. Stare mode data from the prototype radiometer was in the Eorm of signal voltage 

vs. time and, due to the relatively high sample rate (IO&), these data revealed the rapid 

variation of water vapor ernission as a function of time. 



4.5.1 Water Vapor Variation in the Atrnosphere 

In the early morning of Thursday, December 16, between the hoours of 1230 a.m. 

and 1:15 a.m., the stare mode was used to acquire data fiom the zenith under the conditions 

of an apparently clear and cloudless sky. The instrument was set to sampIe at a rate of 10 Hz 

for a period of approximately 40 minutes. Figure 4.3 shows the results of this observation. 

In order to keep the data fiies to a reasonable sue, the complete stare observation was 

composed of three individuai stare operations. A time of approximately 10 s separated 

the stare operations as one operation was ended, stored to di& and another initiated, and 

accounts for the two discontinuities in the data seen in the figure at 1150s and 2300s. 

This clataset is significant ns it revealed the passage of a section of atmosphere 

containing an increased amount of water vapor, even though the sky remained clear to 

the eye. The data is shown at several magnifications, and at the highest resolution, the 

individual data points are seen. The instrumental error, to be derived in Section 4.6.3 

from the stability of the signals from the LN2 blackbody reference, is included in the figure. 

Given the instrumental error, fine scaie variation of the signal on the order oEO.1 s c m o t  be 

taken as red variations in water vapor abundance since these structures lie within the error 

bar. Due to opticai spiiiover at the LN2 flask, the stability of the readings from the LN2 

blackbody reference, given in Section 4.6.3, represents an over-estimate of the instrumentai 

error, and in light of this, it is iikely that the variation between individual samples seen in 

the Iower graph of Figure 4.3 represent real variations in water vapor abundance. In any 

case, trends on the order of 1 s are clearly discemible from these data. 



Figure 4.3: Stare data acquired from zenith under the conditions of an apparentiy clear and cloudless 
sky. Data were obtnined using a sample rate of 10 Hz and are shown at multiple resolutions. 



4.5.2 Cornparison with the 183 GHz JCMT Water Vapor Monitor 

On the evening of Friday, December 17, Professor Richard Hills of the University of 

Cambridge, UK, kindly aiiowed us to use his 183 GHz water vapor monitor simultaneously 

with our own. For a period of approximately one hour the prototype instrument acquired 

stare mode data from the same direction as the 183 GHz system which utilizes the JChlT 

antenna itself. The elevation of both instruments corresponded to a zenith angle of 9". Since 

the prototype riidiometer was located on the apron of the JCPIIT, as shown in Figure 4.1, 

and the apron rotation is only adjusted periodically to follow the more precise mimuthal 

antenna rotation, the azimuth coordinates of the two data sets did not correspond exactly. 

Upon examination, it was found that there was a high degree of correlation between 

the two datasets and that a simple shift in the horizontal axis allowed them to be brought 

into alignment. F iy re  4.4 displays the simultaneous observations after the time shift. The 

lower curve is the 183GHz data, sampled at a rate of 0.1 Hz. The upper curve is the raw 

stare data €rom the prototype, while the middie curve is the same data smoothed by a factor 

of 10 to an effective resolution of 1s. The local time shown on the horizontal a., and the 

precipitable water vapor scale of the vertical axis, in mm pwu, are taken Çom the 183GHz 

data record. The data from the prototype was overiaid, displaced horizontaily and rescaled 

verticalIy to give the best correlation. These data sets are shown displaced verticaiiy by 0.1 

units for clarity. Using the tirne stamp providecl in the prototype data files, a delay of a 

few minutes was observed between the data sets due to the clifference in azimuth between 

the two instruments. 



Local Hawaii time (decimal houts pm) 

Figure 4.4: Datasets obtained simultaneously using the prototype radiometer and JCMT woter 
vapor monitor show good agreement in water vapor abuuhce as a function of tirne. The bottom 
(blue) cuve is the JCMT 183 GHz water vapor monitor data. The upper hvo cwes  are data from 
the prototype at 0.1 s ( r d )  and 1 s (green) molution. The vertical labeled in p w  refers to the 
183 GHz data. 

Although not shown in the figure, the vertical axis, labeled in rnmpwv, has an 

dternate scaie in signai voltage corresponùing to the data from the prototype. Assuming 

that the highest and lowest signal values of the two data sets correspond to observatious of 

the same atmospheric feature, the signai voltage of the prototype then corresponds to the 

precipitable water vapor as determined by the previousIy calibrated 183GHz water vapor 

monitor at these times (9.40 and 9.67 LHT) . 

Prior to evaluation of the respective values of p m  and signal voltages at these 



points using an IDL procedure ( C m p a ~ s m , w i t ~ 8 3 G H z ) ,  the tsvo data sets were each 

smoothed by an additional factor; the prototype data was smoothed by a factor of 200 (to an 

equivalent 20 s integration interval) and the 183 GHz data was smoothed by a factor of 2 (also 

to an equivalent 20s integration interval). These data points, which establish a conversion 

between signal voltage (or, after intençity caiibration, radiance) and water vapor column 

abundance, w, proved superior to radiosonde calibration data and were therefore used as 

the primary means of calibrating the prototype. These caiibration points are surnrnarized 

in Table 4.2. 

Table 4.2: The relation betwen prototype radiometer signai voltage and precipitable water vapor 
as determined by the JCMT water vapor monitor. 

4.6 Calibration of Instrumental Responsivity 

Signai h m  prototype 

W r - 4  

Detector responsivity, kt, is usually defineci as the detector output signal voltage 

per unit Watt of incident optical power with units of V W 1 .  We defined an overall instm- 

mental responsivity, Ri,t, eupressed in v W-'m'sr, relating instrument output voltage to 

incident mdiance. Measurements of the two bIackbody references allowed this conversion 

factor between radiometer signal voitage and source radiance to be determined. 

Precipitable Water Vapor 
a s  determined by 183 GHz radiometer 

(mm pwv) 

This aspect of instrument calibration corresponds to conversion between different 



scales on the vertical axis of the cuwe-of-pwth and is distinct kom a second calibration 

procedure, discussd in Section 4.8, wherein a conversion factor is established between 

precipitable water vapor (horizontal axis of continuous scan datasets) and radiometer signai 

wing the data fiorn Table 4.2. 

As previously describecl, calibration measurements were record4 only in contin- 

uous scan data files. Not al1 the continuous scan fles contain usehi calibration data, 

however, a s  some of the data were obtained before the settings of the electronic instrumen- 

tation had been finalized and, on occuion, the LN2 reservoic ran low, Sixteen continuous 

scan files, containing calibration measurements taken after the instrumentai configuration 

had been optimized, were sekcted Eor use in the determination of the instrumentai respon- 

sivity. Specifically, these data files were nurnben 20, 21, 22, 23, 24, 35, 40, 41, 43, 44, 45, 

50, 51, 52, 60 and 62. An IDL routine (E&adSatca) was used to extract the blackbody 

calibration measurements from each continuous scan data file. Each file containd one 

mbient and one LN2 blackbody measurement per contanvous scan cycle with typicaiiy 15 

cycies per file. The routine calculated a mean and a standard deviation of the signais €rom 

the ambient and cold blackbodies For each 6le. 

4.6.1 Intensity Calibration Theory 

The calibration procedure given below describes how the instrumental responsivity 

is determineci Tom observations of the blackbody references. Due to the design of the 

radiometer, knowledge of the characteristics of the optical elernents was nat required for an 

accurate determination of kSL since the optical train was the same when the instrument 



viewed the atmosphere or the calibration sources; the efficiencies and emissivities of the 

optical elements were cornmon to d measurements, 

The infrared bandwidth of the prototype was determined by the spectral bandpass 

of the infiareci filter. The integrated spectral radiance of the atmosphere, over the filter 

bandwidth, Au = 462 - 505 cm-', c m  be written 

where Tat, is the temperature of the atmosphere, con,, is the emissivity of the atmosphere 

and B,(T) is the spectral radiance given by the Planck function, equation 2.3.31. Similar 

expressions hold for the radiance of the cold blackbody, LLN2, the ambient blackbody, 

Lamb, the scanning flat rnirror, L,, the parabolic mirror, L,, the reflective chopper brade, 

L,, the polypropylene window, Lw, and the optical filter, LI, using their corresponding 

temperatures. The detector also sees the radiance of its own LN2-cooled environment, Le, 

when its field of view is interrupted by the reflective chopper blade. 

For the narrow spectral band under consideration the various emissivities of the 

optical components are taken as constant but unknown quantities. The emissivities of 

the blackbodies are also taken as constants with values of ~,,bi,t = 1 and e~,v l  = 1. 

The spectral emissivity of the atmosphere, E,,,,, is a complicated function of wavenumber, 

representing the spectrai emission of water vapor, and depends on the column abundance, 

and both the temperature and pressure proâies of the atmosphere. 

The opticd signa1 powers incident on the detector when the instrument is taking 

(chopped) measurements of the atmosphere, 9 sky, the ambient blackbody, 9 ,b, and the 



LN2 blackbody, cP LN,, are 

where t is the transmittance and r is the reflectance of the subscripted optical components; s 

refers to the scanning plane mirror, p refers to the parabolic mirror, c refers to the reflective 

chopper blade, w refers to the polypropylene nrindow and j refers to the infrared filter. 

The various tems involving t and r, as with the emissivities of the opticd components, are 

taken as  constant but unknown functions of o. The above equations cm be written a s  

where the efficiency of the optical train is 

and where the radiances associated with the optics and that associated with the chopper 

and detector environment are coiiected into the foiiowing terms: 



Dividing equations 4.6.3 by AS2 tuniç the ieeft hand sides into radiances and dows 

the subsequent calibration andysis to be carried out in terras of the radiance of the sources 

rather than their flux. Subtraction of equation 4.6.3 c from 4.6.3 b and division by Ai2 then 

yields a chopped radiance ALd at the detector of 

The mis voltage signds Gom the lock-in amplifier associated with a chopped ob- 

servation of the ambient and LN2 blackbodies are, respectively, Vamb and VLN2. The in- 

strumental responsivity can be written as 

with units of v W-'m'sr and where 

Rinst was determineci using values of Kmb and V L N ~  provided by the IDL routine 

(EztradData) and the corresponding Lmb and LLNl obtoined via the Planck function 

using the source temperatures Tmb, h m  the JCMT arnbient temperature sensor, and TL,v2. 

Given the responsivity of the MCT detector element, Rd, provided by the man- 

ufacturer, a d u e  for q, the overali optical efficiency of the prototype radiometer can be 

defined as 



An accurate knowledge of this efficiency could be used in hture feasibiiity cdcu- 

lations (Section 3.2). 

Using the instrumentai responsivity, R,nsL, ntmospheric ernission data collected by 

the instrument can be transformed into a graph whose vertical avis is given in t e m  of 

radiance rather than signai voltage. Figure 4.5 shows three continuou9 scan datasets. The 

upper graph shows the raw data with signal voltage piotted as a function of zenith angle. 

The lower graph shows the intensity calibrated data expressed in tenus of radiance as a 

function of airmas (l/coç(zenith angle)). The signé& from the ambient and LN2 blackbody 

references wliich are included in continuow scan datasets can be seen immediately to the 

right of the curves. 

It wiU be noticed hom Figure 4.5 that the LN2 reference signa1 voltage has a value 

of 0.6V. Considering the aimost negiigible radiance of the LN2 source at a wavelength 

of 20 pm (Section 1,3.3), it was expected that this signai should have been n e d y  zero. 

Since care was taken to ensure that the Iock-in amplifier was correctiy phased during al1 

observations, the only plausible exphnation for this offset was an op tical spiilover occurring 

at the LN2 blackbody, Prior to the observing run, a 150 mm diameter copper disk, coated 

with the same blackened epaxy d a c e  used on the arnbient bIackbody (Section 3.4), was 

to have been imniersed a t  the bottom of a m2 Bask. Unfortunately, the only LN2 flasks 

a d a b l e  at  the JChiiT were slightly undersized; this resulted in an optical spiilover and 

accounts for the DC offset seen in the data. F'urther evidence supporting this explanation 
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Figure 4.5: Three Spicd continuous scan datasets shown with the verticd m i s  iu signal voltage 
(top) and, after conversion via the instrumental responsivity, radionce (bottom). The dec t  of 
transforming the horizontel axis from zenith angle to airmass is evident. 

has been provided by recent results from an upgraded version of the radiometer which show 

zero signai voltage wheu the radiometer vie= the calibration source. 

In the anaiysis of the data presented in this thesis, the constant offset voltage, 

resulting Erom the opticd spülover, was subtracted from all datasets. The instrumental 

responsivity and the radiometer sensitivity derived in the subsequent analysk MLI therefore 

represent losver performance b i t s  of the prototype radiometer. 



4.6.2 Calculation of Instrumental Responsivity 

Equation 4.6.8 was used to obtain the instrumentai responsivity, kt, using the 

data fiom the ambient and LN2 blackbodies, located in continuous scan data files. Since 

a single temperature (from the JCMT ambient temperature sensor) was assigned to the 

ambient blackbody for each data 6ie (containing .v 20 ambient blackbody readings per file), 

a responsivity was also caiculated for each file; the signal voltages from the LN2 and anibient 

blackbodies, used in equation 4.6.8 on a fiIeto-6le basis, was an average of ail LN2/ambient 

blackbody readings within the file. The standard deviation of each of these d u e s  was 

also calculated. The result was an average responsivity, with associated error, for each file. 

Table 4.3. gives a summary of these calculations. 

Ftom each of the 16 continuow suri data files listed in Section 4.6.1, and again in 

the first column of the Table 4.3, the IDL program (Eztradl lata)  provided the averaged 



voltage readings from the LN2 and ambient blackbodies, VLN2 and hd, respectively; these 

are iisted in the fifth and sixth columns of Table 4.3. This IDL routine also calculated 

standard deviations, AVLN2 and A L b l  for VLN2 and Vamb, respectively (not included in 

table). The temperature of the LN2 reference, TLN2, was assumed to be constant at 73 K. 

The temperature wigned to the ambient blackbody for each file, Tadl is listed in the 

second column. Another IDL routine (Planck2oiuer-461505) computed the integral of 

the Planck radiance (equation 2.3.31) over the spectral range 461 - 505 cm-' for both the 

LN2 and ambient blackbodies, Le., L L N ~  and Lamb, using their respective ternperatures, 

TLN2 and Tamb. T h s e  radiances are listed in the third and fourth columns, respectively. 

The calculated file-by-file instrumental responsivity is given in the seventh column. 

To estimate the error on &nrrl, errors must be assibmed to the voltages and radi- 

ances in the responsivity formula, equation 4.6.8. The IDL routine (Extractl)ata) provided 

the standard deviations, A L b  and AVLN2, for the error on VLN2 and hb, respectively. 

With regard to the error in ambient blackbody radiance, ALad, it wns noted that the local 

temperature variations occurring over the duration of one data fiie were on the order of 

- 1K, and thus an error of f 1 K was assigned for ATamb. This enor in temperature was 

translateci to an error in radiance, ALad, by computing the spectral integration of the 

Planck function ushg t€qX!rat~res of Tamb f 1 K: 

The error in the radiance of the LN2 blackbody, uLN2, was taken to be zero since 

the temperature of LN2 on the summit is stable (atmospheric pressure variations during 

the observing run were 323 mb). Furthermore, as shown in Section 1.3.3, the radiance of a 



73 K source is approximately three orders of magnitude smaller than an ambient (273K) 

source, and thus does not contribute signihantly to the propagated error. 

Considering equation 4.6.8, and taking ALLN2 = 0, the ecror in the responsivity 

is given by 

and was calculated for each data Me; these vaiues are listed in column eight of Table 4.3. 

Since the spectral region 462 - 505cm-f lies near the peak of the Planck function when 

evaluated at the temperature of the mbietit blackbody (see Figure 1.3), the *1K error 

assigned to ATad makes ALrnb the dominant error in the responsivity calculation. 

The error associated with the uncertainties in the temperature, and hence rdiance, 

of the ambient blackbody is one that can be easily reduced by more accurate themometry. 

In order to give a better representation of the true performance of the prototype radiome- 

ter, the error in the instrumental responsivity was recalculated using equation 4.6.12 with 

ATamb = f 0.1 K; the results are listed in column nine of Table 4.3 as 

The average of the averaged file-by-file responsivities (column 7 in Table 4.3) gave 

the finai instrumental responsivity: 

The average of the e m n  in instnunentai responsivity using ATamb = zkl K (col- 

umn 8 of Table 4.3) was 



data file 

Figure 4.6: The instrumental responsivity ns calculated for each data file. Also shown is the error 
in responsivity due to a +/- 1 K (A) and +/- 0.1 K error in ambient blackbody temperature. 

whereas the average of the mors using ATamb = f 0.1 K was 

Taking the worst case error, the h d  instrumental responsivity became 

Figure 4.6 shows a graphical summary of the instrumental responsivity calcula- 

tions. Given sufiicient readings from the blackbody references, the error in the responsivity, 

in principle, could be reduced to a point where it becomes negligible in comparison to the 

instrumental noise. In any case, the pwv resolution of the radiometer is derived solely from 

the instrumentai noise, which, in tum, is derived fiom an analysis of the stabiiity of the 

signals from the blackbody references- 



4.6.3 'Stability of the References 

The instrumental noise was determincd £rom an analysis of the Ne-tefile standard 

deviations of the signals h m  the blackbodies, AVamb and AVLN,, introduced in the pre- 

vious section; typically there were 15 - 20 independent blackbody measurements in each 

standard deviation cdculation. This noise, or voltage signal error, corresponds to an error 

in measured pwv, Aw, by projection of the instrumental noise onto the horizontal avis of 

the m e - o f - p o w t h  as discussed in Section 2.4.2. 

The temperature of the ambient blnckbody followed changes in outside ternpera- 

tures over the duration of each data file, and heace the scatter in each AVmb waç wpected 

to be greater than that in the corresponding AVtN,, since the temperature of the LN2 was 

constant. For the same reason, the filetefile wiabiIity of AVamb was also expected to be 

greater than that of AV& to an even Iztrger degree, since the temperature changes over 

the course of an evening were greater thm those over the acquisition time of a single file. 

It is then reasonable to take the average of AVLN,, without consideration of AKmbi  as 

representative of the noise performance of the radiometer. 

As discussed in Section 4.6.1, the undersimi LN2 flask resulted in an opticd 

spilimer of the radiometer beam. The signais from the LN2 blackbody would therefore 

be subject, at a low level, to variations in the ambient temperature. It is therefore also 

reasonable to mume that the minimum filedefile standard deviation, AVLN,, rather than 

the average of al1 the file-to-He standard deviations, as the true instrumental noise. This 

minimum value simply represented the standard deviation of LN2 blackbody signais taken 
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Figure 4.7: The stabity of the signals from the blackbody references. The mean of the signals fiom 
the blackbody references are shown in the left hand graphs on a fiie-tcAe basis. The correspondhg 
standard deviations of these averages are shown in the right hand graphs. 

over a period during which the temperature of the JCMT apron floor changed the least. 

The results of the anaiysis of the signais From the blackbody references are shown 

in Figure 4.7. The greater flt+tc+ûle stability of the LN2 reference, as compared with the 

ambient reference, is apparent in the lei? hand figures which are shown to the same scale. 

The expected lower scatter in the signais From the LN2 reference as compared with the 

arnbient reference, is also seen in the right hand figures which are plotted using the same 



verticai range. The minimum standard deviation, AVtN, = 3.1 mV, is seen with the fourth 

data file in the lower right hand graph corresponding to data file 23 (Section 4.6.1). The 

average of the standard deviations from this graph, on the other hand, was AVLN2 = 5.8 mV. 

Since the sample t h e  used for aü data collecteci in this thesis was 0-ls, the noise in a 1 

second integration became 

using the average standard deviation, and 

using the minimum standard deviation. Both of these values will be used in Section 4.8 in 

the discussion of the pwv resolution of the radiometer. 

As a final note, the 0.575 V subtracted from aii datasets to account for the optical 

spiIIover (Section 4.6.1) was detennined fkom the average of the signals Gom the LN2 

reference, VLN2, shown in the lower le& hand graph of Figure 4.7. 

4.7 Characterizat ion of h t  rument Field of View 

The moon was visible on every evening of the observing run, and normally, care 

was taken to avoid the vicinity of the maon when taking observations. On the evening of 

Friday, Dec. 17, however, the instrument was deliberately made to scan across the moon 
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Figure 4.8: Gaussiiui fit3 to the moon scans produceci by DL. 

in an attempt to determine the field of view of the instrument. These data were obtained 

using the continuozrs scan mode of operation and the results recorded in file 51a. 

The fidl moon subtends an angle of .V 0.5O. The moon was appro-ximately haif Mi, 

however, during the observation and thus it did not represent a uniformly iiiuminated s o u e .  

The data obtained Ecom the moon scans represent a convolution of the instrumentai field of 

view (FOV) with the moon. These scans appeared Gaussian in shape as shown in Figure 

4.8. For simplicity, therefore, it was assumed that both the beam profile of the radiometer 

and the moon were Gaussian in shape. Since the convoiution of two Gaussian profiles 



Table 4.4: Results of the IDL Gaussian fit program. 

1.12 
1.07 
1.12 

produces another Gaussian profile, with a resuiting F m 1  obtained by a quadrature sum 

of the component FWHh,i's, it was a simpIe matter to eutract the bearn profile fiom the 

data. An IDL routine (MuonScan) was written to extract the moon scan data fiom fiIe 52 

and fit a Gaussianflinear profde to the six individuai scans. Figure 4.8 shows the original 

scans and the Gaussian+linear fits. The resulting FlVHNI's are summarized in Table 4.4, 

and include an average value. 

The FtVHM of the instrument was determined to be 

As the optical system was designeci to have a FOV of N 0.5' (1/117 rad, Section 

3.4.1), the measured FOV of 0.97" indicated that the instrument was slightly out of focus. 

As discuçsed in Section 3.4.6, the focus of the instrument was determined by placing a hot 

copper plate of diameter 150 inm at a distance of N 4 m followed by maximization of the 

output signal by adjustment of the X-Y dewar platform. Due to the low F nurnber of the 



paraboiic mirror, this process was prone to small errors in dewar placement. It was only in 

the subsequent data andysis that this focus error was discovered. in retrospect, a larger 

source-radiometer distance should have been used. Sioce, however, the resuit of being 

slightly out of focus was to sarnple a slightly larger patch of atmosphere than was intended, 

this diù not seriously impact the project. 

4.8 Analysis of Continuous Scan Data 

As describd in Section 2.4.1, a curue-ofgrourth represents the spectrally integrated 

ernisçion £rom an absorbing rnolecular species as the totd amount of that species is varied 

in a known way. Continuow s m  datasets obtained by the prototype radiometer wece in 

the form of signal voltage vs. aimass (&er conversion of the zenith angles). In order to 

produce curues o f p w t h  kom these datasets, it was necessary to rescale the horizontal axes 

(parametrized from 1 - 3) to rdect the absorber amount in the atmosphere at the time of 

observation. This was done by establishing a relation between the observed airrnass, A, and 

the absorber amount, u, in units of kgm12. In the case of atrnaspheric water vapor, when 

A = 1, the radiorneter was viewiag the zenith and the absorber amount, u, becames the 

vertical water vapor column abundance, w, in units of kgm-2, or, equivalently, millimeters 

of pnzipitable utater vupor, (mm p m )  . 

At any moment the total absorber amount, u, vie& by a radiometer is 



If the atmosphere c m  be considered to be horizontally homogeneous and plane 

parallel then the integrated absorber amount along any line-of-sight, at any given instant, 

is equal to that integrated along the zenith multiplieci by the current airmass, 

The signai voltage, V, from a radiometer, in the generai case, can be written as  

where u; represents the current value of column abundance and G is, in generai, a non- 

linear b c t i o n  representing the integrated radiance due to a given absorber amount, u. For 

a single emission line, for exunpie, G is the Ladenberg-Reiche function (equation 2.3.49) 

whose non-linearity represents the transition hom a weak to a saturated regime as depicted 

in Figure 2.9. When rnany lines, of varying strength, are considered, G has no analytical 

representation. Nonetheless, G would be c~pected to have the same general form as Figure 

2.9, as evidenced by the expetimentaiiy obtained data in the lower graph of Figure 4.5. 

As seen Erom equation 4.8.3, the radiometer output signal is a Eunction of the 

product of w and A, and is therefore insensitive to how this product is distributed among w 

and A, Consider two different atmospheric conditions represented by column abundances 

zcl and w2, where w2 > wl. Continuous scan datasets obtained under these two conditions 

can be written, using equation 4.8.3, as 



where A is the same in both cases since both datasets were necessarily obtained over the 

same range of zenith angles. If the datasets were each acquired over a short time interval 

then wi and w2 can be considered as constants and hence Vi and & are functions of A 

aione. As Far as the radiometer is concerned, the second of these equations couid be written 

as 

& = G(u2) = G(wi x x A) = G(wi  A') 4.8.6 

where A' > A since w2 > 'w1. Continuous scan datasets obtained under different colurnn 

abundance conditions, but over an identical airmass rmge, can thus be interpreted as having 

been obtained under the s m e  column abundance conditions but over a larger airmass range. 

The two datasets lie vertically displaceci from one another when plotted on the same graph 

with the common airmass parameter, A, on the horizontal rrxis (see Figure 4.5). In light 

of the above discussion, either one of the two datasets c m  then be rescaied horizontally to 

coincide with the curue-of-gmwth of the other. 

This process may than be app1ied to many datasets obtained over a wide range 

of conditions. The vertically displaceci cums,  plottecl on a cornmon graph, could then be 

interpreted as being different components of a single cume-O f-gmwth, obtained by expanclhg 

the horizontal scales of subsequently higher curves to produce an overlap with the next 

lower curve. This observation then suggests that al1 continuous scan datasets, ob tained 

over an airmas range of 1 - 3, but at  tirnes corresponding to difTerent verticai water vapor 

column abundance, may alternately be viewed as parts of a single curue-of-gmwth- The 

horizontal @wv) range of this composite curue-of-grouth extends from a minimum equal 

to the lowest atmospheric column abundance encountered over the observing run (times 



one) to a maximum q u a i  to the highest atmospheric column abundance encountered tirnes 

three. 

For cxample, consider two datasets representing atmospheres with colurnn abun- 

dances of 1 and 2 mmpunr, respectively, as shown in Figure 4.9. The continuozls scan 

datasets then lie vertically displaced Çom one another when plotted on a graph using air- 

mass on the horizontal scale. When plotted using absorber amount on the horizontal aws, 

however, the first continuow scan dataset would have coordinates £rom 1 mmpuru to 3 

mmpwv, and the second fiom 2 mmpwv to 6 rnmpwv. It then follows thtit, if the upper 

dataset is rescaled horizontally, it can be made to overlap the first (lower) cuve over the 

range of 3 to 3 rnmpuru, as shown in the Figure 4.9. The range of overlap between any 

two datasets is then a reflection of the similarity of the atmospheric conditions during each 

measurement . 

4.8.1 Creation of a Composite Curve-of-Gmwth 

Many of the data sets produced a curue-oFgmwth that deviated markedly fiom 

the smooth and featureless curves expected £rom a homogeneous atmosphere. From the 

data record, seven continuow scan datasets (data files 21, 22, 41, 44, 45, 50 and 60) were 

chosen to generate a composite curue-of-pwth. These datasets were h t  plotted on the 

same graph to ensure that the highest signai voltage on any given curve was higher t han 

the lowest signal voItage of the curve immediately above it, and wouId therefore, with 

proper scaiing, overlap to a reasonabIe degree. When plotted using the common airmass 
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Figure 4.9: Two curves-of-grourth, representing difTerent States of the atmosphere but taken over 
the same airmass range, can be interpreted as as components of a single curve-of-growlh over an 
extended airmass range. If the lotwr curve is ~ sumed  to have been obtained during conditions 
of 1 mmpuv, then the airmass values of the horizontai axis are equivalent to absorber amount in 
nun pm. 

coordinate, A, each dataset is repcesented by 

The procedure to construct the composite cume-of-grourth begins by leaving the 

lowest curve undisturbed; this dataset c m  be represented as 

After the process of stretching each subsequently higher dataset horizontally, to 

produce an overlap with the previous one, the second curve is describeci by 



and the nth dataset of the composite cuve is 

The horizontal stretching factor comecting any dataset to its predecessor is the 

ratio of the (unknown) colurnn abundances of the atrnosphere at the time of their acquisition. 

Rom eqiiations 4.8.9 and 4.8.10 it is seeii thnt the composite cute-of-grnurth relates the 

radiometer signai under colurnn abundance conditions from a minimum of wmin = wi to a 

maximum of 

To construct the composite cume-of-grouth Erom the seven selected datasets, an 

IDL routine (Stre tch~ndSpl ice)  was developed to determine the scale factors connecting 

any two datnsets. The transformation of the uniformly-spaced zenith angles into airmass 

( A  = l/cos(zenith angle)) results in contiwuotu scan data which lie on a nonuniform grid. 

hrthermore, the stretching of the individud curves in the generation of the composite 

curve-of-grnuth further distorts the grid of airmass values. To facilitate the numerical 

procedure, each continuow scan dataset nraç first re-gridded ont0 a uniform airmass grid, 

of spacing AA = 0.01, using spline interpolation. Inspection of the continuow scan datasets 

showed that, when combiied, the composite mme-of-grourth covered a range from 1 to - 10 

airmasses; the grid range for the Stretch-and-Splce routine was chosen to be O - 10. 

The scaling factor between any two successive cwes ,  e, - was found by itera- 

tively adjusting a trial scaiïng factor, f ,  to minimize the overlap error given by 



where a(i) are the signal data of the Iowest cuve of the pair (taken as the reference for 

the Stretch-and-Splice procedure), bdj) are the signal data of the upper curve and N is the 

nurnber of grid points in this region. The sumrnation is taken over the overlap region of the 

two curves (i =- j). For the case of data taken over an airmass range of 1 - 3, and a grid 

spacing of 0.01, equation 4.8.12 becomes 

The scaling factor, f , was varied over a range from 1 to 3, in steps of 0.01, and the corre- 

sponding X2 was evaluated at each step. The scale factor corresponding to the minimum X2 

value then becomes S. Figure 4.10 shows a screen shot of the IDL program executing the 

above procedure for two successive curves. The upper kit graph shows two raw continuous 

scan datasets plotted over the 1 - 3 a imas  range (where a is the lower reierence c w e  and 

b is the upper curve). In the upper right graph, curve b has been rescaled by increasing 

amounts. The X2 of the overlap region (equation 4.8.12) is shown in the lower leit graph 

and exhibits a well dehed  minimum. The lower right graph shows curve b over-plotted 

with cuve a using the scaüng factor f = ,, corresponding to the minimum X2 d u e .  

Also shown in this figure is the overlap error between curves a and b, multiplieci by a factor 

of 10, and offset verticdy by 2 V. 

Repeating the above process on curve-by-curve basis reçulted in the generation of 

a single, composite c w e - o f - p w t h ,  representing the full range of atmospheric conditions 

encountered during the observing nui. Figure 4.11 shows the h a 1  composite cuve and is 
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Figure 4.10: A screen shot of the IDL procedure StretchanbSplice iteratively adjusting the hori- 
zontal scale factor of the upper continuow scan dataset to produce the best overlap with the lower 
dataset. Upper left graph shows the two datasets as obtained oves the sarne 1-3 airmass rmge but 
representing different column abundances. Upper right graph shows the iterative horizontal rescaling 
of curve b. Lomr left graph shows the overlap error with a mU dehed minimum. Lower right graph 
shows the spiiced curves, the overlap region and the overlap error within this region (multiplied by 
10 and displaced verticdy by 2 V). 

seen to be cornposed of several ce-scaled individual continuozts scan datasets. Two of the 

component curves in the figure (purpIe and blue) have been displaced verticaiiy by f0.05V 

to show more clearly the regions of overlap. The red c u v e  has been left undiçturbed and 

extends to the maximum value of 10 airmasses. 

Finaiiy, a Chebyshev poIynomia1 was fitted to this composite curue-of-purth, and 

included the point (0,O). A Chebyshev polynomial was chosen because of its ability to 
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Figure 4-11: The composite curve is constructeci fron seven individuai curves. The purple and 
blue components were displaced upward and domward, respectively, by 0.05 V for clarity. The red 
component Lies undisturbed on the cilrue-of-gmuth profile. 

provide a higher order fit than can be obtained using standard polynomial fitting routines 

which tend to diverge. Furthemore, the Chebyshev polynomiai can be eady differentiated 

to provide the radiometer column abundance resolution. 

4.8.2 Calibrating the Composite Curve 

At this point, the composite mme-of-growth gives the radiometer signal voltage 

function as a function of airmass. If coIumn abundances, w,, were measured by an indepen- 

dent means at the tirne each dataset was acquired, then the horizontal axis of each dataset, 

and hence the composite c m  as a whoIe, couid be rescaled hom airmass into absorber 

amount using 21, = u,A. Each dataset muid then become a cdibrated mme-of-gmwth 



relating radiometer voltage to column abundance over the range wn to 3 un, i.e., 

Three independent methods of determinhg the water vapor column abundance 

were available. The first method was to use data from the simultaneous observation of water 

vapor emission with the 183 GHz JCMT water vapor monitor discussed in Section 4.5.3. 

The advantage of this method was that the data represented observations fiom essentially 

the same atmosphere at the same time. The disadvruitage was that the calibration of the 

183 GHz radiometer was uncertain. 

The second method riras to use measurements of atmospheric opacity as recorded by 

the California Submillimeter Observatory (CSO). The CS0 has two monitors of atmospheric 

opacity, one operating at 325 GHz and another at a wavelength of 350 pm. Previous 

work has shom that a simple relation exists between the atmospheric opacity at 225 GHz, 

~ 2 2 5 ~ ~ ~ ~  and the column abundance of water vapor, w, in mmpuru [18j: 

Unfortunately, the 225 GHz monitor was not operational during the observing 

run. The 350 pm monitor was, however, operational during this period, and Dr. Richard 

Chamberlin has kindiy made this data availabie to us. Information regarding the CS0 

monitors is available at http://puuoo.submm.caltech.edu/, where it is shown that 

and thus equation 4-8-15 becomes 



While the CS0 opacity measurements, like those of the 183 GHz monitor, are 

obtained Çom the surnmit of Mauna Kea, there are two principal disadvantages to theù use 

as calibration points: the measurements are obtained from a 6xed azimutha1 angle (different 

from the data obtained with the prototype) and are provided at 20 minute intervals. 

The third method was to use data provided by the radiosondes launched h i ce  

daily Çom Hi10 airport at 0:00 and 12:OO UT (2:OOp.m. and 200 a.m. LHT). There are 

three principai disadvantages of radiosonde measurements: they occur only once a night, 

the launch site is N 43 km to the east of the summit of Mauna Kea and, more importantIy, 

they tend to carry moisture aloh Çom the tropical launch site which tends to yield elevated 

column abundance data. 

In light of the above, it was decided to calibrate the prototype radiometer using 

the data obtained from the 183 GHz monitor. Data Çom the other two methods, being of a 

more questionable nature, were used to c o h  the caiibration. The red curve in Figure 4.12 

shows the Chebyshev-fitted composite cunte-of-gmurth. This c m  was transformed into a 

calibrated mwe-of-putth by rescaiing its horizontal axis to provide consistency with lowest 

of the 183 GHz caiibration points given in Table 4.2 (represented by the lower red square) 

and resdted in the blue curve in Figure 4.12. The second independent 183 GHz calibration 

point from Table 4.2 is seen to faIl directly on the calibrated curve. The horizonta1 avis 

calibration scale factor used to transform airmass into column abundance was 
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Figure 4.12: Calibration of the composite curve-of-growth in terms of pwv. The red curve is the 
Chebyshev-Etted composite cuve representing an airmnss range from 1-10. The green portion of 
this cuve is an extrapolation into a low column abundance region unobsecved nt Mauna Ken. The 
blue curve is the Chebyshev-fitted composite curve rescaied horizontaiiy to be consistent with the 
183 GHz caiibration data. The CS0 350 p n  calibrntion points are seen to suggest a slightly lower 
column abundance caiibration thon that of the 183 GHz. The radiosonde data suggests the opposite. 

and the nearness of this scale factor to unity d o m  the same horizontal scale to be used for 

both airmass and cotumn abundance (in mmpwv) in Figure 4.12. 

The CS0 350 pm data, correspondhg to the times oE the two 183 GHz calibration 

measurements in Table 4.2, were converted to mm pwv using equation 4.8.17. The resulting 

values of 1.73 and 2.50 m m p ,  obtained at 9:20 and 9:40p.m., LHT, December 17, cor- 

responded to radiometer signal voltages of 1.61V and 1.94V, respectively. These two data 

points are pbtted in Figure 4.12 as green circleç and show good agreement with the 183 



GHz data. In fact, the composite cunte-of-grouth could equally have been calibrated using 

these two data points had they been of less questionable quality. 

Findy, the radiosonde calibration data are displayed in Figure 4.12 as blue trian- 

gles. Only data obtained near the end (wnidnight) of the five observing sessions codd be 

expected to reasonably correlate with the p u  readings from the radiosonde launched two 

hours later. Mhermore, on only four of these occasions was the stabiiity of the atmosphere 

(as reveded by the consistency of successive continuow scan datasets obtained at the end 

of the night) sufiicient to justiiy the use of radiosonde data. These four data points show 

a wide scatter and a trend toward a larger column abundance than that indicated by the 

JCMT suid CS0 data. It was later discovered that the mode1 of radiosondes Iaunched Gom 

Hi10 are among the oldest in use in the United States and, due to their capacitive sensors, 

tend to cary moisture up Gom lower altitudes. The scatter shown by the radiosonde points 

underline the need for the accumulation of a large database of radiosonde data if these are 

to be used for caiibration purposes. 

The (optionai) final step in the calibration process was to transform the signai axis 

into radiance via division by the responsivity (equation 4.6.16). The result is the cîtrve- 

ofig~ozuth shown in Figure 4.13 with units of radiance on the vertical auis. Due to the 

effects of the optical spilover identified in the prototype (Section 4.6.l), the responsivity 

calculated in Section 4.6 is unreliable and hence the radiance given on the vertical in 

Figure 4.13 is only approximate. For this reason the column abundance resolution of the 

prototype radiometer will be calculated using the derivative of the calibrated compasite 

culve-ofgrnuth expresseci in terms of signal voltage. 
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Figure 4.13: The composite curveof-growth in the fonn of column abundance vs. radiance. 

4.8.3 Prototype Performance 

The slope of the caiibrated composite cume-of-gmwth (blue curve in Figure 4.12) 

was then used to derive the column abundance resolution of the prototype radiometer by 

projecting the voltage noise of the instrumentation ont0 the column abundance axis using 

the slope of the curue-of-purth. Since the derivative is a function of column abundance, the 

performance of the radiometer is also a function of column abundance. Clearly, therefore, 

the best performance of the prototype wiii be obtained at Iow column abundance levels 

where the derivative is large. Figure 4.14 shows a plot of this derivative. 

Since the infrared radiometer is intendeci for use at high altitude observatories, the 

column abundance resolution performance of the prototype wil l  be evaiuated for column 

abundances of 0.5 and 1.0 m m p ,  Mhermore, since there was reason to believe that 
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Figure 4.14: The derivative of the calibrated cum-of-gmwth given in terms of both dV/dw and 
dL/ drv. The evaluation of the performance of the prototype radiometer uses dues of the derivative 
at 0.5 and 1.0 mm putu. 

the minimum rather than the average instrumental noise represents the true noise perfor- 

mance of the prototype, as discussed in Section 4.6.3, the instrumental performance will be 

evaluated using both of these values. From equations 4.6.17 and 4.6.18, the average and 

minimum instrumental noises for a 1 s integration are, respectively, 

The derivative of the composite came-of-growth at column abundances of 0.5 and 

1.0 mmpwv are, respectively, 

%(OS mmppuv) = 0.99 V (mmpwv)-l 

g(1 mmpwv) = 0.60 v (mm PWV)-' 



Table 4.5: Summary of the -ter vapor column abundance resolution of the prototype radiometer 
(using 1s integrations) for atmospheric conditions of 0.5 and 1.0 mm pwv. 

Table 4.6: Summary of the resolution of the prototype radiometer in terms of the evcess electre 
magnetic path length (using 1s  integrations) for atmospheric conditions of 0.3 and 1.0 mm p w .  

atmospheric column abundance condition 

I 

reaolution using average instrumentai noise 1 12 pm 1 20 prn 
remlution using minimum instrumental noise 1 6.4 pm 1 11 prn 

0.5 mm pwv 

The column abundance resolution of the prototype radiometer is then calculated 

1.0 mm pwv 

1.0 mm pwv atrnospheric column abundance condition 

using the values given in equations 4.8.19 - 4.8.22. These results, coUected in Table 4.5, 

summarize the pwv measurement resolution of the prototype radiometer using 1 s integra- 

tions. 

0.5 mm pwv 

As discussed in Section 1.2, a factor of 6.5 is used to convert the column abundance 

resolution, Aw, into excess electromagnetic path length resolution, Ad, where the units oE 

ui and d are the same. A summary of the euces electromagnetic path Iength resolution of 

the prototype, using 1 s integrations, is given in Table 4.6. 

It is seen fiom this table that the target electromagnetic path Iength resolution 

set out for ALMA has been achieved by the prototype radiometer for atmospheric coLum. 



abundance conditions below 1 mmpwv if the minimum instrumentai noise is taken as its 

true noise performance. 

4.8.4 Cloud Bank Evolution 

Arnong the continuow scan datasets displaying artifacts or other anomalous struc- 

tures was a dataset taken in the early evening just after sunset, that recorded the time 

evolution of a sigdicmt cloudbank as it passed over Mauna Kea and moved to the west. 

The clouds were much lower and thicker than the cirrus observed at other times. 

Figure 4.15 shows this data as a 3-D plot and indicates the time order of the scans. 

The features in the data seem to dissipate and reassemble more so t han moving as a whoie. 

The cloud bank was composed of more than one structure; it is seen to be an evolving entity 

with structures that c m  evaporate and reforrn in directions opposite to the overaii motion. 

These scans again used a sarnpling time of 0.1 s and a single scan took on the order of 30 

seconds to comphte. The elapsed time from scan 1 to 10 was then - 5 minutes. 



Airm ass 

Figure 4.15: The time evdution of a cloud bank as reveaied by ten consecutive continuow scans. 



Chapter 5 

Conclusions and Future Directions 

This thesis h a  presented the design, construction and results fiom the first field 

test of a prototype infrared radiometer designed to measure, both rapidly and accurately, the 

water vapor column abundance above high altitude sites. The prototype system provided a 

proof-of-concept of an infrared appronch to water vapor column abundance rneasurernent. 

The resdts presented in Chapter 4 show that, under conditions of 1 mmpwu, 

which represents the average column abundance at the Chajnantor site, the prototype has 

shown the ability to resolve at  least 1 3  pmpwv (la in a 1 s  integation), equident to 

H O  pm of excess electrornagnetic path length. As discussed in Section 4.6.3, there is 

good reason to believe that the resolution of the prototype is closer to k1.6 p m p m  ( l u  

in a 1 s  integration), equivalent to Hl prn of =ces electrornagnetic path length. These 

results aiready virtudly meet the challenging requirernents for phase correction of the new 

generation of radio interferometers such as ALMA. More impressive is the fact that they 

were obtained on the trial nui of a new methodobgy. 



These encouraging resdts have provided the irnpetus for further development of 

this technique. Several areas of improvement identified during the course of this thesis 

have been incorporated into a second generation (Phase II) instrument named IRMA - an 

Inçared Radiometer for MiHimeter Astronomy. These improvements, and their impact on 

instrument performance, are discussed in this chapter. 

5.1 Improved Detector 

A new mercury-cadmium-telluride infrared detector hm been obtaind from Kol- 

mar Technologies Inc., identical to the earlier detector, but hnving a higher detectivity 

and responsivity, 5.11 x log c m H ~ - ~ / *  W-' and 136 v W-', respectively, compared with 

2.88 x 10"m HZ-'/' W-I and 45 v w - ~  in the earlier detector. The signal-to-noise ratio 

of an inûared detector is defined as 

S - PD' 
F - T i  

where P is the input signal power, D* is the specific detectivity and A is the detector area. 

The expected signai-to-noise improvement is then 

The noise voltage density of the new device is 

but since this detector noise is specified at 10 kHz, the corresponding value at 200 Hz will 

be higher. As was shown in Section 3.4.8, the dominant source of noise in the prearnplifier 



circuit was that due to the LT 1028 opamp (1 n~ IIz-li2); it should thus be easier to achieve 

detector limited performance in the new system. 

5.2 Improved Infrared Filter 

Infrared filters are notoriously difficult to fabricate for use at - 20pm. The filter 

used in the prototype was not an optimal match to the spectral region of interest, but was 

the only one available. Professor Peter Ade, Queen Mary and Westfield College, University 

of London, üK, has recently evtended his filter fabrication technology fiom - 50cm-1 to 

- 500cm-'. While still in the development phzse, Dr. Ade has provicied two filters usiag 

resonant capacitive and inductive micro-elements that provide a better match with both the 

new detector and the spectral region of interest. The higher efficiency (N 80%), and better 

band selection, are expected to provide at least a factor of two irnprovement in detection 

efficiency over the prototype instrument. 

5.3 Improved Instrumentation 

The improvements in electronic instrumentation include the use of a 24bit, delta- 

sigma A/D converter which is currently operated at an equivalent 18 bit resolution with a 

0.3s integration time. With a voltage reference of 2.5V, 1 LSB corresponds to a voltage 

of 9.5pV. Recent results fiom IRMA show that the currently observeci noise floor of the 

instrumentation is approximately 250 pV in a 0.3 s integration and typical maximum signals 



(from the ambient blackbody) are on the order of 2.4 V. Compared with the corresponding 

prototype measurements, the result is an approximately seven-fold increase in signal-to- 

noise. 

The rnalfunctioning temperature sensor circuitry has been replaced and currently 

provides temperature readings with an accuracy of f 0.1 K. 

5.4 Elimination of Opticd Spillover 

The opticai spillover of the LN2 blackbody (Section 4.6.1) occurring in the pro- 

totype has been corrected by use of a larger flask. The signals from the LN2 blackbody 

observed with the lock-in amplification in IRMA actually reverse in polarity when this 

source is viewed and hence indicate that the LN2 flask appeacs colder than a reflected view 

of the detector environment. These signals lie near the noise floor of the instrumentation 

(250pV) and hence provide a well defined and stable calibration point. 

5.5 Remote Operation 

The most dramatic improvement of the prototype radiometer has been the im- 

plementation of web based control. IRMA bas now been installed, semi-permanently, on 

the apron of the JCMT and is rernately operated over the web from Lethbridge. This 

remote, and automatic, control of m M A  enables the instrument to collect water vapor 

measurements simultaneously with radiosonde launches and thus Phase II will include the 



Figure 5.1: The web based remote control interface for iRhIA. 

compilation of a large database of radiosondecorrelateci measurements. In addition, mea- 

surements Erom the JCMT 183 GHz water vapor monitor, CS0 225 GHz / 350prn opacity 

rnonitor and SCUBA sky-dips, will also be included in this database. 

IRMA was deployed in Iate August, 2000, and operates on any night that the 

JCMT is open for operation and the CS0 opacity monitor indicates less than 2 mm pwu. 

I U I A  can be scheduled to perform continuow scan, skydip, stare or calibmtion measure- 

ments, or any combiiation thereof, as either a single or multi-component observation. Cur- 

rently, the biggest drawback to operation is the requirement for a telescope operator to fiU 

the detector dewar every few hours. In the Phase III developrnent, which will begin in early 

2001, cIosed cycle refrigeration will be incorporated into the I B I A  design, obviating the 

need for apgens. Two such units will be built for Phase III and it is anticipated that they 

wiü be mounted on two antennae of the Smithsonian Miliiieter Array (DIA) allawing the 



Figure 5.2: A view fiom IRh,lA1s webcam showhg the LN2 Hask reflected in the downward fncing 
sconning mirror. 

infrared approach to phase correction to be tested, for the fùst time, on an astronomicd 

source. 

The website for IRMA is located at http://irma.jcmt.jach.hawaii.edu but, cur- 

rently, a password is required for access. In future, the resuIts h m  IRMA wiU be posted 

on the JCMT website. Figure 5.1 shows the web interface for IRMA and Figures 5.2 and 

5.3 show views obtained by IRMA'S on-board 'web-cm'. The web-cm is orienteci t o w d  

the JCMT antema from IRMA'S position on the apron and the gortezTh[ windscreen of 

the JCMT wiiI be noticed in the background. 



Figure 5.3: With the scanning mirror in the directIy verticaI position, a reflected image of the 
detector dewar is visible. 



Chapter 6 

CD ROM Software Archive 

The CD ROM included with this thesis contains the IDLThf andysis software, caw 

data files (in the form of IDL .sav files) and the C++ instrument control program (named 

'Feliu') . With the CD-drive designated as d:\ , the directory structure is as foiiows 

with the D L  procedures stored in the directory \IDLSoftware, the raw data fies 

in \RawBata and the control program in \Felix. 



6.1 IDL Routines 

Some of the IDL procedures stand aione, whereas others operate on raw data files 

(.sav files) which contain the data obtained with the prototype radiometer. The procedures 

that operate on .sav files contain a directory pathway in the IDL code that assumes that the 

CD-drive is designated as drive d:\. If the CD-drive designation is different, the programs 

will have to be changed accordingly. In order for the procedures to c~ecute from the CD, 

the IDL se& pathway, found in the 'file\preferences' menu within D L ,  must include 

the directory pathway d:\IRB,IA\IDLSoftware\. IDL version 5.2 is needed to run the 

procedures. Short descriptions of the IDL procedures referenced in the body of the thesis 

tire given below. 

6.1.1 Planck_Power462505, Planck-Cumes, Planck,CuwesX, Planck 

The procedure P l a n c k ~ ~ e r , 4 6 L 5 0 5  evaluates the integrated radiance of a bIack- 

body, in units of Wm-'sr", for a given blackbody temperature, over the passband of the 

prototype radiometer (Le., 462 - 505 cm-l). The function Planck-Cumes is used to plot 

the Planck radiance as a Function of wavenumber for arbitrary number of curves and tem- 

peratures. The Function Planck eduates  the spectral radiance for arbitrary wavenumber 

in units of W m-2sr-L(cm-1)-L and is cded  as a function Eiom PlanckliCurues. A version 

of Planck-Cumes, c d e d  P l a n ~ k ~ C u w e s X ,  is &O included in the archive and is identicd 

to the former c~cept  that it uses an XWindows graphicai interface. 



This procedure was used to simulate the mrue-of-gmurth, obtained with a Lorentz 

broadened emission line, by caiculating the integrated emission as a function of column 

abundance, pl. The anaiysis also includes a calculation of the Ladenberg-Reiche formula, 

the theoretical form of the curue-of-growth. 

This procedure was used to generate the optical design of the parabolic mirror and 

uses mirror diameter, angle of off-axis throw and focal length as input parameters. 

This procedure extracted data from files saved as mfiXX.sav where XX designates 

a continuow scan data file number. These .sau files are in the form of a structure (matrix) 

called nrray, and holds al1 the continuous scan data from a single session with zenith 

angles frorn O0 to 70.3a0 listed verticaily in the first column (column 0) and each continuous 

scan dataset of the session listed in subsequent colurnns (columns 1 to cols). Blackbody 

measurements taken at the end of each continuous scan nppear in the last two rows of 

thii array at angles of 12a0 and 180°. Since a Euii continuors scan dataset consists of 

391 readings (for a zenith angle range from O0 to 70.3a0, in steps oE O.l8"), the may has 

dimensions of 393 rows x (number of continuous scans +l) columns. 



The procedure EztradData combined al1 the continuous scan datasets within 

the session into a single averaged continuous scan dataset including the readings from the 

blackbody references. In addition, the routine calculated the standard deviations of di 

continuous scan/LN2blackbody/ambient blackbody readings within the file. The procedure 

then produceci another .sav file with the name UV-mkXX.sav which consistai of an array 

identical to the original mkXX.sau may except with two additional columns containing 

the averaged data, and associateci standard deviations, appended as cols + 1 and cols + 2. 

This routine pbts the fileby-file instrument responsivity and associateci ecror cal- 

culated by ExtradJ)ata. 

This procedure plots the average and standard deviations of the signals Gom the 

blackbody references calculated in EdradButu .  

This procedure analyzed the data obtained simultaneously with the JCMT 183 

GHz water vapor monitor. The procedure plots both datasets in their raw fonn, and with 

different amounts of smoothing. In addition, the procedure prhts out the maximum and 



minimum values of each dataset, Le., cocresponding values of prototype signal voltage and 

183 GHz-derid pwv values. 

This procedure was used to determine the field ofview of the prototype radiometer 

by producing a Gaussian + linear fit for the datasets containing moon profiles. 

Seven continuow scan datasets were selecteci for use in the compiIation of a com- 

posite mme-of-purth. These datafiles were numbers 21, 22, 41, 44, 45, 50 and 60. This 

procedure plots these selected datasets on a common graph. 

This procedure was central to the data analysis as it determined the scale factor 

between any two input datasets necessary to splice the datasets together as a single cure- 

of-grouth, on a common airmass scale. The procedure takes in continuous scan .sav mes 

tFW) at a tirne and then sketches out the x scale factor of the higher of the two curves 

recursively to find the factor which produced the best spliced fit to the Iower curve. 



This is the finai analysis procedure and begins by assembling the various individual 

continuous scan datasets into a composite mrve-of-growth using the scaie factor determined 

by Stretchnnd-Splice. A Chebyshev polynomial is then fitted to this composite curve. The 

pwv calibration data points derived from the JCMT 183 GHz water vnpor monitor, the CS0 

350 pm opacity monitor and radiosonde are tben plotted on the same graph as the composite 

curve. The composite curve is then rescdd horizontally to agree with the lowest of the 

183 GHz points listed in Table 4.2. Findy, the derivative of the rescaled composite curve 

is computed, which allowed the determination of the pwv tesolution performance, Au, of 

the prototype radiometer. 

6.1.12 cheby~alc,  cheby-f it, chebgder 

The IDL procedure pu-Calz'bration fitted the composite curve to a Chebyshev 

polynomial using the Function cheby-fit, which itself used the function chebysalc. The 

derivative of the polynomial was caiculated with the function chebyder. 

6.2 Control Program 

Whiie the Ci-+ instrument control program is specific to the hardware used with 

the prototype instrument, and is therefore of limited usefulness, it is included in the software 

archive for completeness. It may be nin for demonstration purposes provideci nothing is 



~ 0 ~ e C t e d  to the computer parallel port. The program wilI display the user interfaces 

discussed in Section 3.6, and wiU be M y  operational, except that d andog data wiU be 

read and displayed as 4.096 V. 
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