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ABSTRACT

A state-of-the~art, tunable diode laser infrared heterodyne
spectrometer has been designed and constructed for ground-based
observations throughout the 8-~12 micron atmospheric window. The
instrument has been optimized for use with presently available tunable
diode lasers, and has been designed,as a flexible field system for use
with large reflecting telescopes. The instrument was aligned and
calibrated using labératory and astronomlcal sources.

Observations of S10 fundamental (v = 1-0) and hot band (v = 2-1)
abgorption features have been made in sunspots near § microns using
the spectrometer. These measurements constitute the first reported
detection of solar 510, and the first such measurement using coherent
detection. The data permit an unapbiguous determination of the
temperature—pressuré relation in the upper layers of the umbral at-
mosphere, and support the sunspot model suggested by Stellmacher aud

Wiehr (Astron. and Astrophys., 7, 432, 1970).
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CHAPTER )
INTRODUCTION
1.1 Genepal Statement of the Problem

Infrared hetercdyne spectroscepy is a passive technique
employing coherent optical detecticn for the study of spectral
features in remote sources. It employs optical ccmponents such as
mirrors and lenses normally associated with incoherent optics, but
since it is a cohersnt process the principles of cm and mm wave
receivers dictate the instrument design. pBecause of its coherent
nature, it offers the same advantages as the longer wavelength
techniques, notably ultra-high resolving power and high frequency
precision. Heterodyne spectroscopy can be considered complementary
to, rather than in competition with: Fourier transform spectroscopy
(FTS), which is widely used for high resolution IR measurements of
remote sources, The FTS technique permits measurements of large
spectral intervals with frequency resolving powers v/av £ 105.

Infrared heterodyne spectroscopy covers a much smaller spectral

interval in a single measurement, but can provide almost arbitrarily

hizh frequency resélving power. This permits the recovery of fully
resolved line shapes and reveals fine structure no% accessible %o

the FTS technique.

Since the advent of high speed infrared photomixers, heterodyne

spectroscopy using CO? gas lasers has become a powerful technique

W e b, Pl
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for the #'ndy of terrestrial atmospherioc species and astrophysiocal
objects at high spatial and spectral resolution, Unlike coherent
detection at radio frequencies, however, gas laser local oscillators
only provide for operation at the fixed frequency of the laser
transitiona, Although a large number of transitions are available,
the intermediate frequency coverage amounts %o about 7 percent of
the typical spacing between transitions, so these instruments only
allow measurement over very small intervals throughout their

overall opera%ing wavelength range., Moreover, their operaticn is
presently restricted to wavelengths between 8 and 12 microns.

The substitution of tunable dicde lasers (TDL's) for gas lasers
as local oseillators in hetercdync systems offers the promise for
continuous tunability, allowing operation over the entire nominal
wavelenzth range of the diode laser. The development of a reliable
TDL heterodyne spectrometer with the sensitivity of gas laser
instruments has yet to be realized, however, because of “he many
problems associated with the develo;munt of tunable lead-salt diode
lasers, Instead of lasing in a single gaussian mode, %he output
power of these devices is typlcally divided among a mixture of
high-order moedes, and the output exhibits a variety of noise
problems related to multi-mode emission, Also, because of their
tunability, the output frequency is sensitive to mechanical
vibrations, small temperature fluctuations, and small variations in
the diode laser injection current normally used to fine tune the

frequency,

Aside from these difficulties, tunable diode laser heterodyne
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spectroscopy has besp successfully demonstrated in measurements of
laberatory gases, atmospheric conatibtuen%s ano continua of %he nicon
and Mars, Meanwhile, improvenents nave besn made in %he performance
and reliability of tunable lead-sult diode lasers, particularly with
ragard to power output,

In view of the success achieved with zas laser heterodyne
systems, and the demonstrated poterniial of the diode laser
heterodyne technique, there is an obvious demand for a general
purpose ground based tunable diode laser heterodyne spectrometer,
for both astrophysical observations and for measurements of

terrestrial atmospheric constituents.

1.1.2 Measurement of $10 in Sunspots

One very interesting class of observational problems that is
ideally suited for TDL infrared heterodyne spactroscopy is the
detection of molecular absorption in sunspots, Since temperabures
in sunspots are lower than that of 4he surrounding photosphere, the
environment is suitable for the formation of a variety of molecular
species, some of which have already been observed, The sunspot
enviromment is of itself interesting since it is not well understood
and the roles of magnetic flelds, macroturbulente and heating from
the overlying chromosphere in determining the environment have not
been well established. In additicn, the sunspot environment
constitutes an excellent high-temperature source for the study cf
species not easily created in the laboratory,

In order to properly analyse absorpticn lines observed in the
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sunspot spectrum, 1t is essential %o wnow the vertical
temperature-pressure distribution throughont the region where line
formation takes place, Unfortunately, wide disagreement exishts
between empirical one-dimensional sunspot %temperature/pressure
models that have appearea in the literature., The disagreement is
largest in the upper layers of the umbral atmosphere where the
formation of most atomic and molecular lines ocecur,

For the deeper layers, models employ continuum observa%tions
at both visible and infrared wavelengths. One difficulty *hat
exists with sunspot con%inuum observations is contamination by
terrestrial lines and the un¢asy "ainty in the transmittance of the
terrestrial atmosphere, Since atmospheric transmission depends on
local conditions at the time of measurement, these effects are
removed by recording spectra from the spot and photosphere in close
time coincidence and ratioing to obtain the relative sunspot
intensity. Also, at visible wavelengths the ratio of photospheric
to sunspot surface intensities is lérge (Iph/Ium > 10}, so that
observations are contaminated by scattered light from the
surrounding photosphere, Each continuum measurement must include
some method ¢f correcting for this effect. Attempts to model the
upper layers of the umbral atmosphere have been based on
observations of atomic lines at visible wavelengths where the
sunspot spectrum is very complicated. This makes analyses of
individual line shapes exceedingly difficult because of blending
with adjacent lines.

Most of the above-mentioned prcblems are ncht as serious at
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infrared wavelengths, The ratio xph/:um decreases abt longer
wavelangths and the continuun specﬁvum shows discrete, lsolated,
well defined absorption feakures. Few continuum measurements have
been made at wavelengths longer than one mioron, however, and
obsarvations of infrared absorption features are almost
non-existant, ALl infrared line and continuwn measuremsnts are thus
of great importance in the study of the sunspot environment.

The fundamental (v = 1=0) and hot band ( v = 2-1) transitions
of silicon monoxide (Si0) near 8 mierons are of special interest.
These transitions have been prediocted in the sunspot speotrum but no
detsotion has been reported in the literature., Also, Si0 is a
sensitive thermometer at the upper layars since it is rapldly
dissociated ab sunspot temperatures, By comparing the observed
squivalent widths against ocaloulated values based on assumed
temperature - pressure profiles it should be possible to determine
the temperabturaes at small optical depths and provide boundary
conditions for improved models. Th; tunable dicde laser heterodyne
tachnique ls ldeally suited %o these observations for suveral
reasons. The 8 mioron S10 bands oocour at the frequencles of present
commercially available diode lasers. Also, sinoce it 1s a coherent
detection technique, the field of view is diffraction limited, with
a diameter of about 3 arsec at 8 microns using a 1 meter telescope
aperture, This beam size is smaller than most umbral diameters so
contaminaticn from surrounding photospheric light is minimal, at
least during periocds of good seeing. Since the technique is capable

of subdoppler resolving power, it permits line broadening and

S A i T TR oA T R e
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residual intensity measurementd, in addition to the usual equivalent
wiath information, Ffinally, the high surface brightness of sunspot
umbrae (T » 4000K) makes SiQ observations a logical first choice
among the list of astrophysically interesting problems for the TDL

hetercdyne technique,

1.2  Erogress in IR Heterodvne Detection Using
Diode Laser Local Oscillators

Prior to the development of milliwatt semiconductor tunable
diode lasers and wideband HgCdTe photcdetectors, sensitivity
limitations in diode laser heterodyne detection work required the
use of strong signal sources, Success in eérly hetérpdyne studies
was achieved by reporting observed self-beating effects in a single
source or by detecting optical beats from two IR local oscillators.
Hinkley et al, (1968) observed beating effects between a current
tunable PbSnTe diode laser and the P(20) transition of a 002 gas
laser. The beat note at approximately 1250 MHz was observed using a
copper doped germanium (Ge:Cu) dete;tor, with 40mb of 002 laser
power and approximately 100 uiW single mode power from the diode
laser. The instantanecus linewidth of the dicde laser emission was
found not to exceed some tens of KHz, although frequency modulation
of the diode output was observed due to a 120 Hz ripple in the
current supply. These authors also observed heterodyning with the
P(18) 002 transition at IF frequencies below 3.5 GHz, with somewhat
pocrer amplitude and frequency stability.

Heterodyne measurements of the Lorentzian spectral distribution

of output power from a liquid helium-cooled PbSnTe tunable diode
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laser were performed by Hinkley ana Freed (1969) in an attempt te
verify theoretical predictions for the dicue laser line shape,
Because of the intrinsically small cavity dimensions and low ou%tpu%
power levels of '[DL's, diode laser linewidths are significantly
greater than those of gas lasers operating in the same frequency
range, so that the gas laser line can be considerea a delta funchion

by comparison. By combining both dieode and CO, gas laser radiation

2
at a liquid helium covled Ge:Cu detector and current-tuning the
diode output frequenay across the exiremely narrow CO2 laser line
(Av < 100 Hz), the resulting beat note was detected and the entire
diode laser line displayed on a spectrum analyzer. The
experimentally determined linewidths were found to agree with
theoretical predictions based on estimates of the diode "gold" -
cavity bandwidth and the degree of population inversicn, The
authors were also able to demonstrate the inverse power variation of
the diode laser linewidth, by ilncreasing the diode current and
adjusting the heat sink temperature‘to maintain a constant beat
frequency,

The first successfully operating infrared heterodyne
spectrometer using a tunable semiconductor diode laser local
oscillator was constructed by Mumma et al. (1975) and used to make
laboratory heterodynd measurements of N20 line profiles in the vy
band (100-~000). These authors also demonstrated heterodyne
detection of thermal blackbody emission from the moon and Mars. The

spectrometer employed a PbSe semi-conductor diode lzser, a HgCdTe

photodiode &s a photomixer and a spectral line receiver consisting
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of 8 contiguous 25 MHz filters to provide a coverage of 200 MHz at
the IF, At the operating wavelength of 8.6 microns, this

&

gorresponds to a resolving power of about 1.4 X 107, N20 heterodyne

absorption measurements were performed using a cell filled with Nao
at 10 torr pressure placed in the beam of a 1300 K blackbody
continuum source, The NZO line width was about 170 MHz, which was
fully resolved in the bank of filters,

Blackbody heterodyne measurements of the moon and Mars yielded
measured signal‘to noise ratios of 6.7 and 5.4, respectively, for a
single 25 MHz filter and roughly & minutes integration time. Much
of the signal degradation vas the result of insufficient local
oscillator power, The maximum single mode power obtained in this
experiment was »j00 uW, considerably below that required for shok
noise limited operation (i.e., the point where the local eoscillator
sho® noise dominates all other noise sources at the IF). From the
measured photodiode quantum efficiency and diode laser single mode
power, the overall %transmission of ;tmosphere and system opties was
estimated to lie between 10 and 20 percent,

Frerking and Muehlner (1977) developed a diode laser heterodyne
spectrometer and obtained laboratory and terrestrial atmospheric 0

absorption spectra in a 1 c:zn"1 region near 1011 cm-1. This

3

instrument employed a PbSnée laser diode and HgCdTe photcdiode mixer
both mounted, together with the optical elements, in compact fashion
on a common dewar operating at liquid nitrogen temperature (77K). A
single IF amplifier and filter at the mixer output with a cutoff of

100 MHz provided a single IF channel with a width of 100 MHz,
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yielding an IR resolving power of about 1,5 X 105. Spectral scans
of the v3 band (001 + 000) of atmospheric ozone in solar absorption
were obtainea by slowly current-tuning the dlode between 1010,9 and
1011.8 cm"1 while recording the synchronously detected heterodyne
signal on an X-Y plotter. Excellent agreement was observed between
the heterodyne spechra and direct absorption laboratory spectra
using an ozone absorption cell, The reaults also agreed nicaly with

synthetic 0., spectra in this region computed by the same authors,

3
and adjusted to match the instrument frequency resolution, The
measured SNR was found to be about 25 for a 100 MHz IF bandwidth and
j sec integration time, This 1is roughly a factor of 4300 smaller
than the ideal value, The degradation was attributed to éptica
transmission losses, insuf'flcient local cscillator power, amplifier
noise and spurious IF noise,

The first use of a closed cycle cooler for continuous diode
laser cooling and temperature control in a heterodyne system was
reported by Ku and Spears (1977). ;hese authors constructed a
heterodyne radiometer using a tunable 10.6 ym PbSnSe diode laser asy
a local oscillator., The closed cyecla cooler held the diode near 30K
for the duration of the experimen%s. A heterodyne signal was
obtained by combining the local oscillator beam and that from a
1173K blackbody source at a HgCdTe photomixer, 'The heterodyne
detection electronics consisted of a 600 MHz low noise amplifier at
the mixer, a spectrum analyzer, crystal detector and lock-in

amplifier as part of the synchronous detewtlon process. The

instrument was tuned by varying both cooler temperature and the

i, DA,
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diode current, Initial stuaies of noise a%t tne IF suggested %“hat
self-beating effects in the laser output were the cause of extreme
noise in the heterodyne signal over portions of the TDL tuning
range. For quiet operation, signal~to-noise ratios as high as 150
were observed for a blackbody temperature of 1173K, a bandwidth B of
500 MHz and an integration time t of 0.4 sec, In addition one of

the laser modes was examined by heterodyning against a CO, gas ‘

2
laser, and an instantaneous linewidth of 100 kHz was measured, in
qualitative agreement with earlier results of Hinkley and Freed
(1969), The instrument was also used to measure several absorption

lines of ethylene near 942 o™

in a gas absorption c¢ell, The lines
were first located in direct absorption and then observed in the
heterocdyne mode, The measured line widths were in good agreement
with those exgected for an IF resolution of » 600 MHz,

A hybrid spectroscopic technique employing both direct
absorption and heterodyne measurement options available using diode
lasers has been employed by several‘wovkers for the study of
molecular gases in the laboratory. By monitoring the beat frequency
between a PbSnSe diode laser and various Co, gas laser lines,
Worchesky and coworkers (1978) were able to establish precise line

center positions of several D_0O absorption lines in near coincidence

2
with 002 gas laser transitions, Both the diode and 002 laser beams
were focussed onto a HgCdTe photomixer while monitoring the

heterodyne signal %o establish a frequency calibration scale. The
remaining part of the diode laser radiation was passed through the

020 absorption cell and onto a second detector where the
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transmittance was simultaneously monitored, A %otal of nine lines

in the vy, fundamental bands of D.0 were measured with an estimated

2 2

aerror of +0,005 cm". Instabilities in the diode laser output

frequency were the largest contributor to this uncertainty.
Hillman et al., (1973) used a similar approach %o study %he

23Q(1,1) transition in the 2v2-v band of NH_, near 949.5 cm". The

2 3
spectrometer employed a PbSSe tunable diode laser mounted in a
closed aycle cooler and emitting near the 9.4 pm and 10.6 um C02
laser bands, Examination of the TDL output on a speectrum analyzer
revealed an anomalously large mode width of w 15 MHz resulting from
radiation losses in the diode stripe, diode injection current noise
and cooler instabilities, The mode center position stabilized %o
within #2 MHz over several minutes of time after the diode
temperature had reached equilibrium, A small additional mode was
also seen in the observed heterodyne spectrum about 60 MHz from the
main mode, The presence of this type of satellite mode in the TDL
output was thought to be the cause }or reglons of extreme excess
nolse of the type observed in heterodyne studies by Ku and Spears
(1977). After an initial study of instruyent performance, a number
of scans of the 2sQ(1,1) line were made using a 30-cm cell of NHB ab
1~Torr pressure placed in one of the divided TDL beams, Aside from
small departures from linearity in the TDL tuning rate, data from 12
scans yielded a determination of the line ceitter position to within

! or + 2,1 MHz. Spears and Freed (1973) examined the

+ 0,00007 em
use of IR -~ microwave varacting for continuous heterodyne coverage

between adjacent co2 transitions near 10.6 microns. This technique



T TR TV,

also permits accurate wavelenzth calibration of a tunable diode
laser using a 002 laser as a reference., Using a tunable microwave
local oscillator pump and a HgCdTe detechor, it is possible to
detect optical beat frequencies much larger than the single
conversion IF bandwidth of the detector., By injecting tha output of
a microwave pump with frequency fp into the mixer, %the optical beat
frequency (fa-f1) of two IR sources is down converted to a final
frequency f = nfp - (f2 - f1) which lies well below the nominal
detector bandwidth. Spears and Freed (1973) measured a signal-to-
noise exceeding 45 dB at 21.3 GHz with a 10 kHz noise bandwidth

using two o, lasers operating at different transitions and

2
dellivering v 0,5 mW each to the detector. The signal-to-noise
ratio was limited mainly by the available microwave local oseillator
power, Subsequent 3rd and 4th harmonic mixing studies (n = 3,4)
resulted in the detection of beat frequencles between 40.3 GHz and
60,7 GHz.

’
The most recent, and probably the most successful attempt to

employ TDL heterodyne spectroscopy for the study of atmospheric
constituents was made during 1979 by Harward and Hoell (1980), The
authors observed atmospheric NH_ , H and HNO_ absorption

3t "2 3 2 3
between ¢ and 11 microns using a TDL radiometer and a small

0, 0., CO
heliostat located at NASA Langely Research Center, Hampton, VA, The
system employed a TDL local oscillator in a closed cyecle cooler, the
output of which was collimated using an f/1 Ge lens, Mixing ¢f the
LO and signal beams was accomplished with a HgCdTe photomixer,

Coarse frequency calibration was performed using a monochromator,
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and prior to ecach observation the f{inal local oscillator position
was set using reference gas ,ine positions and a solid Ge etalon to
provide a frequency scale, One in%teresting operational feature of
the instrument was the use of a scanning etalon %o select and track
a single longitudinal diode laser mode,

The atmospheric spectra were recorded by varying the TDL
current to sweep a single 100 MHz IF filter in frequency, Signal-to-
noise ratios of 200 to 300 were obtained during these measurements,
This study established the capability of the TDL heterodyne
technique for terrestrial atmospheric studies between 9 and 11

microns.

1.3 Iunable Diode Lager Development

Two major classes of tunable semi-conductor diode lasers exist
today =~ the first based on the III-V binary compound Gals, where
lasing typically occurs in the 0,6~5 miecron spectral range, The
Reman numerals refer toc the number of valence electrons for the
constituent atoms and defines the role - donor or acceptor - of the
constituent, The state-of-the-art has advanced rapidly for this
class of device largely becamse of their potential for optical
communication applications, Present GaAs devices are very reliable
and exhibit multi-milliwatt power output, high efficiency, béam
uniformity and room temperature operaticn.

This section will be concerned exclusively with the second

major diode laser class which is based on lead-salt, or IV-VI

compounds. Interest in these devices stems from their potential for
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wide tunability, their operation in the important 3-30 micron range
(which includes %the vibration-rotation bands of many molecular

species), and their extremely higzh spectral purity (less than 10-4

on™! at v » 1000 ey,

Butler et al, (1964) first reported lasing in the Pbe-salt
semi-conductor family using a PbTe (lead-telluride) diode laser
operating at 6,5 microns. Lasing throughout th2 2.7 to 33 micron
region was later achleved after the development of ternary compounds
employing basic blnary constituents,

The nominal wavelength operating range of a Pb=-salt diode laser
is obtained during fabrication by the proper choice of material,
which in turn determines the energy bandgap. Figure 1 shows the
variation of energy bandgap Eg for various ternary Pb-salt compounds
and the nominal operating wavelengths of these devices, Because of
thy - ffect known as band inversion, Eg approaches zero as x
approaches 0.4 in the compound Pb1-x \
allows fabrication of very long wav;length devices. Several methods

SnxTe. In principle, this

also exist for fine tuning the operating frequency of these devices.
The output frequency can be smoothly varied by changing the applied
pressure, the surrounding magnetic field, the injection curren$
flowing through the device »r the mount temperature, The latter two
techniques nave proven the most popular since they are easily
performed under field operating conditions,

Early tunable diode lasers (Ffigure 2a) were broad area
homojunction devices employing a P and N type material and a narrow

active region., This region acts both as a barrier to confine
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minority carriers (the bandgap changes at *the sides of the junetion)
and as a radiation waveguide (a change in the refractive index
ocours at the boundaries), The front and back surfaces are cleaved
parallel and sometimes polished to define a Fabry-Pepot cavity, The
sides are roughened to minimize reflections and the generation of
unwanted high-order modes,

The operatinz spectral range of [DL's aktalned by temparature
and bias cuprrent tuning can be specified, but the opsrating
frequency range is much more restrictive because of mode hopping
effects, The resonan® mode frequencles in a device of cavity length

L and index of refraction n are given by the Fabry-Pero: condition

V.pg = M/20L cm~ (1.1)
The cavity is usually many wavelengths long =0 "m" is typically a
large integer, When the diocde is fine tuned by varying the
injection current, changes in the Jéule heating of the material
alter the temperature dependent index of refraction and hence the
optical length. The effect of thermal expansion on the diode tuning
is negligible by comparison. By subtracting Equation 1.1 from
itgelf for adjacent "m", one obtains an expression for tne frequency

separation Av of adjacent modes,

=1
Y4y (1.2)

n dv

Av = [2nL (1 +
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Typieal dimensions for lead-salt diode lasers are 400 um length and
200 ym in width and heigh®t, with typical output mode separations of
w2 cm"1- Changing the device temperature also tunes the energy
bandgap Eg in the material, @ypically several times more rapidly
than Voes for Pb-salt TDL'S.’ This differential motion changes the
preferred laser mode when the diode is current tuned, sometimes
causing a mode "hop", and very often results in large frequency gaps
over which no lasing occurs, In general the gain envelope, as
determined by Eg at the operating temperature, has a complicated
shape and is wide enough to support several modes. This results in
nulti-mode output (Fig, 3) and necessitates provisions for external
mode selection in many applications., The intent in fabricating a
TDL is usually the generation of a single, powerful longifudinal
mode having TE polarization. Most performance problems are related
to poor optical confinement in thne laser cavity which creates higher
order unwanted modes, These modes share the available power betwesen
them, which causes an irreguiar out;ut power pattern and limits the
tunability,., Early ternary devices had high threshold currents,
lased only at the lowest temperatures and operated with parasitic
bounc§ modes involving all sides of the laser chip.

A substantial improvement in parasitic mode suppression was
realized using a stripe geometry for improved carrier confinement
and mode guiding, In Figure 2b, the n layer formation is restricted
to a narrow stripe on the p-type substrate using an 5102 diffusion
mask, and a metallized contact is finally applied. The mode guiding

cavity along the Jjunction direction is bounded by the 3tripe edge,
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and sidebounce modes are effectively attenuated by losses in the
bulk material, The first use of a stripe geometry was reported by

Ralston et al. (1973), fabricated using Pb Sidebounce

0.88%%, 127"
modes were effectively suppressed and the emission spectira of the

stripe consisted of regularly spaced frequency modes corresponding

~to a well defined longitudinal cavity.

In addition to bounce-mode suppression, the performance of a
TDL also depends on the degree of confinement of the injected
carriers in the direction of the carrier drift, perpendicular to the
junction, This is accomplished by the formation of heterostructures
or heterojunctions, These confine the carriers and the emitted
light with epitaxially grown regions of wider energy gap. This
decreases the lasing threshold current and reduces the resistive
heating, permitting operation at higher ampient temperatures, This
result is very significant since TDL operation at or above liquid
nitrogen temperature (77K) simplifies *the diode cooling apparatus,
Single heterojunction devices formed by vacuum deposition (Walpole
et al., 1973) and by compositional interdiffusion (CID) and
liquid-phase-epitaxy (LPE) (Linden et al., 1977) exhibited low
threshold cﬁrrents and high operating temperatures, showing
improvements in internal quantum efficiency. These fea‘ures
inspired the developgent of double heterostructure lasers for high
temperature operation. Groves et al. (1974) achieved high power
(v1.2mW) single mode cw performance in a stripe geometry diode laser
operating at 77K. This is shown in Figure 2¢. The active region

was formed by LPE growth of n-type PbSnTe through 50 um wide stripe
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openings in a MgF2 mask, Diffusion into the PbTe substrate was
prevented by doping the substrate with T1, and the %op border éf the
»10 um wide active region was defined by the interface with a final
PbTe layer,

The fabrication of heterostructures is hampsred by defects that
form in the heterojunctions and in the surrounding material, These
result from the difference in lattice parameters between adjacent
layers. Fonstad et al. (1980) have successfully dealt with this
mismateh problem using multi-layer ternary compounds having nearly
identical lattice parameters. The threshold current (at 80K) of
these devices is a factor of «20 smaller than that for the
PbSnTe/PbTe structure, and pulsed operation has been achieved %o
» 166K,

As discussed earlier, there is a %endency for a "mode-hop" %o
cccur since the peak optical gain in the cavity tunes more prapidly
with temperature than do the Fabry-Perot modes, This occurs even
for a well defined cavity where bouhce modes are suppressed and only
the fundamental transverse mode exists., By replacing the
Fabry-Perot 2nd mirrors with a distributed feedback (DFB) cavity it
is possible to greatly suppress this mode-hopping tendency (Walpole
et al., 1976, 1977; Hsieh and Fonstad, 1979). This arrangement
(Figure 2d) employs a weak periodic variation in the refractive
index of the active region along the direction of wave propagation,
with one end of the cavity beveled to suppress the generation of
Fabry-Perot modes. In a DFB device the longitudinal modes are

determined by the pericodicity along the cavity and the single

AN
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allowed mode will be the one closest to pboth the Bragg frequency and

the center of the optical gain envelope, Hsieh and Fonstad (1979)
achieved single mode emission continuously %unaole over w20 cm-1
near 12.8 microns, This level of performance was attained without
incorporating some of the previously discussed innovations (e.g.,
lattice matched layers), so future efforts in DFB development should
vield extremely wide continuous tunability.

For heterodyne and other high signal to noise applications of
TDL's, the level of excess nolse present in the output is an
important consideration. Several broad tlassses of dlode excess
noise related to multi-mode emission exist, These extend in
frequency from several Hz to over 1 GHz and have besn studled by
various authors (Ku and Spears, 1977; Jennings and Hillman, 1977;
Eng et al,, 1979; Harward and Hoell, 1979), The noise sources
include broadband noise, noise generated by medhanical vibrations
associated with closed cycle cooler operation, uncontrolled feedback
from optics external to the laser c;vity, and the effeats of mode
competition within the diode., The various classes of high frequency
TDL noise as documented by Harward and Sidney (1980) are shown in
Figu}e k., Most restrictive in heterodyne applications are the
spiking resonance symptom (b) which seems tc be associated with the
heterodyne beating of spuriocus frequency modes, and broadband excess
noise (e) covering the entire IF spectrum. BRecause of these
effects, only a small fraction of the nominal diode tuning range is

suitable for heterodyne work.
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1.4 Previous sunspot Measurements and Models

Most previous identifications of molecular absorption features
in the sunspot spectrum have led to statements congerning the
temperatures and pressures in sunspota, At the very least, attempts
to observe molecules in spots imply some assumption about the
ambient temperature, The converse is also largely %rue, Modelers
of the temperature and pressure distribution in sunspots employ data
on the size of molecular features along with continuum inlensity
measurements at several wavelengths, These data provide boundary
conditions which, together with the rules for model stellar
atmosphere construction, allow the computation of the vertical
temperature and pressure structure, A review of sunspot models,
then, must also include ‘a description of sunspot observations,

Wohl (1971) made one of the first synoptic studies of umbral
features. The observations were made in 3 large umbrae during June
and July of 1969 and covered the region from 400 to 800nm, The
instrument used was a photoelectric‘spectograph with a frequency
resolving power of v300,000. Previous published molecular
concentragion studies were used by Wohl as a ledger in searcning for
spectral lines., Because of photospheric scattered light and the
effects of line blending, many of the lines could not be c¢onfirmed.
Following a search for some 15,000 features, the following species
were found.to be present based on agreement with their expected
positions and strengths: C2’ CH, CN, CaH, MgH, Tio, CoH, HF, MNH,
and NiH. Tentative detections of the following species were also

reported: AlH, BO, BeH, ALF, BF, BH, Ba0O, CuH, Fe0, LaO, Mg0O, ND,
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Se¢Q, VO and ZrQ, Because of a lack of gooa molecular constants, it
was not possible %o acourately predict the frequencies and
intensities of selected lines, This limited the number of
identified molecules, It was also not possible to observe many
weaker features since the instrument signal-%o-noise ratio limited
the detectable equivalent width to > 1 X 10'4nm.

Two of the early one-dimensional sunspot models, employing bokh
infrared continuum measurements and observations of medium and
strong atomic lines in tha visible spectrum, were publisned by
Henoux (1968, 1969). Observations of umbral continuum intensities
in a large spot (r >10 arc sec) were made at ssven wavelengths
between 0,86 and 2.2 microns using a 9 meter spectrograph and 50 cm

telescope, Defining « as the 0.5 micron ocontinuum optical

0.5

depth, Henoux's (1968) model for T ? 0.3 was computed from these

0.5

measurements by inverting the radiative transfer equation,

Additional atomic line observations measured between 470 and 640nm
s

at a dispersion of 0.02 nm/mm were reported by Henoux in 1969,

4

These enabled him to extend the model to roughly < ~10 . The

0-5
temperature structure for =t <0,.3 was adjusted to fit wings of

0.5
observed Na D lines which change very rapidly with temperature,
After obtaining a plausible temperature profile, the measured
equivalent widths for unblended lines of Fell, CrIIl, Till, Fel, Crl
and TiI were used to check for agreement with the model by varying
the microturbulence parameter. A microturbulent velocity of 1.5

km/sec yielded good agreement with observations., All of the line

intensity measurements could theéen be corrected for sitray light by
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computing expscted visible continuum intensi%ies, basea on the aore
reliable infrared values,

Only a few detections of' sunspot molecules have been made at
infrared wavelengths, (Hall and coworkers at Kit% Peak), The 4
micron Si0 sunspot speotrum was examined by Hall in 1969 but the
results remained unpublished (Hall, 1981), Hall and Noyes (1969)
did report measurements of seve*al umbral HF and comparison CO lines
in both umbra and photosphere near 2.4 microns. These observations
were made at the McMath solar telescope using a vacuum spectrograph
with a resolution of 150,000. Although the intent was to estimate
the zolar fluorine abundance, obtaining this quantity from the ‘
observed absorption spectrum requires a fairly accurate temperature
model, since hydrogen fluoride dissociates rapidly at sunspot
temperatures, Effective temperatures for each spot were obtained by
measuring the ratio ¢u of spo% to adjacent photosphere intensity and
comparing with absolute photospheric continuum estimates and model
limb darkening relations. The temp;ratures deduced for two large
spots using this approach was U000 * 200K and for the small spot,
4400 £ 250K. The authors generated sunspot models consistent with
the observed effective temperatures uasing the SAQO stellar
atmospheres and line synthesis program. The observed CO lines have
widely different lower level energies so they were used as selection
criteria for the choice of the best temperature model, After
adopting a suitable model, the fluorine abundance was varied to

obtain agreement with the measured equivalent widths. Hall and

Noyes deduced a fluorine abundance (AF) of lcg10AF = 4,56 £ 9.33 on a
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scale where logmAH = 12,

Stellmacher and Wiehr (1970) %ested several previously
published models, including Henoux (1969) using photographic and
photoeleatric measurements of 4 magnetically non-split lines, which
were mostly free of blends. The authors then constructed a new
model for the upper layers. Lines of fe AU06,5402 nm, 543,4527 nm,
Fe™ A722,4464 nm and Ti A571,3895 nm were measured and con%inuum
intenslty measurements were made in line-free windows at M461.5 nm,
542,7 nm, 615.7 nm, 703.5 nm and 778,7nm for comparison purposes,
Paragitic light corrections for these measurements were estimated
using the ratio of observed lines of Fe A614,925 nm, which is
weakenaed in spots, to V 2615.015, which becomes s%ronger,

Stellmacher and Wiehr computed wavelength and center to limb
variationg of the continuum as well as profiles of 3 of the measured
non-split lines using published sunspot models and assuming LTE,
Best agreement with both the continuum and line measurements

)
occurred for the Henoux model, which was adopted for log «

0.5~ O
The authors also cited the previous range of sunspot microturbulent
velocity determinations (1.1 - 2.9 km/sec, Bray and Loughhead
(1964); 1.8 km/sec photosphere, 1.2 xm/sec umbra, Bruckner (1965)),
and quote a measured value of < 1.0 km/sec by fitting the model to
the Fe \406.54 line, A value of 0,5 km/sec, which is considerably
smaller than most previous solar microburbulent velocity
determinations, was deduced from comparison with the Ti and Fe

A543,45 nm features,

An attempt was made by Webber (1971) to construct a one
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dimensional sunspot model using a large body of visible absorption
features obtained from Uth and 5th order spectrograms taken at Mt,
Wilson. Since the effects of scattered light varied greatly during
the measurements the emphasis was on a rotational analysis of the
lines within cach spectrogram, Equivalent widths of several hundred
observed lines of Ti0O, MgH and CaH were measured as part of Webber's
rotational analysis. The CaH analysis was complicated by the
presence of excessive line blending and terreatrial atmospherie
absorption., Different rotational temperatures were deduced for sach
aspecles, allowing an asseasment of the vertical %emperature
structure when Zwaans (1968) sunspot model was used to approximate
the depth of line formation for each moleaule, ‘The rinal
temperature profile was obtained by applying a small perturbation %o
the sunspot model of Henoux (1968)., Some disagreement seems %o
exist between Webber's proposed model and the effective temperatures
obtained from the very data used to construct the model, Also, the
use of two separate previously published models in the analysis
(Zwaan, 1968; Henoux, 1968) suggests a possible lack of self-
conaistency in the results,

Kneer (1972) published a sunspot model based on both
photoeleatric measurements of the visible sunspot continuum at two
wavelengths, and high resolution photographic spectra of 3 non-spli®
Fel lines (1512.37, 543.45 and 557.61nm) in 3 large umbral regions,
These observations were corrected for stray ligh®t by extrapolating

aureole intensities measured photoelectrically. After adjusting a

hydrostatic equilibrium model to force the computed lines and

e REN
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continuum Intensities %o agree with the observations, the autpor
produced a model In satisfactory agreement wlth %“ne results of
Stellmacher and Wiehr (1970). Since the wings of the observed Fel
lines are only weakly pressure dependen%, the model pressuras were
uncertain by a factor of w2, so small departures from hydrostatic
aquilibrium could not be ruled out, This study suggested a
microturbulent velocity of ¢ 1 ki/sec, in rough agreement with
Stellmacher and Wiehr (1970), ani an estimate of w1 km/sec for
umbral macroturbulence,

Some of the supporting measurements used by the previously
cited authors were summarized by 2Zwaan (1974) in an attempt to; (i)
explain discrepancies between publir =d models and (ii) construch a
semi-empirical continuum model atmosphere which reproduces measured
continuum intensities between 0.48 and 2.3 microns., This study
emphasized IR continuum measurements between 1.5 and 4§ microns,
Supporting observations were taken from Henoux (1963), Hall (1970),
Coupiac and Koutchmy (1972), and Maitby and Staveland (1971). The
overlapping measuremen%s of Henoux (1963) and Hall (1970) were
basically in agreement, lending support to the model in the deepest
layers, near the 1.7 micron H™ opacity minimum, Additional visible
and near IR photometric measurements were used to determine the run
of temperature in the shallower layers. The model was fit %o the
visible data using a wavelength dependent opacity enhancement
faoctor, since line blanketing is a dominant source of error at
visible wavelengths,

Figure 5 shows Zwaanh observational summary and the variation
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Figure 5. Summary of sunspot continuum measurements and published
umbral models prior to 1974 (Zwaan, 1974).
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of surface brightness with ), calftulated using several previously
cited models., Figure 5b shows thoe models themselves and the

discrepancies, which are minimized near log z ~0,3 %0 0,0,

0.5

Zwaan's result 1s conaistent witn radiative equilibrium for T 5 <

1.7 and departs to smaller lapse rates for 7 This model is

0.5 2 2.

considered preliable between 0.5 < 7 ¢ 2 but has some limitations,

0.5

The run of temperature is given out to 7 v ,01, but the data

0.5

glve no check on the model for r < 0,5, The author also poiass

0.5
out the existence of a temperature inversicn somewhere a% small
optical depths because of lateral radiative influx from the
photosphere and heating from the chromosphere above the sunspot
fluxtube. 'The models of Henoux (1969) and Stellmacher and Wlehr
(1970), on the other hand, have some experimental justification a%
smaller optical depths, since they are based on fairly strong
atomic line observations., The elevated temperatures in these models
probably show %he effects of heating from adjacent regions,

Zwaan's (1974) model temperatu;es were also eriticised as being
200 high for v » 1.5, since the Harvard Smithsonian Reference
Atmosphere (Gingerich et al,, 1971) used to convert the measured
umbral intensities %to brightness temperatures, was also considered
to be too high (Vernazza et al., 1974). In response to this, Zwaan
revised the deeper layer temperature structure, lowering the lapse
rate to just above the adiabatic value (Zwaan, 1975). It should be
pointed out that this change does not alter the valldity of %the IR
observations used by Zwaan; only the conversion of the observations

to umbral temperatures are affected,
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Hall and tloyes (1972) observed a number of rotation - vibration
lines of HBSCI in the sunspot spectrum as part of an effort to map
the 2400 - 3000 cm” | pegion, The measurements were made at the Kitt
Peak McMath solar %elescope using an IR spectrometer with a
resolving power v/Av > 105 and a signal %o noise ra%tio > 100. The
frequency uncertainty for the measurements was « ,005 cm'1. The
authors detected 10, v=1-0 transitions and 4, v=2-1 transitions for
H3501. Equivalent width measurements were made for all except U of
the v=1~0 transitions, which were blended with adjacent lines. 'The
results yielded a solar chlorine abundance 10510 N(C1) = 5.5 = 0,4
for boath isotopes, on a scale where 10310 N(H)=12,

Gaur and coworkers published a number of separate studies
investigating the presence of selected molecules in the sunspot
environment, By performing dig;ociation equilibrium calculations
using Zwaans (1965) sunspot model and using published estimates for
elemental abundances and dissociation coefficients, Gaur et al,
(1973) produced a search list conta;ning the expected concentrations
of a number of molecules in sunspots. The average formation depth
for molecules included in these equilibrium calculations was also
determined. Tne molecules considered include those already observed
plus many not yet observed at the time of publication (1973). Table
1 is a reproduction of the search list published by Gaur et al. The
list does not include CoH and NiH discovered by Wohl (1971), since
Gaur did not have dissociation constants for these molecules.

Gaur (1976) also computed the equivalent widths for selected

Av=1, R branch transitions of NO near 5.3 microns in sunspots. The
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computations were done for J w Jmax = 27 usiag %he sunspo* models of
Stellmacher and Wiehr (1970) and Henoux (1969), The dependence of
the computed equivalent widths (W) on solar disk position was also
examined by calculating W at solar zenith angles (y) of 1, G.7, 0.5
and 0.3, £or each model, W was found %o increase with p but
systematically larger W's were computed using Henoux$ model, The
computed values ranged from 10 < W < 30 X 10™ .

A similar study (Gaur et al.,1978 ) was performed for Si0 by
calculating equivalent widths in %he 8 micron sunspot spectrum for
v=1-0 and v=2-1 P and R branch transitions near Jmax=u3. These
caleulations were done with Zwaans (1974) sunspo% model using
published values for the Si0 dissociation energy and equilibrium
constant. The 0.5 formation depth fo. all of the computed lines
was about 0.063 and the equivalent widths ranged from 40-95 X 10~unm
as D° was varied from 8.1 to 8.33 eV. The computed widths were also
not very sensitive to the iower lev?l’vibrational quantum number.
The line formation depth and temperature sensitivity for
disscciation, however, show the usefulness of Si0 measurements as a
means of determining the temperature structure at higher layers.

This study by Gaur et al. formed the incentive for the SiO

observations discussed in Chapter V,
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CHAPTER I
THEORY OF INFRARED HETERODYNE DETECTION

2.1 ZIhe Rasic Heterodvne Retection Process

The theory of infrared hebterodyne detection is well understood
and has been reviewed by a number of authors (Blaney, 1975; Cohen,
1975; Abbas et al., 19763 Betz, 1977). The intent here is to
provide a brief bub concise review of these fundamentals as they
apply to an operating heterodyne §ystem.

Figure 6 shows the basic IR heterodyne process in schematic
form employing an infrared local oscillator and a monochromatic IR
signal source, Coherent detection occurs at a high speed
photoedetector/mixar where the output current varies as the square of
the total slectric field incident on the detector. If ELO (x,¥,%)
and ES (x,y,t) are the complex local oscillator and signal electric

field contributions at a detector of active area A_, the

D'
4
intermediate frequency (II) current iD(t) from the detector will be

iD (t) = C g‘y E‘(x,y,t) . E(x,y,t) dxdy (2.1)
A

D
where

* - ) -
E(x,y,bt) = ELo(x,y) exp(-iwLOt) * Es(x,y) exp(mimst)

and C is a constant., The surface integral in BEquation 2.1 reveals
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the importance of proper alignment in'an operating system so that
phase fronts from the local osc¢illator and signal beams are properly
matched across the detector surface, Also, the dot product shows
that only a portion of the randomly polarized signal combines with
the laser local oscillator to produce coherent detection. For a
randomly polarized signal source, this means a factor of two
reduction in the available signal power (Section 2,3). After
separating the time dependence in Equation 2.1 and taking the real

part of the result, one obtains

) .2 2
1,(8) = ¢ Aol—lsLol + IESI:]
N -
+ 2C cos(u o = wgdt |E ol 1Eg| Jif‘ (e g * eg) dxdy (2,2)

In Equation 2.2, ;LO‘and ;S are the unit vectors for §L0 and ES'

The constant C can be eliminated by examining the DC term in
Equation 2.2, which represents the ;etector's incoherent response to
the total power incident on the active area. For a decector with
constant quantum efficiency n, the optical power to IF-current

conversion constant is ne/hv, e being the electronic charge. This

implies

- ne P[g 1/2
Lot ~ hv Ay C (2.32)

and



CRIGINAL PAGE IS

38 OF POOR QUALITY
ne P 1/2
|Egl = hv Ao C (2.3b)
D .:';, G

so that in terms of the LO and source powers, Equation 2,2 can be

written
- ne 1/2
1D(c) = [}LO + P+ 2(PLOPS) s(c{] (2.4)
hv
with

1 .
S(t) = __. cos (mbo-ws)tjf(ebo es) dxdy

A
4

D

The first two terms in Equation 2.4 represent the photdcurrent iDC
arising from the total IR power on the detector, coherent or
otherwise, For a randomly polarized signal source, the integral of

’
ELO . ZS equals 1//2, and the intermediate frequency signal term

iIF(t) in the expression for the detector current iD(t) becomes

vZhe 1/2 |
—_— (PLOPS) cos (w -ms)t (2.5)

i (t) =
IF = LO

with a mean square value of

<12 (2.6)

. 2
= (ne/hv) P

OPS

after the integration over time.
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2.2 gCharacteristios of the Source Radiation

In reality, the source relation for nearly all natural IR
sources (e.g., the terrestrial atmosphere, planets, nebulae) will
also be incoherent in n\ ure and distributed over a broad band of
wavelengths. The usual problem entails observations of absorption
or emission features against a blackbody continuum at a temperature
T, in which case the background flux can be regarded as constant
over the IF bandwidth and equal to the Planck function BA(T) at that
temperature, Even when observations of non-thermal sources are
involved, the frequency width of the emitting feature is usually

greater than a typical IF resolution element B P so it is usevul to

I
define a brightness temperature TB for any source. The intermediate

signal frequency w in Equation 2.5 is then the center frequency

Lo™s
of the IF bandwidth element of width BIF' and the signal power Ps is

the power per unit bandwidth integrated over B For small B
4

IF’ IF’

the single sideband power PS (watts) becomes

-1
PS = 2hv exp(hv ) - BIF Aa
5 kT (2.7)

The terms R and 2 in Equation 2.7 refer to the aperture area and

field of view of the collecting optics, and are required in addition

to bandwidth B._. to convert Bv(T) in Wa 2 H ster”]

IF to received
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power, For a coherent receiver, the field of view () of the

collecting optics is just the diffraction limited field of view for
a collecting aperture of area A, The antenna theorem (Siegman,
1966) imposes an additional constraint relating A, @ and the

wavelength )\, given by,

Af v (2.8)
The product AQ is called the etendue, and is a constant of the
entire system when all components are properly aligned and matched.

This quantity, applied to the active photodetector area AD’ sets the

precision required in the alignment to guarantee that the signal and

detector., Equating Ra with AQ, Equation 2.7 becomes

-1
Py = 2hv exp(.._h_‘f_) -1 Brp
xT | ¢ (2.9)

5o that the mean square IF current is

-1
2
<1IF2> = p (ne) Po |oxP hv )-1. Brp
hv kt (2.10)

2.3 Factors Influencing the Signal-to-Nojise Ratio
Since noise sources must be taken into account before the

instrument performance can be estimated, of great interest in a
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heterodyne system is the signal-to-noise ratio (SNR), The dominant
noise source arises from statistical fluctuations in the arrival of
photons, primarily from the local oscillator, and is called shot
noise or sometimes quantuum noise (Oliver, 1965). The mean square
shot noise current is determined by the detector DC photocurrent

(LDC) and IF bandwidth and is given by

2
2 _ . 2ne
<1SH> = 2e iDC BIF = — (PLO + PS) BIF (2.11)
Normally PLO » PS' so the shot noise current is local oscillator

dominated and is simply called LO shot noise,

If suf'ficient local oscillator power is3 available so that the
LO shot noise dominates all other noise spurces, the signal-to-noiss
ratio will be maximized and the expression for the predetection

signal-to-noise ratio (SNR) takes a particularly simple form

2 -1
SNR =__:fJEjL~ = n emp( hv )-1
2
Agy™ KT (2.12)

This case is referred to as shot noise limited operation and shows
that the signal-to-noise ratio becomes independent of local

oscillator power at sufficiently large P The dependence of

Lo*
signal-to-noise on IF bandwidth and integration time appears when

the IF output is square-law detected and time integrated. For an

integration time of t seconds and an IF bandwidth BIF in Hz, bthe

)1/2

signal to noise ratio improves as (Br so that the post-detection

L Lol 3
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value is given by

‘-1
SNR =z n |exp __H: - (BIF'c)V2

for shot noise limited single sideband operation.

In cases where the available LO power is limited, it is
necessary to consider noise snurces of thermal origin which cccur as
a result of the physical temperatures of both the mixer and the

preamplifier, For a matched system with characteristic impedance

RA’ the mean square noise current <12A> contributed from these ltems

1s related to the sum of their equivalent noise temperatures by

. bk
M. = (TA + TM) BIF

Ry Ry

1> = A

(2.14)

Most mixers currently used for IR therodyne work are mercury
cadmium telluride (HgCdTe) and operate at liquid nitrogen
temperatures (»77K) in order to reduce their contribution to the
total noise current iA'

When the amplifier and mixer noise contributions are taken into
acoowit, the post detection signal-tp-noise ratio has the more
general form, ‘
<1IF2> (BIF T)1/2

SNR = (2.15)

2
¢
SH >+ ‘iA >

 ATE ey
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Using the above expreasions for <1IF2

. @ 2
> <15H > and <iA 2,
multiplying by 2 for double sideband operation, and making the

approximation PLO v PLo * PS’ the signal-to-=noise ratio becomes -

2 1
(ne) hv ) 1/2
P exp -1 (B..1)
hy LO [: ( KT j] 1F
SNR = (2.18)

2k('1’A + T

)
(nezlhv) P, .+ 4

Lo
Ry

which reduces to the shot noise limited case (Equation 2.13) when

2

(hv/ne )(ZK/BA)(TA * Tﬁ). In reality, the pest

P .2
1.0
anti-reflection coated HgCdTe detectors have quantum efficienzies of

about 0.8 at low frequencies, deoreasing to 0.2 ~ 0,3 above 1 GHz.,

The dynamic impedance R, for these devices is usually greater than

A

100 92, The amplifier noise temperature T, is determined largely by

A
’

the first amplifier stage after the mixer, Wide-band low noise uhf

amplifiers have measured noise figures typically less than 2,0 db

throughout the 0,1 « 2,5 GHz IF range cunsidered here. This

corresponds to a noise temperature T, of < 170K. Using these

A
representative values, Equation 2.16 shows that laser logal
oscillator powers of 100-200uW are required for near shot-noise
limited operation at 3 microns. Lead-salt tunable diode lasers
exhibit comparable single mode powers, and under optimum conditions

can provide operation near the shot noise limit,

In practice, the performance of an operating heterodyne system
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is also degraded by losses in optical components, imperfect matohing
of the signal and local oscillator beams and as a result of the
synchronous detection process used in separating the signal from the
noisy background, The losses associated with tunable diode lasers
are the most sevore because of their diverse noise properties and
their marginal power output.

Equation 2,13 may be modified to ineclude all sources of system
performance degradation (inocluding n) by inserting the term delta

(4) in the denominator, viz.,

1/2
2 (BIF )

& [exp fhv/kT)=1] (2.17)

SNR =

The term A is an efficlency parameter introduced by Abbas et al.
(1976) which represents the degradation in SNR from all sources of
system nolse and loss of heterodyne signal, By definition, A =1 for
ideal shot-noise limited, single sideband operation with no
polarization or chopping loss, and‘ increases as losses are
introduced, 1In practice, a factor of 4 in degradation always exists
since only one polarization component of the source radiation, that
aligned with the LO fileld, is used while heterodyning, and the
signal is chopped with a 50-50 duty ocycle., A total A as small as »

7 has been achieved by the GSFC CO. laser heterodyne system now

2
operating at the Kitt Peak McMath solar telescope (Kostiuk, 1981).
For diode laser systems, however, the A 1is usually higher, as
discussed in Chapter IV.

An alternate way of expressing the heterodyne sensitivity is in
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terms of noise equivalent power (NEP), This is defined as the
source power per unit frequency which produces unity signal-to-noise
at the output, For a system operating at frequency v, the noise

equivalent power is .

-7
NEp = O hV 8 Wz (2.18)

1/2
(BIF 1)

The factor 1077 in Equation 2.18 converts ogs ualts to watts,
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CHAPTER III
DEVELOPMENT OF THE SPECTROMETER

3'1 h h v t e
* £ tromet:

In order to produce state«ofwthe-art performance from a funable
diode laser heterodyne instrument, the overall design must
incorporate featnures to reduce or eliminate fthe problems discussed
in Chaptier I, These problems are mostly related ton, but not limited
to, the multitude of nolse characteristics associated with TDL's and
the problems of environment and frequency control for these devices,
To miriimize these difficulties and produce a flexible field system
for general astrophysical use, the insf.rument should have the
following features;

(1) A grryogenically cooled, vibrationally isolated
environment. for the TDL local oscillator, capable of continuous
long-term cooling. This minimizes device degradation resulting from

,
repr-*ted thiermal cyclings to room temperature, which tends to occur
with He dewar systems.

(ii) High precision temperature control (£ 0.3 mK) of the TDL
for pericds of one hour or more, as required for extended
integration times on weak sources,

(iii) Provisions in the optical layout fgr‘matching the local
oscillator beam to a wide range of signal beam focal lengths., This

feature is essential if the instrument is to be moved to more than

one field locatinn.
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(iv) Inclusion of a mode selector grating to eliminate all but
one of the Fabry-Perot modes emitted simultaneously by the TDL,

’ (v) Incorporation of diffraction limited reflecting optics
wherever possible for improved instrument throughput and to avoid
the need for frequent realignment as the operating wavelength is
changed., This problem is encountered with refractive nptical
elements,

(vi) A dual-beam synchronous detection scheme capable of using
any combination of remote source; remote reference (sky), local
source and local reference in the signal and reference beams,
Synchronouy, detecticn 1s essential for the extremely low heterodyne
signal levils, and the choice of signal end reference must be
flexible to accomodate a wide variety of observational approaches.

(vii) Multiplex and time integration capability to extend the
weak signal detection limit.
3.2 Environment and ¥requency Control for the Diode.

Laser Losal Qseiilator ’

The local oscillator presently installed in the instrument and
used for nearly all of the observational work was a compositionally
inter~diffused (CID), PbSe tunable diode laser (TDL #8300~14),
manufactured by Spectra Physics, Inc., Laser Analytics Div.
Referring to Figure 1, tlhie composition of this diode lies at the
right on the vertical axis defined by the binary material Pbse. The
output from this laser is generally multi-mode with a total power

that varies between 300uW and 1L mW, depending on operating

RN %59
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frequency. The power in a single mode, as required for heterodyne

work, is zenerally less than 300w, however. The diode operates

L at a diode current of 0.20 A and mount

1

‘from about 1170 cn”
temperature of 12 K, to nearly 1260 cm ' at 2.0 A and 60 K.

Proper mounting of the device poses some special challenges.
Since the TDL frequency can be tuned by adjusting the current and
temperature, these must be precisely controlled to achieve the
required frequency stability. The devices are also acoustically
sensitive and their output is easily amplitude modulated by
vibrations of any kind.

To overcome these problems, the TDL was mounted on a
vibrationally and thermally isolated platform enclosed in an
evacuvated shrond as shown in Flgure 7. This plahférm is located at
the second stage of a two-stage helium closad-cycle cooler capable
of operation at € 10K. A similar mounting scheme is discussed by
Jennings and Hillman (1977) and has been used successfully to
stabilize a diode for direct absorption spectroscopic studies. The
lager and its copper mounting fixture are maintained at oryogenic
temperatures by coupling the assembly through a flexible braid to
the second stage of the cooler. This braid, together with a metal
bellows on the vacuum shroud, isolates the diode mount assembly from
mechanical shock associated with cooler operation. The entire
assembly is enclosed in a 50 K radiation shield attached to the
refrigerator first stage for increased immunity to room temperature

fluctuations and to eliminate rocim temperature loading of the

cooling capacity. A high-precision temperature controller is used to

TR A aes
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preset the dlode mount temperature anywhere between the cooling
limiv of ~9 K, and the maximum recommended diode temperature of
Qbouh 70 K. A temperature feedback loop, consisting of a sensor and
heater at the dinde mount, is used to stabilize the temperature to
within £ 0.3 mK over a 1 hour period, and has been demonstated to be
repeatable frem day to day, For diede #8300-14, this corresponds teo
a frequency stability over 1 hour of about 20 MHz below 1200 cm"1
and about 50 MHz between 1200 and 1240 cm". Better stability is
achieved over shorter time periods.

At constant temperature, the diode output frequency can be
fine-~-tuned by varying the injection current, or the frequency may be
preset to some flxed value for multi-channel integration using an RF
spectral line receiver., The PbSnTe device now in use exhibits a
current tunlng rate of about 1.0 om'1/A near 1180 cm'1, increasing

1 1

to ~3.,0 em /A at 1230 ecm” . These rates are slow enough so that

fluctuations in the frequency due to current supply instabilities
are negligible, ’
Photographs of the refrigerator vacuum shroud, vibration
lsolation assembly and the diode mounting arrangement are shown in
Figure 8. The top panel (a) shows the vibration lsolating bellows
which externally isolates the cooler second stage from the diode

mount. Panel (b) shows the diode laser package mounted to the

copper heat sink. The scale at the left in (b) is in inch units,

3.3 Beam Matching and Imaging

The basic requirement for the spectrometer Is to combine the

local oscillator and signal beams using an infrared beamsplitter or

Ll
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Figure 8. Photographs of the diode laser mounting in the cryogenic closed cycle cooler
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some other technique, and to image both together at the active area
of a high speed photo-mixer which generates the heterodyne signal,
TQ accomplish this the system uses all reflecting optics, with the
exception of the 50 percent transmitting ZnSe beam ¢ombiner and the

refrigerator and detector BafF, windows. The use of off-axis

2
parabolic mirrors (OAP's) as a substitute for lenses minimizcea
transmission loss and dispersion effects and improves the quglity of
focal images throughout the system, In Figure 9, the local
oscillator path originates with the diode laser output at A, expands
at f/3 to £/6, is converted to a parallel beam by the QAP at B, and
propagates from B to the IR beamsplitter at F, The signal beam
follows a similar route, beginning at the instrument focus (I) and
combining with the local oscillator beam at F. The two beams
propagate coaxially teo the OAP at point G and are imaged together on
the active area of a high speed mercury-caduium-telluride detector
at H. This portion of the beam comhining process alone poses many
pirsblems, each requiring careful coisideration, Off-axils parabolas
are difficult to align and produce diffraction limited images only
in a very small region near the geometric focus., For example, the
present configuration uses a 2.5 cm beam diameter, The local
oscillator emitting aperture has dimensions of order 50 microns and
the detector aperture is 50-100 microns in diameter. The optimum
focal lengths in this case are roughly 15 cm and 10 em for the TDL
and detector mirrors, respectively. Alignment tolerances for these
focal lengths are very small and adjustment err=rs of order 1 mm in

either the offwaxis or axial directions for either mirror will
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seriously degrade performance, The situation is less oritical for
the long focal length signal beam mirror at J. This is chosen to
mateh the £ number of the incoming signal beam which varies between
£/30 and £/120 at the Coude focus of large refleocting telaescopes.

The signal and reference beams must also be parallel and
coaxial after they are combined at the beamsplitter to avold serious
loss of signal. Cohen (1975) has performed calculations of
heterodyne signal at 10 microns as a function of phase front
misalignment between the local oscillator and reference beams., This
study shows that the heterodyne efficiency for matched Airy beams
will be reduced by 804 for as little as 4° phasefront misalignment
between beams., With an f/4 collecting system, thils condition is
reached when one beam is off-axis by no more than several
millimeters,

Under normal conditions the diode will simultaneously emit
several Fabry-Perot modes, separated in frequency by - cm-1. In
order to establish the zero-signal Yevel and perform meaningful
spectroscopic measurements, only one of these principal modes can be
allowed to propagate to the detector, To reject the undesired
modes, an IR grating has been installed in the LO beam at C. The
grating must allow only one frequency mode to be imaged on the
active area of the detector, In first ordér, the reciprocal
dispersion dVw/dg for a grating with element spacing § and operating
angle B is

dv/dB = &60055 (3.1)
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for v in cm-1. Using fv w/2, w1200 c:m"1 and a mode separation

1

of v2 cm” ', typical of the TDL used, this leads to mode spacing

of

~6 “

ABnNv 2X107778 (3.2)

produced by the grating., In order to resolve adjacent frequency
modes, the angular mode spacing AR must equal or exceed the angular
width of the grating principle maxima A8, For a grating illuminated

by a beam of width D, this is ziven by

r 2
= _ b ’ (,303)
a8 LvD cos BJ *

The added term o in Equation 3.3 is the angular width of the diode
emitting region, and is non-negligible for the dimensions considered
here, For D=2.5 cm, f=15 ch and assuming a 50 micron emitting
aperture,

3

Since Ag in Equation 3,2 must equal or exceed pp the grating element

density (1/5) must be
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(179 > 650 cu™' = 45 mm™ (3.5)

.The requirement guarantees that the modes are resolved but says

nothing about their separation. In order to have only one mode on
the detector, the linear mode separation in the focal plane of the
detector must be larger than the detector diameter, For a detector
mirror at G with focal length 10 cm, the linear mode spacing 4X for

a 65 line/mm grating is

This distance is marginal since it is comparable to the size of the
detector aperture. A gommercially available 150 line/mm grating was
used which provided a mode spacing of about 350 microns in the
detector focal plane, isolating single frequency modes on the
detector. The TDL is mounted so that the polarization of the £
field vector is horizontal (in the plane of Figure 9) and orthogonal
to the grating rulings. In this configuration the grating
efficiency in first order exceeds 85% at wavelengths between 8 and
12 microns, and is suitable regardless of the diode used.

Since the instantaneous heterodyne signal is extremely small

and masked by thé local oscillator noise, a synchronous detection



57

process is required whicn compares the heterndyne signal plus noise
with the noise in the absence of signal. JIn Figure 9, this is
accomplished using a rotating blade chopper in combination with a
stationary flat mirror (0) which provides signal and reference beama
from the source in alternate half-cycles of the chopping coyele.
Maximum flexibility for a wide variety of measurements is
achieved by means of dual kinematic mirrors at N. These allow a
calibrated blackbody source L to be placed in either the signal or
the reference beam for sensitivity measurements and instriument
calibration., The blackbedy source is also used for laboratory

studies of subject gases by placing a gas cell in the blackbody

beam. When observing remote sources, any remaining telescope or
synchronous detection offsets can be removed by ohadging the signal
and reference beam paths using a translatable dichroic mirror at P,
The transmitted visible beam from this mirror also provides a
conjugate image for telescope guiding,

When heterodyning against the Sun or reference blackbody, the
synchronously detected source shot noise is appreciable and can be
comparable in size bo the heterodyne signal. This source of noise
is suppressed by ude of an infrared prefilter (Q) to attenuate the
visible and near-infrared wavelengths. Source shot noise is created
since the photocurrent generated in the detector by the source is
due to the detector's DC response over all wavelengths, The
response of HgCdTe detectors can be quite high, even at near
infrared wavelengths where the powsr per unlt frequency is very

large. An order of magnitude estimate of this effect can be made by
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comparing the mean square heterndyne signal currant from Equation
2,10 to the shot noise current from Equation 2,11, with pLO ocnitted,
Apart from terms of order unity the relative size of sourcs and

signal terms is ~ 98/9 For a source temperature ~ 5000 K, a

Lo
system etendue of v 6,4 X 107/ and assuming a detector quantum
efficiency of v0.3 for A > 2.0 um, the incoherent sourge power is
n30 uW, comparable in size to single mode output powers nf the diode
laser, typically 100~200 uW. Although a large fraction of the
bolometric solar flux is attenuated by the atmosphere, the
heterodyne signal for a practical system 1s typically much smaller
than that given in Equation 2.10 so that the ratio is still a valid
indicator of the size of this effect. The IR prefilter installed at
Q passes wavelengths between v § and 12 microns, Siﬁce the power in
this wavelength interval isa 1% of the total bolometric flux, the IR
filter removes essentially all of the synchronously detected source
shot noise, Of course, the bolometric flux varies as Tu 80 an IR
prefilter is not required for observations of sources with
brightness temperatures significantly less than 1000 K.

Mention should also be made of the adjustable aperture stop (D)
located in the local oscillator signal beam, Off-axis beam
components have been identified as being related to both narrow band
and broadband noise features observed at IF frequencies while
heterodyning. The aperture stop is effective in suppressing these,
as discussed in Chapter V,

In order to perform remote measurements, the optical system has

been matched to the 48-inch telescope at the NASA/Goddard optical
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facility near Greendelt, Md. The incoming beam from the telescope
is approximately £/30 and results in a diffraction limited spot size
(full width at half maximum) of about 300 microns at the coude focus
(I) when tha operating wavelength is near 8 microns. The telescope
beam is collimated using a 30 inch focal length for the signal beam
parabolic mirror (J) and is combined with the laser local oscillitor

beam as previously described.

3.4 Mathods of IF Signal Processing

Two mathods for processing the IF output of the HgCdTe detector
(H) are now being employed. The first method, called sweap
integration, uses a single channel which is swept in frequency by

current tuning the TDL., Varlations of this approach have been used

of gas cells and remote sources (Frerking and Muehlner, 1977; Ku and
Spears, 1977; Harward and Hoell, 1980), 1In Figure 10, the total IF
signal from the IR detector is amplified 5) dB using a low-noise,
wideband (0~1.5 GHz) amplifier. A portion of this output is again
amplified and band limited using a 10Q MHz low pass filter. The
filter output 1is square-law detected and the DC signal is delivered
to a lock-in amplifier and signal averager. Using a high precisioen
TDL ~urrent supply, the diode laser can be slowly tuned to scan the
full region of a single TDL mode where diode excess noise is
minimal. The signal averager 1s triggered simultaneously with the
beginning of each new sweep and permits stacking of both source and
reference blackbody scans, As a general guideline, in order to

avoid undue smearing of the line shape, the diode frequency scan

[ Y
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rate dvw/dt has been governed by the IF filter width B and the time

constant t of the lock-in amplifier according to

dv/dt < 0.2 B/t (3.7)

For B = 100 MHz, T = 400 msec and a typical single mode tuning range

of 0.3 en™!

, this corresponds to individual scan times equal to or
greater than 3 minutes. Since it is scmetimes possible tn tune over
a fraction of a wavenumber, this method of acquiring data is
advantageoug for observations of highly broadened features, e,.g.
wings of tropospheric lines in solar absorption, or velocity
broadsned features in astrophysical objects.

The second approach employs a 64~-channel RF spectral line
receiver (Buhl and Mumma, 1980) to provide multiplexing and extended
time integration capability. 7This {s much more useful f?r
measurements of doppler broadened features and for sources with low
brightness temperatures. A block diagram of thls system is shown in
Figure 11.

In this mode of operation, the TDL local oscillator is pre-set
to smme fixed frequency in near coincidence with the spectral
feature of interest, and the IF output of the detector;preamplifier
ig delivered to a variable attenuator at the beginning of the RF
chain, The IF output is split into 64 contiguous frequency

channels, each 25 MHz wide, covering 100-1700 MHz. After the signal

R Y
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is divided and passed through an individual filter, it is detected
and amplified. At this point the receiver noise has been reduced to
a DC value plus a noise spectrum of severai KHz to allow the chopped
sigznal to propagate through, Gain pots on the front of the filter
bank allow the channels to be equalized. The signal is then
integrated in an op-amp circuit for half of a 16 msec chopping
cycle, At the end of the half-cycle, the individual channels are
digitized by an A/D converter for eacli bank and added to the signal
buffer memory. The integrators are reset (1.2 usec) and the
integration started for the reference half of the chopping cycle.,
This time the data are stored in the reference half of the memory.
When the run is finished the quantity (signal - reference) /
(reference ~ zero) for each channel is automatically stored on a
computer disk. The zero is determined by a short integration with
the RF turned off, yielding individual channel offsets, defined tn
be "zero", These data can then be manipulated and hard-cﬁpied by an
on-line minicomputer system. Use of a spectral line receiver
improves the sensitivity of the spectrometer since the entire IF
spectrum is recorded simultaneously rather than sequentially, and
long integration times are thus possible. In addition, a 25 MHz
filter element corresponds to a resolving power v/Av of about 1,5 X
106 at 8 microns. This is about a factor of 8 larger thén that used
in the sweep integration mode and very clearly sub-doppler for

temperatures found in planztary atmospheres,
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CHAPTER IV
INSTRUMENT DIAGNOSTICS AND TEST RESULTS

4.1 % £ b

Since lead salt diode laser development is still largely in the
axperimental phase, these devices possess a number of undesirable
operating characteristios, When used as local oscillators, most
probilems are related to inadequate power output, limited tunapility
and a high degree of IF excess noise, £ach TDL has its own
"personality" and must be thoroughly diagnosed to ascertain how it
will affect the instrument performance. The following sections
describe the procedures necessary to optimally ma%ch the diode
output to the instrument opties, to suppress the IF noise, to
determine the diode operating frequencies and to evaluate the

overall instrument sensitivity,

4.2 fap-field and Near-field TDL Qutout Scans
Optimum matching of the signal and local oscillator fields on
the detector is essential since only the scalar product ES . ELO

on the detector active area is effective in producinr heterodyne
signal. Since the TDL output power pattern is often unpredictable
and irregular, far-field and near-field scans of the outpui, shown
in Figure 12, constitute the first phase of the LO alignment,
Far-field scans were made as a means of centering the diode
power distribution on the off-axis parabolic mirror (B) in Figure 9,

This is necessary %o insure that the maximum amount of local

» b WX
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Figure 12, Far-field (a) and near-field (b) scans of the output
pover paptern from TDL #8300-1L4, operating near
1185 em™ (T, =19 K, I, = 0.83 4).
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oscillator power ls delivered %o the detector and that the LO beam
is roughly co~-axial with the signal beam, as required for op%imum
phasing of the signal and LO fields in the detector focal plane.

The far-field beam scans were performed using a 1 mm pyroelectric
Jetector mounted to a 2-axis horizontal/vertical micrometer drive,
with the vertical axis mo%tor driven., In Figure 12a the detector was
positioned about 3 cm from the diode at (A) (less than 2 em from the
output window) yielding an angular resolution of about 2%, 1o
improve the signal-to-noise ratio, the laser was chopped and the
detector output and sync signal were fed to # lock-in amplifier,

The result could then be displayed on a chart recorder. The
horizontal scan appears roughly gaussian, suggesting a single
emitting mode, but the multiple lobe distribution in the vertical
scan is characteristic of high order mode operation, The near field
pattern was examined by scanning the dicde image in two orthogonal
directions in the HgCdTe detector focal plane (H), with the grating
(C) positioned for central order reflection, The image resolution
is degraded since it is defined by the detector size of 100 microns
plus the w40 micron blur circle diameter of the detector off-axis
parabolic mirror (G).

Both scans are in qualitative agreement regarding the dicde
output geometry., The horizontal scan shows a gaussian profile for
both patterns, at least to within the resolution, In the vertical
direption, however, theré is evidence of two emitting sources spaced
50-100 microns apart, which are just barely resolved, These give

rise to the fringes observed in the vertical far-field intensity
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distpibution, The near-field image in Figure 12b was ob%tained using
a 10.2 em focal length mirror, equal k¢ that at the detechor end,
resulting in a 1:1 reconstruction of the diode image., For longer
foeal length LO mirrors, which seem to yield improved performance
in the heterodyne mode, some demagnification of the diode image
ocours and these peaks are completely unresolved, In these cases
the dlode image 1s positioned by adjusting for a peak in the LO
induced detector photocurrent,

The phase relationship between these adjacent peaks and the
effects of aperture stopping on hetercdyne signal and noise levels
are not well understood, since these effects vary widely with
operating conditions and with the device under test, For the TpL
diagnosed here, the criteria for aperture stopping depend on the
mode of heterodyne operation considered - the single-channel sweep
average mode or use of the bl4-channel spectral line receiver. It
appears that off-axis contributions to the LQ power are often the
source of narrow band noise features observable in the IF, similar
to the spiking resonance symptem in Fizure Ub. Aperture stopping
provides some discrimination against this out alsc reduces the
overall heterodyne signal level, Some IF noise of this %ype can be
tolerated using the spectral line receiver since the noise spikes
generally occupy only one or a few channels and the isolated bad
channels can be artifically removed from the final data, The single
channel scheme is much more sensitive to tnis source, since no IF
diserimination is possible., Attempts made to use RF bandpass

filters for IF selection have been unsuccessful since the freguencies
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of these spikes change as the diode is tuned. When this type of
noise is present, aperture stopping to a diameter of w3 cm generally
gives best results for the spectral line receiver, but a much
smaller diameter (w1 cm) is generally required for a single IF
channel, This often defeats the sweep integration mode, since only

a small fraction of the LO power is imaged on the detector.

4.3 Measurement of Broadband IF Excess Nolse

Another dominant source of TDL excess noise is broadband and
generally covers the entire 0~2 GHz IF spectral range, This is
generated along with the other characteristic noise types at many
diode current settings, Figure 13 shows the effect of the mirror
(B) focal length on broadband noise, examined for two different
regions of diode operation; one near 1130 c:m"1 at a mount
temperature of v 19 K and the other near 1250 om ' a* a temperature
of v 42 K. These regilons represent the practical extremes of
operation for this TDL. Curves II and V show quiet dicde operation,
the level being largely due to loé;l cscillator sho% noise, Since
the vertical scale is expressed in dB, the separation i-ii, and also
iv-v, indicates the ratio of noise power with excess noise relative
to noise power with the diode blocked., This effect rolls off at
high intermediate frequencies for all of the mirrors tried, but is
minimized for the longer focal lengths, The LO shot noise
contribution (ii-iii, and v-vi) is a measure of LO power on the

detector and hence heterodyne signal, assuming proper matehing.

This also decreases at large focal lengths, simply because wirror
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(B) no longer captures an appreciaple portion of %he LO power, In
practice the best all around performance in the heterodync mode
seems to oceur using the 6" focal length mirror, In this case, the
nominal instrument beam diameter collects at about /4, and captures
the entire central lobe in the vertical scan of Fligure 12a,

producing the best matching vetween LO and signal beams,

4,4 System Sensitivity Test Usine the 64-Channel Spectral Line
feceiver

’

Figure 14 shows a blackbody heterodyne measurement using the
64-channel spectral line receiver for an LO power of about 300uW,
and a high quantum efficiency HgCdTe photodiode as mixer., A number
of different photomixers were used during the instrument developuent

and observational phnases, Thi a 12
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element array. Figure 14 shows the overall IF response of mixer,
preamplifier and cables, typical of LO performance near 1180 cm"1
where TDL power is generally high and excess noise minimal. The
decreased response at large intermtdiate frequencies results from
the roll-off of the preamplifer (3 dB B.,W. v 1500 MHz) and from %he
HzCdTe detector, The standing waves are caused by an impedance
mismatch between the IR detector and low noise preamplifier, It was
possible to suppress these by reducing the number of AF fittings
and the length of cable between the detector and amplifier,

The vertical scale gives the ratlio of heterodyne signal to
reference which are obtained from the chopped signal and reference

beams. These values can be compared with the expression for SNK

from Equation 2.13 (multiplying by 2 for double sideband operation)




35

s Y
&‘; R

e v wnd
n QUALITY

Y
¥ he

cRriGhe/
OF POO

71

V ONIL1VH3dOo

*IDATSD9X SUTL Teazoeds Ju
Juisn 90IN0S IIUIFII ApoqiIBLY A £12T Jo jusweanse3w sulpoaslsi

e 2131y

TRuusyd §9
(ZHW) AONIND3Y4 JIVIAIWYILNI
0021 O00CSI 00¢g! 00l 006 004 006G o0 00l
) 1 T T T T T I G
00e /(/I\l‘l/ 4100
001 }- / -
08 N . on-
ol F ..\(/f/ 200
09 -
OG- -1¢€00
ulwgQ=1 .
Ob - m™ 0og~"d .
wo Igl= 4 00
- Mgz2is =
Ot i t P 1 1 ]

GO0

Od3Z~ 434

434 - 918




" ORIGINAL PACE IS
OF POOR QUALITY

%o give the systom A for these operating condi%ions, Values for &
are shown in the right hand column, The smallest 4, indicating ,
highest efficiency, is about 43 near 500 MHz in %he IF, By analogy ;
with the terminology used a® millimeter and longer wavelengths, this

nunber might be considered Yo correspond %o a system noise

temperature of » 50,000 K. It should be noted, however, that the

sonvention for expressing system efficiency in terms of noise

temperature is not followed for coherent detection near 10 microns,

For the highest continuum %temperatures of interest using this

technique (i.e, the solar photosphere at « 5000 K) hv/kT is «» 0,35,

s0 the Rayleigh-Jeans approximation no longer applies, ’ !

4,5 Survey of the TDI, Fabry=-Per: Mode Frequencies

The frequency coverage of the spectrometer is limited to
regions near the diode laser Fabry - Perot modes, and the continuous
tunability is determined by the mode tuning range, In order to

-

determine where the powerful modes‘exist and how widely they tune,-a
survey was performed for diode #8300-14, showing the locations of
all available modes between 1180 and 1240 cm™ (Figure 15), This
study is a prerequisite to precise frequency calibration using
standard calibration lines of reference gases.

The survey was made by first fixing the diode current at 0.75 A
and then scanning the mode distribution in frequency with a
monochromator (S)., This was performed at a number of mount

temperatures over the range of 15K to 45K, While mapping the mode

distribution, the mode selector grating (C) was placed in central

B i et o]
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» obtained by

1

varying the diode mount temperature Td

Honochromator mode survey_of TDL #8300-14
) (ILQ = 0.75 A)-

between 1174 and 1237 cm™

Figure 15.
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order and acted only as a reflecting element, The LO beam was
mechanically chopped using a tuning fork chopper and the sync signal
was delivered %o a look-in amplifier along with that from a
pyroelectric detector ’ocated at the monochromator exit slit, This
is also the arrangement used for making individual frequency
determinations between measurements during normal operation,
Absolute frequency calibration of the monochromator to & 0.1 cm"1
was achieved hy performing a third order polynomial fi¢ %o a serie:
of HeNe orders, near the first order grating position at 3 microns,
A few of the sample temperature set%ings are indicated in
Figure 15 a% the frequencies whese %hey produce principal meodes.
The mode locations coincide with the position of the zain envelope
while their number and size give an indication of the envelope

shape. The Fabry-Perot frequsncy separation for this device is

1 1

roughly 2 cm ', with a typipal mode tuning range of 0,2-0.5 cm .

Examples of continuous tunability can be seen near 1131, 1201, 1207,

A " ]
L where the irode tunes smoothly over the interval

1213 and 1231 o
between two different temperature sethings., The diode thus lases
over 15-30% of its nominal tuning range. As previcusly discussed,
however, not even this fraction is usually suitable for heterodyne
work, since some of it is dominated by large amounts of IF excess
noise,

In addition %o indicating the mode locations, the survey shows
the regions in whi¢h diode nutput power is generally high, and also

the locations where single-mode operation occurs, Al%though the

existence of two or more simultaneous Fabry-Perot modes does no*

i eamire—n . are———————. e ¢ < im
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imply excess noise, the largaest single mode power, and hence largest
heterodyne signals are obtained during single mede operation,

Mo clear evidence exists for appreciabisc output power
degradation of diode #8300-~14 after w2 years of intermit%tent use, at
least in terms of output power, Measurements of long term chanzes
in performance are difficult, however, since several different
HgCdTe detectors have been used during the .:velopment phase, with a
wide range of DC and heterodyne responsivities. Even with the same
detector, some degradation with time occurs, probably at a faster

rate than for the TDL.

4.6 Precise Freguency Calibration Usine Reference Gases
Although the monochromator is suitable for absolute frequency

calibration %o within + 0.1 cm™', the IF channel width in the

spectral line receiver is v 0.001 cn”!

y Which corresponds roughly to
the frequency stability of the LO over resonable integration periods
(w»1/2 nour). In order to preset gpe LO for heterodyne measurements
of selected lines, it is thus essential to determine the LO
frequency, at least to within a few milli-wavenumbers, Several
laboratory gases nave been used for this purpose by recording the
poqitions of absorption lines that have been ldentified and
characterized in published line position studies, The advantages
and disidvantages of each standard gas are listed below. In any
case, the initial 0.1 <:xn"1 uncertainty is sma)l enough to

unambiguously identify reference gas features,

N
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NO - line positions known extremely well near 1200
en”! (av < 0,001 om™') but reference Lines do
not always exlst over the continuous tuning

range of a single mode,

80, - has an abundance of identified lines, but no
synoptic observational line posiwiui atudies

for 802 have been made in this st ot %he

speatrum, The theoretical line positions can

~1

be in error more than 0,01 em ', although the usual

discrepancy near 1180 en” ! is v,003 cm"1.

when calibrated against N

20 reference lines.

5202 - abundance of lines between 1180-1240 en”! and
1

positions generally good to »,003 cm” ', but the

liquid is difficult to handle and the vapor reacts

with 5aF2 and ZnSe cell windows.

CH, - generally useful bui, like NZO’ reference lines are

infrequent in some regions. Line position

uncertainties are typically < 0.005 en™,

In case8 where no N?O line exists near %he frequency of

interest, S80,, H20 , and CHq have been found to be useful as

2 2
transfer frequency standards. When lines of tha2se molecules can be

\
Ui
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calibrated against NBO, they provide nearly the same frequency

positional accuracy as N,0 ibtself,

2
Figure 16 shows an example of a frequency calibration spectrum

typlecal of those performed prior %o making heterodyne observations,

and a 0.,0625 en™’ germanium (Ge) calibration etalon
1

Here, NZO, 802

were used togekther %o achieve a ,002 om~ uncertainty in LO
position. The precision was limited largely by the current
rosettablility of the TDL output frequency. The calibration spectrum

was made by alternately placing N20 and SO, gas cells in the LO beam

2
while mechanically chopping the LO with a tuning fork chopper and
plotting the synchronously detected HgCdTe DC output on a chart
recorder. The voltage ramp used to asweep the diode current was also
applied to the chart recorder x-axis drive so that the x~position
was repeatable with diode current and hence frequency. For “his
measurement the grating was used in first order %o select only the
principal mode of interest.

The frequency error at any dibde current setting is determined
by the degree of nonlinearity in the diode tuning rate and the
amount of offset from an NZO line. The quoted SO2 line positions
are the theoretical values, but the internal c¢onsistency for this
example is quite good (£ .003 e over the entire page). The
fringes from a Ge etalon like the one used here may also show
appreciable drift due ;o small changes in room temperature during
the measurement period, Over the time between adjacent fringe

maxima (»20 sec), a uniform drift in one direction has been found %o

introduce a 10 to 15 percent change in the absolute frequency scale
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set by the fringe spacinzg,

Also shown on the calibration spectra are the positions of two
S10 absorption features, the frequencies of which have been
independently determined by gas phase laboratory measurements (Lovas
et al., 1981). The spectra of Figure 16 were used to preset the TDL
current prior to the observations of these S10 lines in the sunspot
spectrum, The near coincidence of these 5i0 lines with N_O permits

2
an inaependent frequency determination that is in principle as

1

accurate as that for N.O, i.e, 0.001 em” '. In practice, LO

2
frequency drift degrades the accuracy of the measurements,

4,7 Heterodypne Detection of Laboratory N O Features

When using the RF spsctral line receiver i% is necessary to
remove the system IF frequency response shown in Figure 14, This 1is
done by ratioing the source spectrum to that of a reference
blackbody., Examples of spectra corrected in this way are shown in
Figuvre 17, which shows the heteronne detection of some laboratory
Nzo lines against a 1273 K blackbody source, The LO frequency for
this measurement was determined by locating the NZO feature in
direct absorption and offsetting the LO a predetermined amount. A

total of eight U438 second integrations were then made with an N, U

2
cell in the reference blackbody beam, followed by an equal
integration *ime on the blackbody with the cell removed, Since the
frequency response of the system is present in both signal and

reference sctans, it can effectively be removed by ratioing the

signal to the reference, leaving only the gas cell absorption
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spectrum, The stronz and weak fea%ures are the 2v2,R(10) and 3v2-v2
R(19) lines with rest frequencies of 1177.468 and 1177.550 om".

For Nao heterodyne measurements the LO frequency can be determined
to within the line position uncertainty, which is less than 30 MHz,

or 0,001 cm'1

at 8 microns,

In both (a) and (o), the LO frequency lies oetween the %wo line
centers placing the observed features in opposite sidebands, which
then appear folded over each other in this double sideband spectrum.
The strong feature resides in the lower frequency sideband and the
weak feature in the upper frequency sideband, In going from (a) to
(b) the LO frequency has been decreased, the line with the lower
rest frequency moving cloéer to the LO line position and the weaker
~line moving in the copposite direction, This figure illustrates the
importance of continuous LO tunability, not only to accommodate
large frequency changes, but also to enable determination of the

sideband in which a given feature resides. The former degree of

freedom 13 not readily available with gas laser systems.

4,8 Comments Concerning the Remote Detection Tests

The remote de%ection capability of the spectrometer has been
tested in both the sweep average and spectral line receiver modes at
the NASA/GSFC 48" reflecting telescope, and also at the NASA 3-meter
IR telesgspe at Mauna Kea, Hawaii, A number of observations were
made to "shakedown" engineering problems that occur in the remote
observation mode and verify the field-worthiness of the

spectrosieter. These efforts ineluded: measurements of absorption

AT g A

AT L
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from terrestrial Nao, CHM’ 03 ana Hao; gontinuum measurements of
Mars and Venus (Lhe first such measurements cf Venus); %he first
continuum measurements of the infrared object IRC+10216 using this
technique, These studies are described in more detail in Appendices

B and C.

4,9 Summary of Instrument Perfaormance and Specifications

Table 2 lists the specifications for the DL heterodyne
specirometer, as measured using TDL #8300~14, These specifications
are only representative, and will improve dramatically with the
substitution of better diode lasers and photodetechtors. Some of “he
parameters tre fixed by the instrument design, while others are
diode dependent and vary widely, depending on the choice of

operating frequency.
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TABLE 2
Ypecifications of the Diode Laser Heterodyne Spectrometer

Instrument:
Nominal Operating Frequency Range - 800 ~ 1250 <:m“1
Intermediate Frequency Bandwidth - + 0.0567 cm.fl
Frequency Resolution (V/AV ) - ~106
Signal Beam f/number Range - 20 - 120
TDL Temperature Control Range - 9 - 100 K
TDL Injection Current Range - 0-2 A
Ambient Operating Temperature - . < 32 c
Diode Laser:
(Spectira-Physics Inc., Laser Analytics
Div., Diode #8300-14)
Operating Frequency Range - 1170 - 1260 cm~1
Typical Single Mode Tuning Range - 0.2 - 0.6 cm~1
Observed Mode Separation - , 2 <:m"1
Single Mode Qutput Power (typical) - 60 - 300 /Lw
Safe Operating Temperature Range ~ 70 K
Overall: ‘
NEP at 8 Microns: Best - 1.1 X 10”18 W Hz~1
Typical - 3X 10-18 W Hz_1
Operating Frequency Uncertainty - 0.001 - 0.010 em~!
Frequency Drift: < 10 min - 0.002 cm-i

< 1hr- 0.005 cm
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CHAPTER V
HETERODYNE OBSERVATIONS OF Si0 IN SUNSPOTS

5.1 LRescriotlon of the Qbserving Program

Table 3 lists the dates and relevant data on the series of
observations of Si0 absorption features in sunspot. umbrae, made in
March, 1981, Measurements were made of 5, v=1-0 Pfundamental and
v=2=1 hot band absorption transitinns near 1200 cm'1 (8,3 microns)
using the diocde laser hefterodyne spectrometer desoribed in Chapters
III and IV. The spectrometer was locahed at the coud; focus of the
48 inch refleching telescope at NASA Goddard Space Flight Center,
Greenbelt, MD., The S10 lines were observed an subdoppler resolution
using the 6l4~channel spectral line regeiver,

The observational conditions were widely variable during
March, and large differences in air mass, haze and extent of cloud
cover prevailed during the obsevvab}ons. This vardiability
cmmplicates any comparison of nbserved lines based nn hheir relative
absorption, Individual umbrae ranged in size from about 5 to 18
arsec, with values of u between 0.75 and 1.00., As is customary, p =
cos @ with © the angular distance from snlar disk center, With the
sxceptinn nf the large spot visible near the center nf bthe disk nn
Marcﬁ 25 and 26, all of the observed sunspot umbrae were 10 arcsec or
less, The combination of poor observing conditiens and small spot
size made the observations susceptible fo photospheric scahtered

light and it was necessary to correct for this effect as described
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in Seeckion 6.2,
5.2 f the at

5.2.1 QCholge of Observed Si0 Lines
As shown in Figure 18, the nbserved lines are allowed electric

dipole hransitions ak frequencies near 1200 c:xn"1

with a chanze of +*
in the vibrational quantum number v and a change of %1 in the
rotational quantum number J, Absorption transitions for whioh J
changas by +1 are called R-branch transitions and those for which J
decreases by 1 are called P-branch transitions, A transition is
typically identified uoing the notabion v'v!! R (J"), where the
double primes refer to the lower state and primes refer te the upper
state,

The 810 transition frequencies used in setting the local
oscillator frequency were those reported by Lovas et al, (1981).

These authors have performed gas phase measurements of 285116

0 at
the National Bureau of Standards using a tunable diode laser /nd
have combined these results with microwave measurements ko yleld a
set, of emperical Dunham ro-vibrational ocnstants. Their results

1 for

provide transition frequencies accurate to within * ,002 cm”
the 5 S10 lines of interest, The Dunham coefficients obtained by
Lovas et al. and the expression used tn obtaln the S10 level
energles from the coefficienta are shown at the right in Figure 18,
The c¢choice of sunspot S10 lines was determined by accidental

coincidences with the frequencies of the diode laser modes, and also

by avoiding the regions of heavy water vapor absorption, Figure 19
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DUNHAM COEFFICIENTS
(em™)

Yo ® 1241,64304 (51)
Yp0"=5.973907 (263)
Y 50" 0.0059313 (333)
Y. *21787,4809(43)

ol
Y“ n=15],0322 (49)
Yal’ 0.07156 (110)
Yo"~ 29.749 (58)

Y|2 =~0,0219 (38)

a
Si0 LEVEL ENERGIES
{em™)

F-}i',’Y”(V-S'Ji)‘J"(J-l-I)j

e
(uob;F F*)

9L0vAS ef al., 1981

510 energy level diagram and Dunhan coefficients
for deternining level and transition energies.
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snows higzh resnlution ground based FTS measurements by Goldman and
Blatherwick (1980) of rerrestrial atmospheric abéoréﬁion near hhe
frequencies nf the sunspdt S10 lines. These measu,ements were made
at low solar zenith angle {about 5 airmasses) to enhance weak
terrestrial atmospheric features, particularly those of trace
constituents’. The positions of each of the 5 Si0 lines are
indicated on Figure 19 to show their proximity to majnr terrestrial
absorption features. For some frequencies, tropospheric H20 is
clearly the dominant observer and observations near the wings of HZO
features are very sensitive to the amount of trnpospheric water
vapor., The 1-0 P(Zd) line in Figure 19c, for example, was sensitive
to atmospheric haze and one of the P(20) measurements was terminated
early because of a graduél decline in solar continuum signal during
the measurement. For the remaining lines, atmospheric absorption is
not as gevere as ‘Figure 19 would suggest, since the heterodyne

)

observations were made at small airmass (<1.6).

L

5.2.2 Qbgervational Metlhod

The synchronous detection scheme and observational sequence
for the Si0O measurements was chosen £o: remove the hLerresirial
absorptinn spectrum to reveal only solar features; have separate
access to both sunspot and photnspheric absorption spectra for
purposes of identifying terrestrial features and; obtain absolute
sunspot flux estimates. Separate measurements of the umbra and of
the surrounding photosphere were made by placing a blackened metal

Screen in the reference beam to provide a room temperature reference

C
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and by chopping sourae against screen, ‘fhe sequence for each Si0
nbservatinn consisted of the following:

(1) N consecutive pairs of measurements of' sunspot againath
soraen followed by photosphere against soreen, This interlacling of
umbral and photospheric scons minimizes bhe sffeots of time
variations of atmospheric transmittance and changes in LO
performance on the composlihe ratio spectra.

(i1) M oconsecutive measurcments of blackbody against card
followad in some cases by an Nao cell inserted in tha blackbody
beam,

(iii) Post = measurement chack of LO frequency drift by
checking the repeatability of diode current sehtings at the

looations of reference Nao or S0, iines in direct absorption. In

2

the case of the P(1d) measurement, hhe referance N.Q line is close

2
snough to examine in the heterodyne mode and Step (iii) is not
necessary.

Fraquenoy calibratlion prior tb each measurement was
acoomplished in two stages, using the method discussed in Section
4,6, A monochromator was used to preset the LO Zrequency to within
w01 om"‘ and eibther Nao ar 802 was used as a ‘requenay standard ha
reducs the uncertainty to several milli-wavenrmbers or less. Prior
ko each measurement, the S10 rest frequencles vere correated for
solar rotation at the time of observation and position on the solar
disk., The TDL local oscillator was then adjusted to locate the
feature at the desired intermediate frequency. The 1-0 P(28) and

2-1 P(14) S1i0 transitions were close enough to referance Nao line
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9]
pnsitions to enable heferodyne measurements nf both features at bhe
same LO setting., Since the N20 line pasitions for J" < 60 are Known

ko within £0.001 em™

in this frequency range, independent
measurements of these Si0 rest frequencies could b» made to within
+0.003 cm"‘, the additional uncertainbty resulting from small amounts
nf looal nsaillator frequency drift during the measurement,

Figure 20 shows a sample data set for the detectinn of the 2-1
P(14) line (v » 770 sec), This example is instrﬁohive since the Si0
feature was strong engugh to be clearly seen in the un-rutiqed
gpectrum (b) and =ince an Nao absorptinon feature at v = 1195,695
c:m"1 resides iu the opposite sideband. Terrestrial Nao can be saen
in the solar spectra (a) and (b), as confirmed in (¢) where an Nao
gas cell has been placed in front of a local blackbody source.
Although the average of the photosphere integrations in (a) and that
for the sunspot in (b) represent independent measurements, both show
highly correlated noise features, These result since both
measurements are ratioed by the same blackbody average, taken abouf
1/2 hour later, Over this period of time, small variations in the
dinde laser intermediate frequency noise spectrum ocour; enough to
introduce large amounts of anomalous noiss in hhe ratio spectrum,
The sequence of collecting data was chosen to enhance the
detectability of sunspot Si10 features at the expense of
signal-to-noise in the herrestrial absorption spectrum. Because of
the tight interlacing of sunspot and photosphere scans, and since

the relative umbral intensity is independent of blackbody, this

noise virtually disappears in the ratio spectrum (d) which shows the
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S5i0 feature,

5.3 Mebthod of Fitting Qbserved Double Sideband Features

The sunspnt 510 observatlons using the TDL heterodyne
spectrometer are shown in Figure 21, The ordinate for each spectrum
is the umbral intensity ratioed to that of the surrounding
photosphere which, to first order, removes the frequency dependence
of herrestrial abscrption. Continuum signal-to-noise ratins for
these spectra wire typically 300 to 400 near the zero of IF,
decreasing to less than w50 at high frequencies because of decreased
response from the photomixer and IF amplifiers (Figure 14), For
this reason the absorption features were positioned at IF
fraquencies below w700 MHz,

From each SiO nbservation it is possible to extract 4
quantities; (i) the continuum intensity and brightness
temperature, (ii) the line equivalent width, (iii) the line full
width at half-maximum (FWHM) and (iy) the residual intensity at
line center. The data in Figure 21, however, show the average of
the line profiles in one sideband with the continuum in the other,
Also, in cases where the line center is near the zero of IF, part of
the line shape extends into the opposite sideband, resulting in a
distorted double sideband spectrum. In order to extract bthe
unfolded line shape from the data, and estimate quantities (i)-(iv),
the line fitting routine deseribed in Appendix A was used to
generate synthetic double sideband gaussian line shapes. These

profiles were plotted over the data, and good visual agreement was
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obtained by adjusting the line center frequency, line depth and
microturbulence. The doppler width for the S10 lines is roughly
constant over a reasonable ranga of temperatures in the reglon of

6

line formation (AvD/v z 6,0 X 107" at 3500 K ana 6.5 X 10'6 at

4000K) »

5.4 Reaulta of the Measurements

Table 4 lists the measured frequencies, sunspob continua and
line shap) parameters deduced from the observations in Figurs 21,
The umbral continuum intensities measured relative Ko the
photosphere are designated ¢'c for conaistency with the notation in
Chapter VI. The corresponding line center intensities are ¢'(v°),
and the measured equivalent widths are designated W', Limb
darkening corrections for these measurements are negligible, excepth
for the R(4) observation., Even in this case, the correction is
minor and has bsen treated in Section 6.3, The measured line

halfwidths in Table U4 pefer to the full width at half maximum,
P
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CHAPTER VI

ANALYSIS

6.1  ZXhe Line Svynthesis Proeram (SPCTRM)

6.1,1 Qutline of the Progran

In order to use the SL0 measurements to test the model
temperature-preasure profiles, it is necessary to have a means of
computing line and continuum intensities based on the input model,
Calculations of Si0 line and continuum intensities were made by a
medified version of a synthetic spectrum program, called SPCTRM,
#ascrived by Deming (1978)., Figure 22 shows an outline of the
in computing the sunspot surface
intensities and line equivalent widthy, The program accepts as
input a variety of atamic and molecular data, along with a set of
temperature/pressure points which define the model atmoaphere, From
this it computes the atamic, molecg}ar and el.ectron number
densities, partition funotions and opacities, The radiative
transfer equation is then integrated through the atmosphere to yield
the emergent line and continuum intensities and the line equivalent
widths. The synthetic line shape information can then be compared

with the observationa,

6.1.2 Computing the Number Dengities of each Speciea

The prcgram uses subroutines from ATLASS (Kuruez, 1970) to
obtain the equilibrium number densities for all species (i.e.,

atoms, ions, electrons and molecules) after reading the abundance of
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¢
1ine

Figure 22. Flowchart for the line synthesis program SPCTRM,
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all elements relative to hydrogen, These elements are taken to be
independent of depth in the atmosphere,

The silicra abundance for the Si0 caloulations was taken to be
the photospharic abundance as detarmined by Lsmbert and Warner
(1968), These authors obtained a value of log,, N(SL) = 7.55 % 0.10
on a scale where logloN(H)n 12.00, using observations of seleoted
SiI lines and intermediate coupling cnloulations for the SiI
spestrum, The results are conalstent with an earlier estimate of
log N(Si) = 7.50, derived by Goldberg, Muller and Aller (1960).

To determine the number densities for all species, ATLASS sets
up constraint, equations involving the number conservation for each
element, plus two additional equations; one for charge conservation
and one for the total density, This results in a 2-dimensional
matrix of non-linear equations with a large number of aross teras,
which are iteratively solved until a self-consistent solution for
the neutral atomic densities are obtained, The density of the other
specles (i.e., ions, molecules and electrons) can then be computed
in straightforward fashion.

At photospheric temperatures and below, H is largely neutral
and the main contributors to the ambient e¢lectron density are the
less abundant heavier elements (metals) because of their low
ionization potentials, The ionization equilibrium for each heavy
element (i) that donates to the electron density is given by a Saha

relation of the form

o+
n,n_/ ng =0, (1) (6.,1)
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where ¢, (T) is known fuynction of T involving the ionization energy
of species i1, All of the heavy elements thus form a coupled set of
equations, whose simultaneous solution yields the electron density.
Partition functions used in solving the Saha equations for most of
the atomic species (inoluding H~) were tabulated by Drawin #nd
Felenbok (1965) and Moore (1949),

The molecular congentrations are obtained from the atomic
number densities through a set of temperature dependent equilibrium
conttants and dissociation enersies.. For 210, it is essential to
have the i;#,- available estimates for the dissociation energy Do and
the equilibrium constant Kn(T). The best current estimate for D° is
given by Hulser and Herzberg (1979), with a value of 8.24 * 0.13 eV,

Values for the 510 equilibrium constant Kn(T), defined by

n(S10) = K (T) n(si) n(0) (6.2)
,

were computed from the corresponding pressure equilibrium congtants
Kp(T) over the temperature range 2800K-4000K. These data were
supplied by S, Abramowitz of the National Bureau of Standards
( Abramowitz, 1981)., Table 5 lists the Si10 line strength and
dissociation data required by ATLASS.

A set of coupled equations of this form also exist for oxygen
since it is involved in a number of reactions of this type. Those
included in the imodel dissociation equilibrium are (in order of

decreasing importance); €O, siO, H,0, OH, SO, PO, 02, Mg0, ALO, Nao

2
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and Cl0, For other molesular spacies the equilibrium constants were
obtained by interpolation from a compendium of high temperature gas

thermodynamic properties by MeBride et al. (1963),

6.1.3 Qoagity Galoulations
Continuous opacity in the umbral atmosphers at the

wavelengths of Interest is due entirely to bound-free and free-free
absorption by the negative hydrogen ion H™. Vernazza et al, (1976)
have examined the source funotion for the H™ bound-free transition
in the photosphere at a variety of wavelengths and over a range of
optical depths which extend into the lower chromogphere, They find
that wherever H™ is an important absorber, no significant difference
oxists between continuum intensities cocmputed using LTE and non-LTE

bf

analyses, In LTE the H~ bound-free opacity k, 1is

e 20e M) o1 - exp (<hu/kn) (6.3)

»

v

where

, 3/2
he

n(H™) = Putfe  exp (8762/7)
a2r mkT 2

and a  is the cross-section taken from Gingerich (1964). The H~

e

free-{ree absorption coefficient Ky is
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n
3 £ef . ___EE___ fig Fv(T) (6.,4)

v p
The term Fv(T>1n Bquation 6.4 i3 an analytic fit to the quantum
mechanical dipole-length calculations of the H™ free-free opacity by
'Stilly and Callaway (1970),

F (1) = (_’;.)U.m X 10723 & (4,375 X 10710 - 2,60 X 107TT)/v)
\Y

.

Included in Fv(T) is the correction for stimulated emission, whish

is important at the temperatures and frequencies of interest here,
The effect of scattering can be shown to be completely

negligible compared to absorpbion processes. From Vernazza et al.

(1976), the Thompson scattering absorption coefficient is
- ~25
Ogy = 6.65 X 10 ~“n, (6,5)
and the absorption coefficient for Rayleigh scattering is

o = R{A) nHI (6.6)

Ray

The cross section R(A) has been computed by Gavrila (1967) for

#

U R A YR L
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A < 2.3 miorons and is a rapidly decreasing function of wavelength.
The H™ free-free opacity, on the other hand, ls rapidly increasing

with wavelength, As an upper limit to the scattering contribution,

e -
the ratio (°el + 0 Ray)/“v has been evaluated at Av2,% microns and

found to be < 10”2 for densitics and temperatures typical of the

umbral atmosphere. The ratio at » 8 microns should be several

orders of magnitude smaller,

L

The S10 line opacities N at each layer are obtained from the

transition oscillator strengths and the lower level number

vt yngn

densities for 2i0 (n ) obtained from the total Si0 and the usual

VIIJ"
Boltzmann factors. The frequency dependence is given by a

normalized Voigt profile H(a,v) with v=(v-v°)/AvD and the pressurs

broadening parameter a. Tha expresaion for gv& is

/7 e®

kS = fyrgryngnl 1 = €Xp(=hv/KD)]n

D s

(510) H(a,v) (6.7)

yngn
mceav

The transition oscillator strengths rv'J'v"J"

determined using the experimental band transition probabilities

in Equation 6,7 were

Av'v" as listed by Hedelund and Lambert (1972). These values are

1

5.11 sea”  and 9.96 sea™! for v'ey" = 1-0 and 2-1 respectively

(Table 5). The transition probabilities are converted to band

oscillator strengths f by the standard relation (Mihalas, 1970;

v' v"
Hedelund and Lambert, 1972)
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we

Lyryn ® (no3/8r%6?) (Byyyn/ ¥ (6.4)

v'v")

In Equation 6.8, ¥ is the average transition frequency (cm'1)

v! v"
over the band, The band center (Q branch frequency) was used for
Vgryn in each case. ALl other symbols have the usual meanings. The
absorption band f values were then converted to absorption

transition £ values [ by assigning a lower lavel

viJ'vllJll
multiplicity aoccording to whether the traniyiition belongs to the R

branch or the P branch., Following Beer, [ambert and Sneden (1974),

fv|vauJu = Loy n (xv|v"/xvlJ'V"J")

X Ulml F(vryngrgn)/20m + 1)] (6.9)

The ratio lml/(aJ" + 1) is called the Honl-London factor for the
transition with m = J" + 1 for an R-branch transition and m = -J"
for a P=branch transition, 2J" + 1 %eing the total lower level
multiplicity, The term F(v v J J ) is the Herman-Wallls factor,
which lies between 0,98 and 1.09 for J,J" £ 78, A value of F=1 has
been used in this analysis.

At sunspot temperatures (3500-4000K) the SiQ vibrational
population ratio n(v=1)/n(v=0) is »0.6. The larger v=2~1 oscillator
strengths compensate for the population &iffarenoe, however, so the
1=-0 and 2~1 line intensity ratios are of order unity for equal J.

The assumption of vibratlonal equilibrium for Si0 was also checked

and found to be valid for the sunspot envirenment. Computations
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performed by Nuth and Donn (1981) for collisions of Si0 with atomioc
hydrogen show that for all temperatures § 3000 K the kinetic and
vibrational temperatures ara very nearly equal for H pressures >
10"5 atmospheres, For comparison, S0 formation in sunspots occurs
at layers where pressures exaceed 10'3 atmospheres.

It i3 also of interest to examine the terms that make up the
total level multiplicities for the vz1-0 and v=2-1 bands of Si0
since these directly determine the lower lsvol populations and hence
the observed intensities, For a heteronuclear diatomic molecule,
where interchange symmetry does not apply, the nuclear spin
eontribution g8, to the total statistical weight of a level is
(21 +1) (21, +1), I, and I, being the nuclear spin quantum numbers,
The nuclear spin part gn=1 for S10 since 1(160) = I(ZSSI) = 0
(Steinfeld, 1974). Also, Si0 has a simple Tt* eleotronic ground
state configuration. This means that both the electronic orbital
and spin angular momentum quantum numbers A and I for the electronic
ground state are zero, As a result’ the eleoctronic contribution

gE=1, and the total level multiplicity, including rotation,

]
g = SRSNSE = SR = 2J + 1 for Si0, as expeoted,

6.1.4 Computing the Surface Intensities and Equivalent Widths

In differential form the radiative transfer equation at a point

in the atmosphere is

" dI\’/dz = J\! p = I\)k\' p (6.10)

with; dz a length element in the vertical direction
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y cos 0, where © zenith angle on the sun

1 -1

J, the mass emission coefficlent in erg gm" sec” THz

ster ™t

p the density in am

2 -1 1

I the intensity in erg ca” sea”) Hz™! ster”
k the total absorption coefficient, including continous

opacity xvc, line opacity K“L and scattering o,

Since scattering is negligible, only the absorption opacities

contribute to Kv’ Defining an element of optical depth dTv = -kv p
dz, and the source function Sv = Jvlkv , equation 6,10 can be
rewritten

wdl /dr = =8+ I (6.11)

The optical depth scale is a direct’measure of the absorption along
a path which in turn depends on the local densities and temperature.
for this reason, it iz a more useful indicator than geocmetric depth
in the atmosphére. The source function S, is in general very
complicated since it involves the coupled radiatien field and the
bound and continuum states for all particles in the stellar gas.
Under the assumpbion of L{E, however, absorption and emission are

related by Kirchoff's formula

3= (e et B (D) (6.12)
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=0 that
5,(T) = B (T) (6.13)

Using these definitions and assumptions, Equation 6,2 can be

integrated over optical depth to get the surface intensity;

I, (o) =‘{ B,(T) exp (-1\, /u) (1 o+ n\," /nv°) dr\f (6.11)

o

with

Finally, the equivalent width wv for each Si0 line profile can be

evaluated by SPCTRM for direct comparison with the observations,

W, = ‘Jﬁ (1 - I“(o,u)/1°(o,u)] dv (6.15)
Line

e R R TR I AT e
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In Equaftion £.15, the integral 1is taken over the line profile, and
1%o,u) is defined as the surface continvum intensity in the

vicinity of the line,

6.2 Method of Correqting Measured Equivalent Widths

Before the observed Si0 equivalent widths can be used to
predict the umbral temperatures, they must be corrected for the
effects of ssattered light, Because of marginal observing
conditions during most of the S10 observations, the effects of
scattered light from the surroundipg photosphers were found to be
significant, This was particularly true for the R(4) measuremsnt,
with umbral diameters less than v 7 arcsec, and for the Mar. 17

P(25) measurement with noticeable telescope wind shake. The results

suggest an effective heterodyne field of view comparable to or
greater than the smaller umbral diameters, which is almost entirely
the result of observing conditions, By comparison, the 8 micron
diffraction limited field of view (?PBW) for a 48 inch telescope is
w 2 arcsec, Contamination from photospheric light is suggested in
the observational data of Tables 3 and Y4, which show a correlation
between spot size and measured umbral intensity. The small spot
R(4) observations on Mar, 31, for example, show intensities vetween
0.81-0.85. On the other hand, the observations of the 2~-1 P(14) and
1-0 P(26) features on Mar. 25 and 26 and the third 1-0 P(20)
observation on Mar. 22 were made in larger umbral regions and show
intensities between 0.73-0.76. This suggests contamination by

photospheric light in th2 smaller features, There is also no

i i e e b e e

et ’ - s
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evidence to indicate that even the large umbrae fill tha haterodyne
field of view and hence that even these lower intensity ratios are
reliable approximations to the actual umbral continuum intensity.
It is also not olear whether the relation betwean spot size and
measured intensity is totally due to photospheiarc contamination,
since changes in continuum brightness temperature of several hundred
Kelvin between measurements of large and small onts have been
reported at 2.3 microns, the temperature increasing as the spot size
decreases (Hall and Noyes, 1969). The 2,3 micron continuum,
however, is formed where most models lndicate a steep temperature
gradient, and it does not follow that the same intrinsic temperature
fluctuations will be observed at higher layers where the 8 micron
continuum is formed, and moreover where S10 line formation occurs,
Figure 23 shows temperature as a function of both optical depth
art atmospheric pressure P8 for three competing sunspot temperature
models, along with previous sunspot continuum observations used as
boundary conditions for these models, The supporting observations
are previous sunspot continuum measurements in the 1-4 micron range
by Henoux (1968) and Hall (1970), and visible sunspot measurements
by Maltby and Staveland (1971) corrected for stray light effects
using thk® Mercury transit at the time of observation, These
measurements and models are discussed in Section 1.4, ALl of these
earlier relative intensity measurements were converted to brightness
temperature using an empirical photospheric temperature model by
Vernazza et al. (1976) which shows disk center brightness

temperatures of 5090 K to 5290 K at 8.3 microns, Supporting
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observationa for the photoapheric temperatures were high altitude
ground based measurements by Kondratysv et al., (1965) and Koutchmy
and Peyturaux (1968),

The contribution function for the 1-0 P(26) line center has
been included in Figure 23 to indicate the region where the stronger
S10 lines are formed and also to define the upper boundary for whioh
810 observations provide temperature information. The sunspot
models rapidly diverge at layers shallower than log Pe =z 5.4, since
no calibrated long wavelength continuum data are available, and wide
disagreement exists between them in the region of S10 line
formation, The Si0 temperature sensitivity through dissociation is
the key factor in removing the temparature ambiguity in theaa lavars
orf the atmosphere,

In contrast, the 8,3 micron continuum contribution function is
located close to previous reliable continuum measurements, These
indicate what brightness temperatures might be expected at 8 miorons
and allow the data to be corrected for photospheric scattered light,
B?r7rasic agreement occurs between all of the observations and
models for values of &9510 P8 between 5,3 and 5.5. The region near
10310 PS v5.4 represents a particularly good “hoice for a reference
layer since the observational uncertainty is small and the
temperature models, fitted to these and other observations, are in
good agreement, A temperature of 3890 K will thus be adopted for
the layer 10310 Pg~= 5.4, The divergence of the models at shallower
layers suggests tempevntures betwean 3550 and 3800 K where the 8.3

micron continuum is formed., The highest conceivable temperature
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near the peak of the continuum contribution funotion is about 3800
K, which would occur for a tomperature gradient much smaller than
that predioted by any of the published models, For conparison the
lowest continuum intensity observed wsing the TDL heterodyne system,
(¢'° » 0.74 in Table 3) corresponds to a brightness temperature of
w4000 K, so it is evident that photospheric scattered light posss a
problenm,

The scattered light correction procedure may be treated as a
nfilling-factor! problem where the size of the umbra is insufficent
to fill the heterodyne fiald of view, The heterodyne fleld of view
is defined to have unit area on the solar disk and the spot umbra
inaida the fleld of view has fractional area A, The umbral filling
factor A has been determined for each observation by comparing the
measured umbral intensity to the expected intensity near the region
of 8.3 micron continuum formation in Figure 23, If 4(v), ¢0 are the
true umbral line and continuum intensities relative to the
photosphere, and $'(v), (A are the’ measured values contaminated by
photospher*s light, then the fractional line depth D(v) =
1=($(v)/¢ ) and the linp equivalent width W can be found from the

measured values (Appendix E) by

(= __*e D) (E5)
by A
and
we_ %o oW (£8)
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with the fractional area A given by '

Am(l=9 )/ (-4 (E4)

Adopting T = 3550 ~ 3800 K as a plausible temperature range for the
reglon of 8.3 micron conniﬁuum formation, and including the ~ 200 K
uncertainty in the photospheric brightness temperature, this leads
to values of 0.62 - 0,70 for the umbral intensity ot
Table 6 lists the values of the filling factor A and the line
depth and equivalent width for each of the measurements corrected to

lower intensitiles. The range of values in Table 6 correspond to the

range of values of acceptable sunspot continuum intensities.
B /4

6.3 Selection of an Empirical Temperature Model

The adopted emperical umbral temperature model must satisfy
two principal criteria. When used to calcuiate umbral surface
intensitles, it must yield agreement with the previous continuum
intensity measurements. The second requirement is that it must
reproduce, within the errors, the measured line equivalent widths,
for reasonable choices of microturbulent velocity EM' This establishes

the temperatures where $i0 line formation occurs.
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Figure 24 shows a set of synthebtic line profiles computed by
SPCTRM for different assumed microtubulent velocities, using three
published umbral temporature models as input (Henoux, 1969;
Stellmacher and Wiehr, 1970; Zwaan, 1975)., fhe rapid decrease in
S10 absorption because of dissociation is apparent in going fram the
coolest model (Zwaan, 1975) to the warmest (Henoux, 1969).

Line saturation occurs using Zwasns (1975) model atmosphere since
unity optical depth at line center has moved out to layers where the
temperature gradignt is very small (log Pg = 3.5 to 4,0).

To check the value of microturbulent veloclby which reproduces
the data, the observed line widths were averaged and compared with
the profiles in Figure 22. From Table 4, the measured FWHM values
in dimensionless units (av/v) averaged 1,01 X 10”7 with a standard
deviation of about 10%, This average is probably high, since there
was evidence for frequency drift of the local oscillator during
sevaral of the measurements. This could amount to an inorease of up
to 0.3 X 10‘5 for individual measurtments that make up this average.
The value of 1,01 X 1073 then, is considered an upper limit for the
observed FWHM values., A more reasonable estimate would probably be
0.90 X 10"5, which excludes any of the line shapes of Figure 2i
(predicted using Zwaan's model) and also any large values of
microturbulent velowoity Vr. Reasonable values of VT appear to be
0.5 km/sec or 1733 by comparison with the models of Henoux (1969)
and Stellmacher and Wiehr (1970).

Because the spectral line receiver produces a folded line

shape, and because of dilution by photospheric light, it was not
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possible to "fit" the line profiles computed by SPCTRM directly to
the measurements. The selection of a temperature model was
acoomplished by comparing the measured equivalent widths with those
gomputed by SPCTRM for each input model atmosphere., This was most
conveniently done by computing a ourve of growth (C0G) for each
model, The advantages of a model curve of growth for the analysis
of stellar atmospheres is discussed by Mihalas (1970). For a given
model atmosphere, the line shape and hence equivalent width of the
line is completely determined once the transition fraequency v, lower
level excitation energy x and line strength gf are spscified. For
medium and strong features, some estimate of the amount and type of
broadening must also be made. At a glance, the curve of growth
shows the dependence of W on lowar state energy, the temperature
seneltivity of W through the cholee of models, the character of the
observed lines - whether weak or strong, and how the uncertainties
introduced by assumptions regarding broadening and the effects of
scattered light affect confidence ih the choice of an appropriate
model ,

Figure 25 shows calculated curves of growth for the competing
sunspot models., The predicted equivalent widths are independent of
broadening for weak lines (small gf values) but depend on broadening
for atronger features. Observed equivalent widths corrected using
the method of Section 6.2 are also shown and agree nicely with the'
Stellmacher and Wiehr (1970) model for small values of

microturbulent velocity, This model appears ta be the best choice

for agreement with the Si0 observations, Zwaans model yields
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unacoeptably large values of W, which might be expected since it is
entirely extrapolated for log,o Pg,g 5.2, On the other hand,
Henoux's model predicts equivalent widths which are consistently too
small, The reason for this discrepancy is not oclear since the
procedure used by Henoux in his analysis of visible Na D lines
(Section 1.4) should be fairly temperature sensitive.

The temperature uncertainty in the region of Si0 line formation
can be inferred from the curves of grouwth for the Zwaan and Henoux
models and from the correspending t¢mperature profilss in Figure 23,
These models, which lie above and below the observations in Figure
25 differ by roughly 0.7 in log (W/v) where observations b-e are
located, From Figure 23, the same models differ in temperature by w»
400 ¥ throughout the reglon of 510 line formation. Ih@ cholce of
accsptable curves of growth which agree with thoe data are limited to
a range of < 0.2 in log (W/v), so to first order, the temperature in
this region is determined to < (2/7) 400K = .l115K.

Some mention should be made abbut the R(4) observation since
several aspects of this measuprement were different from the others,
The excitation energy for R(4) is considerably smaller than for the
other lines, making this measurement particularly interasting.
However, only a few small sunspots were visible at the date of
observation, and thess were located a larger distance from disk
center thar the others (n = 0,75). The position of W for the R(4)
line is somewhat higher on the ordinate of Figure 23 than might be
expected based on the slope d(log W)/d(log gf) of the Stellmacher

and Wiehr (1970) curve of growth. One might expect the R(4) result

Rt



to be located below the curve, since any increase in temperature in
the smaller spots should increase the Si0 dissociation, decreasing
the equivalent width., One possible source of this discrepancy is
the u dependence, which has been taken into account in Figure 23,
This affects the equivalent width directly and also indirectly since
limb darxening alters the measured continuum intensities, affecting
the scattered light correotion., These effects were checked by
computing the Stellmacher and Wiehr (1970) and HSRA (1971) models
over the range from nu=0.6 to 1.0. It was found that relative to
disk center hoth ¢° and log W incresged by «0.02, These numbers
were used to normalize the observations to disk center, resulting in
a reduction of wiljf, This correction is in the right direction, but

the

measured range of W for R(4) remains anomalously high.,
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SUMMARY AND CONCLUSIONS
7.1 Summary and Conclusions from the Sunspot Si0
Analvsls

The measurements discussed in Chaptsers V and VI constitute the

first reported detection of Si0 in the solar atmosphere and the
first such measurement using coherent detection, Although there are
observational uncertainties in %he measured equivalent wid%hs, the
absence of blending from adjacent lines in the IR and the high
temperature sensitivity of the Si0 abundance “hrough dissociation
permit an unambigucus temperature determination over an extended
region in the umbral atmosphere., By combining the TDL heterodyne
Si0 and continuum observa%tions with previous IR and visible
continuum measurements, the vertical temperature structure in the
umbral atmosphere has been sounded with an accuracy of £ 100 K over
the region log Pg = 3.5-5,5, Thiq permits an unambiguous selection
of a temperature model, provided it is well behaved. The published ;
umbral model of Stellmacner and Wiehr (1970) yields good agreement é
vwith the observed Si0O equivalent widths, so this model has been

adopted as the best choice consistent with %he TDL heterodyne

results, From the temperature sensitivity of the SiO abundance, the

lack of large amounts of scatter in squivalent widths observed from

spots of different sizes suggests a remarkable consistency of

temperature in the region of Si0 line formation (AT < 80 K).

From a comparison of the measured and computed line widths it

L LML il S b e pon



ORIGINAL PACE 13
OF POOR QUALITY
124

does not appear necessary to invyoke any broadening processes okner
than microturbulence to explain the Qoservations, In fact, %ne
lowast reasonable estimate suggested by Stellmacher and Wiehr (1Y70)
of Vp 0.5 km/sec yields line widths comparable to the observations
when their model is used as input to the line synthesis routine
SPCTAM. Comparing the TDL hebterodyne results with Figure 24

suggests that V,, may be even smaller %han 0.5 km/sec in %the region

T
of 540 line formation (log PS = 3,5 %0 4,0), The absence of
evidence for pressure broadeninz of Si0 in the umbral atmeosphere is
of interest since no laboratory msasurements have been made of Si0
broadening by foreign gases, An upper limit for broadening of Si0
by %he stellar gas can be obtained by setting VT=0 and adjusting the
damping constant in the model until agreement with the observations
is obtained. This was dene for the 2=-1 P(14) line using %he
Stellnacher and VWiehr (1970) model and yielded a value of 1 X 10’“
cm'1/Torr as an upper limit for the broadening coefficient for Si0
in the umbral atmosphere, ’

Regarding future sunspot observations,; a number of di- and
tri-atomic molecules expected in fair abundance in sunspots have not
yet been observed and some of these have rotation-vibration bands in
the 8~12 micron region, accessible %6 the TDL heterodyne %technique,

From Table 1, those spacies are; VO, YO, PO, ALO, 002, 50, H,5, H

2 2’

NaH, NHB' NS, HCN and CS. These specles were predicted by Gaur et
al.(1973) to be formed at both larger and smaller depths than 510 so

that similar observations and analyses of these species should yield

T
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a thorouzh characterization of the umbral upper atmosphars,
L4
7.2 Additional TDL Heterodyne Observakional Problems of
General Interes% '

The sensitivity of the diode laser heterodyne technique ana its
practicality as a multi-disciplinary observational teool conkinue to
improve, [Ihese advances are largely the result of recent
improvements in diode laser fabrication and an increased
understanding by the user of the noise properties of these daviges,
With each improvement in he%erodyne sensitivibty, new obsepvational
problems can be considered which lend “hemselves %o the high spatial
and spectral resolution as well as the inherent hunability,

Besides the obvious advantages of diode laser heterodyne
Spectroscopy for the study of molecular iines in the sunspo*
environment and for sub-doppler observations of telluric atmospheric
constituents in solar absorption, the method has great potential for
further astrophysical work, Several interesting problem areas
should be mentioned here; ’

1) Anomalous emission features in the solap spectrum, near
12,33 and 12,22 p have been discovered by Mureray et al, (1981), and
have been conjectured %Yo originate inh the solar chromosphere or
corona, At the observational resolution of 0.02 cm"1, the features
were unresolved and exhibited a peak inktensity »10f above the
continuum, The fully resolved line shapes obtainable using the
heterodyne %technique will permit accurate measurements of the
kinetic and brightness temperatures for these features. 1In

addition, accurate determination of the line center positions should

P g et e R o
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provide informa%ion »n thoe dynomics in %he regions where She
features are foracd,

2 \s demonstrated by the observations of vars, Venus and
1RC+10216, TDL heterocdyne spectroscopy is evolving to the point
where remote sources other than the 3un can be detected with
signal-to-noive adequate for spectroscopic purposes, The measured 4
of 43, which ccourred using the RF spectral line receiver is within
a fachor of 7 of the best performance from %Lhe !NASA 002 heteroayne
system. Part of this difference (a fackor of w2) is accounted for
by the reflection characteristics of the ZnSe beamsplitter, which
differs between the two systems.

3) Several bright IR stars, e.g, IRC + 10216 (alreedy
observed using the TDL heterodyne spectrometer), VY Canis Majoris, W
Hydra and a Orionis nave also been considered for study after some
additional improvement in system sensitivity. A variety of
molecular absorption and emission lines have been observed in these
and similar objects at both IR and millimeter wuvelengths, The list
of such detections has grown 0o large to discuss in this context.
Of great interest is observed S10 maser emission in a number of
these IR sources, Infrared measurements of vibrational transitions
between the levels of interest may answer some long standing
questions regarding the mechanisms for pumping these masers;

4) Molesular hydrogen emission has been detected in the
Orion region (Beckwith et al., 1978; Beck et al., 1979) and
observations of selected H2 lines at high spatial and spectral

resolution should reveal new information about %this complex region,

sk U
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Such measurements will ba possible for %ne Hz line at 12,24 miarons
when the system senaltivity is improved and will become possible for
Ha lines at 17,03 and 28.22 miorons when long waveleng®h infrared
mixers and TDL's beoome available,

5) Infrared measurements of some compao% HII regions reveal
large fluxes in the fine structure lines [ArIIX], [SIV], and (MelX]
at 8.99, 10,51 and 12,81 microns (willher, 1977), For a 3 meter
?rirtelescope aperture, estimates yeild brightness temperatures in
these lines as large as 300X, making bthem aStractive sources for
diode laser work, Low resolution observations of these lines have
also been made in planetary nebula (Altken et al., 1979) ana suggest
line brightnesses adequate for high resolution observations with

signal %o nolse ratios larger than «» 50.

7.3 Eutuce Directions in TDL Heterodvne Instrument Development

In order %o make diode laser heterodyne detection fully
competitive with (or superior to)‘the overall performances of gas
laser instruments, advances are necessary in the areas of TDL end
photomixer development as well as in the overall instrument design.

In order to successfully perform most of the obseprvations
above, it is essential to have TDL's with improved (i) power
output, (ii) mode purity, (iii) excess noise suppression, (iv)
tunability and (v) opera%ting temperature range. One additional
long-standinz proolem - that of device deterioration by slow contact
degradatinn - has been largely solved. This results in

substantially increased lifetime over devices of just a few years
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ngo., Items (ii) agd (1ii) are oloscly rolated since many of *he
diode noise properties are coupled to beat effes%s and switening
between competing froquency modss, The elimination of multi-moding
in stripe geomeiry lasers dlso greatly enhanoces single modge
tunability by restrioting operation to only the lowes% order
transveras mode, As a result, success in improving (ii) shoula also
largely eliminate problems associated with (iii) and (iv),

The HzCdTe IR phwtomixors incorporated into %he system have
been provided by D, Spears uf MIT Lincoln Labs (Spears, 1977).
These devices exhibi% high quantium efficiencies in shot-nolss
limited applications, but have besen optimized for use wikth 002 gas
laser heterodyne systems which routinely deliver 1mw to the
detector, Because of the inherently low power outputs of present
TDL's, detectors are required which are optimized for smaller local
oscillator powers, Such devices are just now becoming available
(Spears, 1981) and should improve the heterodyne cfficiency in cases
where the available DL power is split among several usable modes,

One major enginearing problem associated with *he spectrometer
has been the inability %o stabilize the diode laser frsquency over
reasonably long integration times, A related preblem is the
frequency uncertainty that arises when it'!'s necessary to extrapolate
the diode frequency away from precise reference gas line positions,
In practice, the frequency stability of the TDL should be less than
the single IF channel widih of 25 MHz over a period of 1~2 hours,
which is the maximum practical inﬁegraéion time for most sources,

Present commercially available temperature controllers employing a
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heater-sensor servo loop are not capable »f consistently satisfying
this requirement, particulurly when the diode tuning rate exceeds
» 2,0 om"’/K, Also, because of non-linearities in the diode tuning
rate ana because of thermal drift of the Ce etalon fringes, local
oscillator frequencies normally c¢annot be accurately extrapolated

more than v0.01 cm™

from a reference gas line, A reliable method
of predicting and holding the TDL output frequency to <0.001 cm"1 is
necessary for reliable ooservational work and long integration
times, Poultney et al. (1980) have achieved TDL frequency control

to w10'ucm"1, using reference gas features and a 0.01 c:m-1

air gap
etalon. The TDL frequency was determined relative to %he etalon
fringes using an interpolation scheme based on a TOL fm analysis of
the etalon fringe pattern. Another approach (Savage and Augeri,
1980) uses a servo-controlled Fabry-Perot etalon in whieh the
transmitted LO power is synchronously detected and used to fine tune
the TDL current controller, A number of other schemes employing
reference gas lines and/or variations of these methods might be
employed %o achieve the desired firequency precision and long-term
stability,

Another design problem results from the inefficiency introduced
by ¢he zinc selenide beamsplitter. In the present spectrometer
design, half of the useful signal and LO oscillater power is lost at
the beamsplitter because of its 50/50 reflection/transmission
characteristics. Two plausible schemes for recovering this lost
signal are: (i) introduction of a second HgCdTe de%ector, the

output of which is combined in the proper phase with the first
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datecter using a broad-oand IF eoupler, (ii) Replacement of “he
beamaplitter with an allepefleective beam combiner. This second
scheme has the potential of baing easy %o implement, and its

inolusion into the spectrometer optical train is presently being

considered,
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APPENDLIX A

AND H,0

TDL HETERODYNE DETECTION OF ATMOSPHERIC N20, CHq, 03 5

A number of sbservations of terrestrial features have been made
in solar occulation while testing the instrument at the NASA/GSFC ug"
reflecting telescope, near Greenbelt, MD, Figures 26 and 27 shaw
hetercayne detechion of atmespheric abscrption features measured in
the sweep integration mode. Filgure 26 shows P and R branch lines in
the 2v2 fundamental band of NZO' The features in Figure 27 belong he
the v, fundamental band of 2zone, based on %}ne identification
studies and pesiticn measurements by Goldman and Blatherwick (1980)
and Barbe et al, (1981), Each solar measurement was followed by a

reference line measurement using an 8,0 cell in front of a 1273 K

2
blackbedy, A calibrated etalon and a calibrated blackbedy continuum

spectrum (not shown) were measured for each line allowing

quantitative analysis of the line shape. Because tpe strong N
1

20

, the 0.1 ca”’

reference lines have separation la;ger than 0.5 em™
frequency calibration using the infrared monochromator makes it
possible to identify each feature and obtain its frequency using NEO
line peosition standards, A recent compilation of Nau absorption line
standards, accurate to < 10 MHz (Olsen et al,, 1981) has been used
for this purpose,

Both Nzo scans in Figure 26 were obtained in early June 1980 at
nearly the same air mass, However, a substantial amount of water
vapor was present on the day the R(19) line was obtained and

absorption in the wing »f a highly broadened H20 line centepred ah
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1187.0 cm'1 accounhts for hthe reauced solap continuum signal during

that measurement, The R(19) result was obtalned by stacking 3 scans,
each with a time constant of 1.25 sec for a hotal integration time
(t) of 3.75 seconds, Only a single scan with t = 1,25 sec was
required for the P(12) measurement because of the larger solar
eontinuum signal and lower TDL noise level,

Most of the neise in Figure 26 results from hthe cholce of
amplitudsz resolution used when storing the scan average in the signal
averager., The excess nelse, howaver, results from mode ccmpehition
in the dicde laser which produces large audile frequency fluctations,
In practice it is sometimes possible to adjust the diode current and
meunt temperature to move the interesting feature inte a region where
noise is not observed. For the P(12) line the double side-band SNR
for the line wing is as high as 200 for an IF bandwidth of 100 MHz,
integration time of 1.25 sec and blackbody temperature of 1273 K.

The expected SNR for an ideal system under these seme conditions is
about 16,000, making the measured system delta (&) about 80 in this
region of the scan. A delfa as low as 60 has been observed in the
single channel sweep mede, although not in close proximity to an
absorption feature in any of the subject gases used here,

Figure 28 shows atmospheric methane and ozcone cooserved in selar
abscrpticn after interfacing the spectrometer to the 6li-channel
spectral line receiver, The detection of CHu in (a) was confirmed by
heterodyning a cau cell in front of the reference blackbody
immediately after the atmospheric measurement., Line positicn

standards for methane (Reisfeld et al., 1973) were used to identify
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the feature, after frequency calibration to within & 0.1 cm"1 using a
mencchromator, The poor signal to nolse in this measurement results
from' both excess noise in the dicde mode and low atmospheric
kransmission (w25%) at bthis frequency, as given by the ratic of
cbserved solar signal to reference blackbeay signal, The CHN feakure
lies well within the wing of a highly abserbing 820 line at 1193.2
cm". This would acocount for the heavy abserphicn, since the

atmospheric temperature and relative hunldity were both hizh at hhe

time of measurement,

Absorpticn from H,0 at 1174.5 em™! alse limits the signal

cbserved in (b), This shows atmospheric 0. line identificaticns.that

3
were made using SO2 as a frequency standard. The LO frequencies fer

these measurements were determined by direct abserption using a 10 cm

cell filled with S torr of 502. By neting the LO current sehtings at

several 802 line centers and using line pesition data for the v1 band

of SO2 (Allaric et al,, 1975) the LO frequency cculd be feund by
interpolation. Based on SO, abunddnce estimates (Aikin, 1979), no
cbservable SO2 absorption is expected in the solar transmithance
spectrum, Beoth ¢f the features in (b) were identified as belenging
tn the v1 furdamental band of 03 using published czone line pesitions

by Barbe et al. (1981).
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APPENDIX B3
HETERODYNE MEASUREMENTS OF MARS AND VENUS

Observations of Mars and Venus using the 1DL hetercdyne
spectrometer were made during Nevember, 1980 at the coude focus 2f
the NASA 3-meter IR telescope at tfauna Kea, Hawaii., A phete of the
spectremeter in the 3-meter coude room is shown in Figure 29. The
beam of this telescope is approximately £/120, ylelding a 0.5
arcsec/mm field at the coude focus, The 3 micron "seeing” ab Mauna
Kea is about 1-2 arcsec under gcod conditions, and because of the
altitude (vU.3 km) the amount of precipital water vaper is very small
(typically 1-2 mm). Since H20 is the dominant absorber at the
frequencies of interest, this altitude is of great advantage for IR
eobservations,

The planetary measurements (Figure 30) were made using the
64-channel spectral line receiver and the LO was adjusted to cperate
using a single powerful Fabry-Perct mode, The mede frequency was
measured with the menochreomateor to be 1131.4 cm"1. Examination of
0.06 cm"1 resolution ground-based atmospheric transmitftance data by
Goldman and Blatherwick (1980) shows that this frequency lies behtween
terrestrial N0 features at 1180,9 and 1181.8 cm". No cther major
terrestrial' absecrption features exist near the observing frequency seo
nothing was expected Lo appear in the spectra, given the cbserved
sizgnal to noise ratio., The reference 1300 K blackbody measurement

was made prier to the planetary measurements and shows an operating

system A of « 45 near 400 tHz IF. The blackbody measurement is shown
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in Section 4,4, Figure 14, The synchronous detaction scneme invelved
the use of a wobbling seoondary with a w1 arcmin threw, in place of
the retating blade chopper. Either beam could be centered on the
planet with the other on the sky, This capability allows the
cancellation of systematic differences between the Lwe beams that are
comparable in size te the planetary signal.

The Mars result (top) consisted of 10 co-added intograticns at
disk center made by alternating beams, for a tetal integration time
of w6l minutes, The ars measurement was made during daylight hours
since ifars transit ccocurred at about 2 p.m. local time., This made
tracking a major problem since the high backzround light level made
fhe disk of Mars almost invisible in the visual field, Tracking
difficulties were not quite as severe for the Venus measurement,
because of the planehs higher visible albedo and the hizh solar
zenith angle at the time of measurement,

Adopting a disk center continuum temperature of 260 K for Mars
and 240 K for Venus, the computed fluxes of these sources when
raticed o the blackbedy should be 3.1 x 1073 and 1.8 x 1073,
respectively., The Venus continuum signal of 0.64 x 10'3 then,
suggests a total transmittance fer atmesphere and telescope of w0.4.
Compared to Venus, the ratic Mars/BB should have been w1,2 x 1073,
The observed value of 0.8 x 10"3 is presumably the result of guiding
difficulties, The integraticon htime for Mars was only about nalf that
fer Venus, which acocunts for the peorer signal te neise observed in

the Mars measurement,
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APPENDIX C:
HETERODYNE MEASUREMENTS OF THE INFRARED OBJECT IRC+10216

Measurcments of IRC+10216 were also made at rauna Kea during
January 1981, As Figure 31 shows, those measurements were made ~n
January 14 and 15 using dicde laser mecdes akh 1219.30 and 1227.12
om". These frequencies were eshaplished by first ccarse calibrating
using the monochrcmater, and tnen offsettinz from N20 reference lines

at 1219.260 and 1227.099 cm™

+ A 1300K reference blackbedy was used
for these measurements,

As with the planetary run, successive measurements cn hhe scurce
were made by alternating beams from the webbling secendary te remeve
thermal backzround offsets that exist betiween the twe beams. In
crder to successfully track and remain centered cn the source, the
brightest part of which is confined te a regien less than «»1 arosec,
the instrument was pericdically used as a breoadband detecter by
spiralling the telesccpe over a 1-% arcsec fleld, while sensing for a
peak in the synohrcncusly detected direct signal frem the source,
This procedure was repeated after each pair of scurce integraticns (w»
cnce every 10 minutes) and was necessary te ccrreet for slew drifts
in telescepe peinting.

One motivation fer making these measurements was the pessibilitny
of detecting SLO absorpticn in this scurce, Fer this reasen the
choice of LO frequencies was restricted to clese ceoincidence with
expected positicns of low J, v = 1~0 and v = 2-1 lines in the scurce.

The mcde used on January 14 exhibited excessive amounts of excess
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neise at high IF, cauéing a steep roll-off in the IR response,
Ideally any IF respense characteristics will disappear in the ratic
spectra, During the time intervals between source, mesn and BB
reference measurements, however, small changes in LO perfermance
oceurred, Becauss of the low signal levels beinz detected, these
changes intrecduced large ancmalies in the ratic spectra, Fer this
dicde laser medée the general IF noise level showed time variability
as exhibitea in beth moon ealibrakticn runs and in several sky versus
sky ccmparisons,

The Jaruary 15 daka appear ccnsiderably better, partly because
the TDL mé&e in this case was well behaved, and partly pecause cf
impreved seeing - an impeortant requirement for observaticons of point
scurces. The hetercdyne calibraticn measurements were made by
placine e beam of the webbling secendary on the lunar limb, Since
the lunar phase was near first quarter, hLhe subsclar peint was alse
near the limb and the lunar centinuum temperature was expected fe be
abcut 390K. This would yield a mcén/BB ratic of 0,032, The measured
ratic ¢f « 0,012 - 0,015 suggest an atmesphere - telescope
transmissicn facter of abcut 0.4, in agreement with the Nevemoer,
1980 results, The ratio IRC+10216/mcon was measured te be w 0,20.
This result is nct inconsistent with a value for IRC+10216/mocn of
0.38 measured by Kestiuk and cowcrkers (1981) with the Geddard 10
micreon 002 hetercdyne spectrcometer at Kitt Peak (Kestiuk, 1981). The
meen was full at the time of these measurements (January 2, 1980) and

because of the lower temperature at the lunar limb, larger values of

the star/meen flux ratic would oe expected, The dicde laser
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measurement. sugzests an 8 micrsn brightness hemperature 2f 290K fer

IRC+10216,
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APPENDIX D:
DETAILS OF THE VOIGT PROFILE DOUBLE~SIDEBAND FITTING ROUTINE

The spectral line receiver produces a felaea deuble sideband
spectrun which ccemplicates any analysis of an abscrpticn feature in
one cof the sidebands, For Lwo special cases the unfolding preocess in
simplified: If an isclahed narrew feature is cbserved cenhtered at
scme distance cut in the If, e.g., a doppler-broadened line at > SAvD
frem the lccal gseillater frequency, then the effech of felding is e
dcuble the centinuum intensity relative te the line depth and reduce
the contrast in the, Line by a factor of 2., The single sideband
lineshape (oc-%)mc can tnen be retrieved by deubling to get
2(¢O-¢U)/¢c. The cther special case arises when the local ¢scillater
is placed exactly at the line center positicn., Then, Per a symmetric
line, the folding of each half of the line arsund the LO pesitien
deubles the line ccntrast se the measured (oc-¢v)/¢c is the single
sideoand value. ‘

In all cther cases, either because of excessive brepadening or
clcse proximity of the line center tc the LO pesition, felding of the
line wing in the cppesite sideband causes a distepticon 2of the line
shape and a visibility intermediate to that of khne twe special cases
abeve. This is cften the case witn the cbserved Si0 features,

In crder te recover the line shape and extract reliable values
for the widths, equivalent widths and residual line intensities, a
computer program was writﬁen which felds a Veigh function about scme

selected point and coverlays htne felded curve cn khe cbserved
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double~-sideband feature. Figure 32 and tne follcwing discussicn
illustrate the details <f the fclding and fitting prrcess,
Letting % and @(vo) be the continuum and line center

SsSD

intensities, the single sideband intensity ¢(Av) at a point in an

absorpticn line a distance av frem line center is

Do(avy = 0« (o - "Po(v )1 [H(a,v)/H(a,0)] (D1)

In Equatien D1, H(a,v) is the Veigt functicn, with the custemary

definitions for a and v.

a = y/AvD = ratic of ccllisiconal brcadening

to deppler broadening

Here AvD is the decppler half-width fer the abscrpticn line. Since a

is dimensicnless, y has the units of AvD and represents the

ccllisicnal breadening contributier, Alse, letting Vg be the line

center frequency

v = Av/AvD z (v = vc)/AvD (L2)

A3 usual, v is the independent variable which givet the distance from
line center Av, in units of the deppler width, Of ccurse v = 0 when

vE V. Placing H(2,0) in the dencminator of Equaticn D1 ncrmalizes

the height of the Veigt functicn at line center fte (¢c - SSD¢(v0)) s¢

that 58b¢(Av=c) s SSb»(v’_) as required., 'The decuble sideband
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intensity at an intermediate frequency v

32 this 6an be written

ssb

[2]

| o)

e}
~

¢(vIF) = 1/2 [ ¢(VIF -V

where

’

ssb sb

8
¥V E Vo) = 4, -

In Equaticn D3 we have defined

RS
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is the average of the

IF
single-sideband values at (chF + vIF) and (VQIF - Vrp

). Frem Pigure

(v3)

O(Vorp) H'(avy)

Hi(a,vi) = H(a,vt)/H(a,O)

I+

Simplifying, Equaticn D3 beccmes

e

Yy = (Vop ® vopp

)/AvD
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O(Vie) = 0 = 172 (o = *Fa(v ) [H'(a,v]) + Hi(a,v) (b4)

It is also important te menticn the “reatment of the deppler
term avp in this analysis, For a mclecule ¢f mass M (in amu) at

temperature T, the thermal doppler (1/e) width for absorpticn (eor

emission) at frequency Vot hereafter called Avrh’ is

B, = (2K UMny ) Yo ' (D5)

[ 4

with k = Beltzmann's constant and M mH the molecular weignt (14 mH=uu

for Si0), For sunspet temperatures (T = 3500-4000 K) Av n foer 810 is

t
rather well defined, and lies between ,0038 anad ,0041 en™! The

effect of microturbulence brecadening is taken into acecunt by adding

an assumed micrcturbulent velccity EM in quadrature tc the thermal

deppler velccity to obtain an effective deppler width AvD. The total
particle veleccity §D is related to AvD by
Avy = ;Dvc/c (D6)

and can be expressed as the sum of the thermal part (gth) and the

miercturbulence contribution (CM) by

) 2 2, 1/2

Rt e
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2

3ince ;th =-(c/vc)2Av th ! Equatien D7 becemes

£ 2‘1/2

bn "t By ) (D)

2,2
AvD = vc/c [(c/vo) Av

Frem Equation D6, the thermal ferm in brackets is only a functicn cof
temperature, Since Sb is usually given in km/sec, the first term can

|
be expressed in (km/sec)2 so that for Si0, Equaticn D8 beceomes

172

5 rd -4 2 i
by = (10 vc/c) [3.76 x 10777 &4 By ] (D9)

The precedure used in fithting }he cbserved lines was tc adjust Vorr!

SSbe(vom), ¢c, a and 5M until geed agreement was cbtained between
the cbsérvaticns and the folded Veigt lineshape (Egquatien DY), whicn
is overlaid with the data, The line width and equivalent width could

then be extracted frem the unfclded line shape.
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APPENDIAL E:

EFFECTS OF SCATTERED PHOTOSPHERIC LIGHT ON MEASURED LINE SHAPES

For cobservations of small spets cor in cases where the hetercdyne
field of view deces nect reside in the spet umbra for the entire
integraticn pericd, seme dailuticn of the umbral spectrum ccecurs
because of gontaminaticn by surrounding photeospheric light, This
situation is equivalent to a filling factor preblem where the scurce
size is smaller than the field of view, For a beam area of unit size
with a fractien A of the beam filled by the spet, the measured umbral

intensity I'(v) will be
I'(v) = A I(v) + (1-A) Iph (E1)

Here I(v) is the cerrespending intensity for Az1, (i.e., when the
umbra ccmpletely Fills the beam). The measured quantity (d'v) is the
ratic of spot to adjacent photosphere intensity I'(v)/Iph sc that
most useful ferm of Equaticn E1 is obtained by dividing each term by
Iph te get

$'(v) = A ¢{v) + (1=4) (E2)
Likewise for the ccntinuum measurement

¢'c = A ¢c = (1-4) (E3)

LS L =
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For each measurement, the effective fllling facter A can be deduced
frem the measured centinuum ¢'c after a suitable value for the "tpue"
relative umbral intensity ¢c has besn determined, Rearranging

Equaticn E3 gives
A= (1-@'0)/(1-¢c) (£4)

Fer each measurement it is then possible to get an upper limit D(v)

te the line depth D'(v) at any point ¢n the line, Since
Dr(v) = (9" = o8(v))/e" = /4" (o ~0(V))
solving for D(v) gives
D(v) = (¢c - 0(v))/e, = (8 /o A) D' (V) (E5)

The equivalent width W' can be adjusted in a similar way. From the

definiticn »f equivalent width,

W I, = g (1c - I(v)) dv (E6)

[

Line

Dividing first by Ic and then by Iph’ Equaticn E6 beccmes

W= j (1-q:(n))/\pc dv = J‘ D(v) dv (ET)

Line Line
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Frem Equation ES, this is equivalent e

W= (¢'c/¢cA) jﬁb‘(v) dv
Line

W= (90 /0 A) W (E®)

Equaticns E5 and E8 allow the measured line intensities tc be

adjusted, cnce a suitable value fer umbral intensity b, is assumed,
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