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ABSTRACT

This thesis consists of two distinct parts, an observational section
concerned with the variebility of OH/IR stars, and an instrumental sec-
tion describing the development and calibration of a 1 mm detecting
systen.

In the first part systematic observations are presented for 1L OH/IR
stars. Many of the sources show clear periodic variations between 1 and
10y and at 1612 MHz with no observable phase difference between the in-
frared and microwave. The best explanation for this correlation seems
to be that the OH masers are radiatively pumped. In at least two sources
the 1665/1667-MHz variations are significantly greater and more random
than the 1612-MHz variations. The data are not of sufficient quality to
determine if the 1665/1667-MHz and infrared variations are correlated.

No evidence is seen in the infrared for periodic variations of the color
temperatures of the circumstellar dust shells which are believed to sur-
round many of these stars. For the Mira stars observed, a correlation
exists between the period of variation, the amplitude of variation at
2.2y, the [3.5u] - [10u] color index, the separation in velocity of the
two OH emission features, and the existence of 1.35 cm H20 emission.

The 1 mm detecting system described in the second part of this thesis
utilizes a germanium bolometer as the detecting element., Various filter
materials -=- glass fiber impregnated teflon, black polyethylene, a wire
mesh in reflection, the atmosphere, and diffraction effects ~~ combine
to limit the bandwidth of the system to the approximate range of 0.8 mm
to 2 mm. A dual beam chopper is employed with a beam separation of 2.3

arcminutes and a half-power beamwidth of 1.7 arcminutes. The absolute
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and relative calibrations of the system are based on assumed planetary
brightness temperatures. The sensitivity of the calibration to chaﬁges
in atmospheric conditions and to differences in source spectra is in-
vestigated, and the sample calibration of several observations is

described for illustration.
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PART I

INFRARED AND MICROWAVE VARIABILITY OF OH/IR STARS



I, INTRODUCTION

Microwave emission from OH molecules in astronomical objects was
first detected in 1965 from sources associated with H II regions
(Gunderman 1965; Weaver, Willieams, and Dieter 1965). Measurements of
the angular sizes of the emitting regions (Rogers et al. 1967) implied
brightness temperatures far in excess of any physical temperature
associated with the sources and suggested that some kind of maser
mechanism wgs probably responsible for the radiation. Since that time
many other OH microwave emission sources have been found which also
eppear to be masers. Sources with particular microwave characteristics
appear to be associated with particular types of astronomical objects,
H II regions, supernova remnants, and infrared stars. In order to
understand more about the OH masers associated with infrared stars, and
more about the stars themselves, a program was initiated in the fall of
1969 to study the time variationé in the microwave and infrared lumi-
nosities of these objects. This is the principal subject of part I of
this thesis. The program has been & joint effort between the author,
who has made most of the infrared measurements, and Kenneth P, Bechis,
who has made most of the microwave measurements,

In the remaining part of this chapter the previously known proper-
ties and theories of the OH/infrared star sources will be reviewed., The
preliminary analysis and interpretation of the microwave and infrared
variability have been performed by the author and are described briefly
in Chapter II which is a summary of the results of this study of vari-

ability. Appendix A of part I of this thesis is a separate paper which



will be submitted for publication and is co-authored by K. Bechis,

W. Wilson, and J. Ball. The paper contains brief descriptions of the
observational techniques and data analysis and the entire discussion and
interpretation of the data. The appendix to the paper contains the
observations ;nd the results of statistical analyses of the observations.
Appendix B of part I of this thesis is a detailed description of the
infrared equipment and observational procedures, and Appendix C describes
the computer programs used in the data analysis.

The sources which were observed in this study of variability are
listed in Table 1. A typical microwave spectrum is shown in Figure 1.
One property which appears to be common to all the OH/IR stellar sources
is that the positions of the OH source and the associated infrared star
always coincide within the accuracy of the measurements which in some
cases is better than *5 arcsec (Hyland et al. 1972). All of these
sources emit microwave line radiation at either 1612, 1665, 1667 Miz or
some combination of the three. Emission is not observed at 1720 MHz,
the fourth possible transition in the hyperfine split, lamda-doubled
ground state of the OH molecule. There is also no observable 18 cm
wavelength continuum flux from these emitters. The sources which are
variable are associated with oxygen rich, Mira type or semi-regular
long period variable stars. The two sources, NML Cyg and VY CMa, which
may not be periodic variables are associated with oxygen rich late M
type supergisnt stars (Hyland et al. 1972).

The microwave emission is usually observed at two nearby frequen-

cies which, if taken as a separation in velocity of two emitting regions,



TABLE 1

SOURCES OBSERVED

Name IRct v - OH Emission (MHz) | References

CIT-3 +10011 | 1612, 1667 2,6
+50137 | 1612, 1667* 2,6

U Ori +20127 | 1665, 1667 7

VY CMA -30087 | 1612, 1665, 1667 2,3,9
-20197 | 1612, 1667* 2,6

W Hya ~-30207 | 1665, 1667 7

S CrB +30272 1612*, 1665, 1667 T

U Her +20298 | 1665, 1667 T

VX Sgr | -20431 | 1612, 1665 , 1667 2.14,5

R Aql +10L06 | 1612, 1667 2,6
=20540 | 1612, 1667* 2.5

RR Aql o0oLks8 | 1612, 1665*, 1667* 2,5
=10529 | 1612, 1665*, 1667* 2,5

NML Cyg | +LoLL8 | 1612, 1665, 1667, 6035* 2,6,8

(1) Neugebauer and Leighton (1969)

(2) Hyland et al. (1972)

(3) Robinson, Caswell, and Goss (1970)
(4) Robinson, Caswell, and Dickel (1971)

(5) Wilson (1970)

(6) Wilson, Barrett, and Moran (1970)
(7) Wilson et al. (1972)

(8) Zuckermann et al. (1972)

(9) Eliasson and Bartlett (1969)

No observations
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imply velocity differences of 5 to 60 km s™1, When optical absorption
lines have been observed, generally the numerically greater OH velocity
(receding) coincides closely with the velocity of the optical lines
vhich are believed to indicate the stellar velocity (Wilson, Barrett,
and Moran 1970; Wallerstein 1971).

In the infrared between 5 and 20u many of the stars show excess
radiation over that which would be expected from their color tempera-
tures at shorter wavelengths. This has generally been taken as implying
the existence of & dust shell around the star which absorbs some of the
1 to 3p radiation of the star, is heated to about 600°K, and reradiates
the energy between 5 and 20y, There is evidence that many of these
stars are relatively old and evolved and therefore are less likely to
have circumstellar shells left over from their formation (Hyland et al.
1972). -In addition, there is evidence from optical spectra that many
late type stars are losing mass (Deutsch 1960; Wallerstein 1971).
Therefore, it is likely that the dust shells around these stars form
from mass which is lost from the stars (Hyland et al. 1972; Gehrz and
Woolf 1971).

There is a definite tendency for the stars with large excess infra-
red radiation at the longer wavelengths to have the 1612-MHz OH emission
stronger than the 1665/1667-MHz emission and to have a greater separa-
tion in velocity between the two microwave features. There is also an
indication that all the sources may exhibit a considerably narrower
range in intrinsic luminosities at 1665/1667 MHz than at 1612 MHz
(Wilson et al. 1972).

Only one source, NML Cyg, has been interferometrically mapped and



only in its 1612-MHz emission (Davies, Masheder, and Booth 1972). The
emission at different velocities comes from many distinct points which
are typically separated by 0.1l to 1.0 arcsec. This corresponds to a
physical separation of about 1015 to 1016 cm at a distance of 500 pc
which has been derived from considerations of interstellar reddening
(Johnson 1968). The characteristic size of the emitting regions is
about 0.08 arcsec (Wilson, Barrett, and Moran 1970).

In the visual part of the spectrum a vast quantity of data exists
on Mira variasbles but there is still no detailed picture of what causes
the variations or even what happens during the variations. The obser-
vations are consistent with a model in which the star pulsates in size
with the surface temperature varying by 400 to 800°K as an inverse
function of the sizé. In this model maximum visual light (0.4 to
0.Tu), which is highly dependent on molecular absorbers, occurs about
the same time as minimum size, while maximum luminosity occurs about
0.1 period later (Pettit and Nicholson 1933). Variations in the radial
velocity of optical emission lines of up to about 5 km s™! occur during
the cycle of variation. Changes in the character of the spectrum are
also observed., Basically the absorption spectrum appears cooler as the
star becomes fainter, but spectral changes only approximately follow
the light variations, Somewhat before maximum light, emission lines are
seen which remain until close to minimum light and which appear to have
a negative (approaching) radial velocity relative to the absorption
lines (Merrill 1960). It has been suggested by Merrill and Deutsch
(1959) and Fujita (1970) that these originate in material near a shock

wave which starts deep in the star and slowly propagates outward. At



maximum light, when the proposed shock wave reaches the photosphere of
the star where the absorption lines originate, the shock may slowly
~dissipate, although emission lines may still be excited as the shock
moves out through optically thin parts of the atmosphere (Frogel 1971).

The physicsl processes related to the occurrence of and properties
of the maser emission from these stars are not well understood. Previous
investigators have made suggestions as to the nature of the sources based
on' the available theory and observations, and these will now be summa-
rized,

Before any of the OH/IR sources were discovered, Litvak (1969)
described a theory of near infrared, 2.8u, pumping of OH masers which
predicted 1612-MHz emiséion. Wilson, Barrett, and Moran (1970) subse-
quently observed such emission from several infrared stars and found
that, to some extent, they could interpret their observations in terms
of Litvak's model with reasonable assumptions of the unknown parameters.
More recently, however, Wilson et al. (1972) noted that the existence of
sources with 1665/1667-MHz emission stronger than any 1612-MHz emission
is not readily predicted by Litvak's model. In addition, Litvak and
Dickinson (1972) have found that the near infrared pumping model is
quite sensitive to the strengths of the near infrared transitions which
are not well known. Therefore, although there is some agreement between
the observations and the 2.8u pumping model, it is by no means certain
that these sources are described completely by that model.

In order to explain the occurrence of 1665/1667-MHz emission along
with 1612-MHz emission in terms of Litvak's (1969) model, Wilson, Barrett,

and Morean (1970) had to assume kinetic temperatures larger then those



implied by the maser linewidths. They assumed, therefore, that some
line-narrowing had probably occurred and concluded from the work of
Litvak (1970) that the masers were not completely saturated. Goldreich
and Kwan (1973, private communication) have recently shown, however,
that in some cases line-narrowing mey occur in fully saturated astro-
physical masers. Furthermore, Wilson, Barrett, and Moran (1970) found
that other characteristics of these masers, principally the polarization
properties, suggested that the masers are saturated. In summary, the
question of saturation is not well resolved, but it appears more likely
that the masers are saturated than unsaturated.

Several models have been suggested to explain the occurrence of
emission from these sources in two restricted velocity ranges; none,
however, is completely free of problems. Wilson and Barrett (1972)
ruled out rotating gas cloud models on the basis of stability and ruled
out contracting models on the basis of insufficient path length to ex-
plain the observations in terms of Litvak's pumping model., In addition,
the infrared and visual observations mentioned previously suggest that
these stars are losing mass and may have expanding gas shells surrounding
them. Wilson and Barrett (1972), therefore, suggested a shock front
model. In this model there is a shock front located far from the star
with repidly expanding gas on the side nearest the star and gas station-
ary with respect to the star on the other side. Woolf (1972), on the
other hand, has proposed an expanding model where the emission arises
from material in the line of sight to the star and from material 90°
away with respect to the star which has only a tangential component of

velocity. He suggests that these two components of the expanding
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circumstellar gas cloud would be the only two with both large path
length and no significant velocity gradient. This type of model waé
also invoked by Davies, Masheder, and Booth (1972) to explain their
observations of NML Cyg. There is no strong evidence from other
observations to support either model in particuler and, therefore, the
geometry of these sources, as well as the pumping and saturation, are

still open to question.
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II. SUMMARY OF RESULTS

The aim of the joint study of variability described here has been
to obtain monthly measurements of the microwave spectra and infrared
fluxes of ten 1612-MHz sources and more recently of several 1665/1667-MHZ
sources. The microwave data have been characterized by the following
five quantities: +the pesk flux densities of both the low and high
velocity emission features, the integrated flux in both features, and
the total integrated flux. The infrared fluxes have been measured in
six wavelength bands centered around 1.2, 1.6, 2.2, 3.5, 4.8, and 10u
and are plotted in magnitudes (-2.5 Log Fy + CA) in Appendix A of part I
of this thesis along with the microwave data.

It is clear from Appendix A that the microwave and infrared varie
ations of many of these sources are roughly periodic. ©Sine waves have
been fit to the 1612-MHz and infrared variations with all parameters of
the sine wave determined by the fitting and also with the period fixed
to that of the 2.2y variations. In all of the 1612-MHz sources both
the period and phase of the microwave variations are identical to those
of the infrared veriations within the error limits of the data. These
limits generally imply an upper limit to the phase differences of about
60 days. Correlation coefficients between the microwave and infrared
variations were also computed and these confirm the apparent correlation
between the 1612-MHz and infrared variations. The correlations are less
clear in the weakest microwave sources, but within the errors the data
are consistent with the microwave and infrared variations being corre-

lated as for the other sources.
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Two sources have not shown obvious periodic variations in either
their 1612-MHz or infrared fluxes. VY CMa has remained constant in 5oth
wavelength regions while NML Cyg has shown only small but significant
long term correlated variations in its 1612-MHz and infrared fluxes.,

Both sources, therefore, also exhibit correlations similar to those of
the periodic variables.

The behavior of the 1665/1667-MHz emitters is not clear because the
sources associated with periodic varieble stars are weak; the only strong
sources are associated with VY CMa and NML Cyg. Sine wave fits and
correlation coefficients indicate a possible, but not definite, correla-
tion between the microwave and infrared variations of most of the sources:
Because of the short time coverage, however, and larger relative errors
for these weak microwave sources, it is impossible to draw definite con-
clusions. It is certain, however, that the 1665/1667-MHz variations of
VY CMa and NML Cyg are significantly larger and more random than either
the infrared or 1612-MHz variationms.

A by-product of this study has been the determination of the periods
of several optically faint Mira type variable stars with large 10u/3.5u
flux ratios and therefore probably with relatively thick circumstellar
dust shells. In Figure 2 the periods of variation of all the periodic
variable stars observed in this study are plotted along with: (1) the
amplitudes of variation at 2.2u, (2) the [3.5u] = [10u] color indices,
and (3) the separations in velocity between the two OH microweve emission
features. Hyland et al. (1972) noted a tendency for longer period stars
to have larger amplitudes and larger [0.8u] - [2.2u] color indices, and

Wilson et al. (1972) found that the stars with larger [3.5u] - [10u]
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color indices had larger separations in velocity between the microwave
emission features., In fact, it is clear from Figure 2 that all fouf
quantities are correlated with each other. The interpretation of these
relationéhips in terms of cause and effect is not clear, but it is
certain that the longer period stars have larger amplitudes of variation.
The larger amplitudes may be accompanied by greater mechanical activity
leading to more mass loss and higher velocities of expulsion of the gas,
or the longer period stars may have intrinsically greater luminosities
driving more mass loss and greater velocities of expulsion.

The two most important results of this study are the findings of a
correlation between the 1612-MHz and the infrared variations, and the
lack of a phase lag between the two for all the sources observed.

Other results which bear on the conclusions are: (1) there are no
periodic or monotonic variations in velocity of the microwave emission
features grester than 0.4 km s™1, (2) there are no systematic or periodic
variations in the shape of the 1612-MHz spectra, although there are
occasional random changes, (3) the 1612-MHz flux of one source, VY CMa,
has remained constant for over three years, and (4) the 1612-MHz fluxes
of the periodic variable stars are roughly repeatable,.

The conclusions of this study are based on the premise that in all
the sources the physical separation between the OH maser and the star is
too large for any mass motion or pressure wave to travel from the star
to the OH cloud without an observable phase lag. With this premise the
1612-MHz/infrared correlation must be due to some radiative coupling
mechanism between the stars and the masering OH clouds. Three points

suggest that the OH is at least 3 x 10% cm avay from the stars. First
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assuming a distance to NML Cyg of 500 pc, which is probably accurate to
within a factor of 3, Davies, Masheder, and Booth (1972) have shown from
VLBI measurements that the typical separation of OH maser emitting points
in NML Cyg is sbout 10!® cm., Therefore, the masering OH clouds are on
the order of 10!® cm from the star. Secondly, as Wilson (1970) noted,
because no variation is seen in the velocity of the OH maser lines,
although variations are seen in the velocity of optical spectral lines,
the OH is probably mechanically decoupled from the star., Therefore, the
OH is probably at least several stellar radii or a few x 10!* cm distant
from the stars. Thirdly, Litvak (1969) has noted that far infrared
resonance fluorescence, which is probably necessary in the maser pump to
select particular hyperfine states, is quenched at densities greater than
about 108¢cm™3, These densities are at least 103 lower than typical stellar
photospheric densities also suggesting that the OH must be at least sev-
eral stellar radii away from the stars. An upper limit to the velocity
of mass motion seems to be asbout 50 km s~! which is the separation in
velocity of the microwave or optical spectral lines; the velocity of
sound in the circumstellar medium is probably even smeller, only a few
km s~! (Wilson 1970). Therefore, the minimum phase lag for mass motion
or pressure waves to travel from the star to the OH cloud is

(3 x 109 km)/(50 km s~1) or two years.

Possible radiative coupling mechanisms which might cause the
correlated variations are: (1) the stellar light may be able to affect
the creation or destruction of OH molecules in the maser region, or
(2) the maser may be amplifying the variable 1612-MHz continuum radiation

directly from the star, or (3) the varying stellar radiation may be able
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to affect the collision rate populeting or de-populating the inversion
by changing the temperature in the masering region, or (4) the masers

may be radiatively pumped by the infrared radiation from the star and/or
dust shell., The first suggestion can be ruled out because the minimum
energy necessary to affect the electronic configuration of OH corresponds
to radiation of wavelength 0.lLp where these infrared stars emit very
little energy. The second suggestion is also unlikely for two reasons.,
If the maser were amplifying the background stellear radistion, emission
would only be seen in the line of sight to the star, contrary to the
findings of Davies, Masheder, and Booth (1972) for NML Cyg. Secondly,
if the masers are saturated, as seems likely, the maser output would not
depend on the input intensity unless the maser beaming were variable., It
is also unlikely that the microwave variations are due to a varying tem-
perature in the maser medium although this possibility cannot definitely
be ruled out. In a few x 108 seconds, the upper limit to the phase lag
between the infrared and 1612-MHz variations, the circumstellar gaé ten~
perature can probably vary only asbout 0.1 to 1 percent. If the masers
were sensitive to such small temperature variations, then random vari-
ations in the kinetic temperature of the maser medium would lead to large
random variations in the maser output which are not seen.

The explanation for the 1612-MHz/infrared correlations which is most
consistent with the observations is that the masers are pumped by the
stellar infrared rediation. Hyland et al. (1972) showed that, assuming
isotropic microwave and infrared emission and equal fractional line
widths, the number of photons emitted from most of the OH/IR stars at

2.8 and 35y is comparable to or exceeds the number of 1612-MHz photons,
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and therefore infrared radiative pumping is at least energetically
possible. This conclusion is not significantly changed by the present
observations; the ratios of infrared to 1612-MHz photons do not vary by
more than a factor of 2 to 3 during the cycles of variation. The most’
likely infrared pump trensitions are at those wavelengths where the ratio
of infrared to 1612-MHz photons is greater than 1. Assuming a reasonable
extrapolation of the energy distribﬁtions, this occurs for most of the
sources between about 2 and 4Ou, Since the only allowed transitions

from the ground state of the OH molecule in this range involve 2.8 or 35u
radiation, these are probably the most likely pump wavelengths.,

As was noted earlier, it seems probable that these masers are
saturated. ©Small random changes in the population inversion in the maser
are likely because of turbulence and, if the masers were unsaturated,
these changes in the population inversion would exponentially affect the
output. This would lead to large random changes in the maser emission
which are not observed.

If the masers are saturated, then the microwave output should be
linearly proportional to the pump rate. In many cases, however, the
infrared variations are significantly larger than the microwave vari-
ations, and in one case, R Agl, the infrared variations are smaller than
the microwave. Therefore, the pump rate is probably not strictly
proportional to the infrared photon rate, possibly because of collisionsal
pumping, non-linearities in the radiative processes due to stimulated
emission, or a color dependence of the pumping mechanism because of the
existence of more than one pump wavelength.

It was noted in Chapter I that only one theory exists at present
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for the pumping of these masers, that of Litvak (1969) and Litvak and
Dickinson (1972). The existence of a correlation between the infrared
and microwave variations is consistent with virtually any radiative
pumping model and is therefore consistent with Litvak and Dickinson's
model as they have stated. Except for the possible wavelength limits
on the pumping transitions of 2 to 40u suggested earlier, however, there
is no clear evidence for any particular radiative pumping scheme,
In summary, the main observational results of this study are:
(1) A good correlation exists between the period of variation,
amplitude of variation in the infrared, [3.5u] - [10u]
color index, and velocity separation of the two microwave
emission features for the Mira type variable stars ob-
served.
(2) The 1612-MHz and infrared flux variations in the sources
observed are correlated and in phase within the errors.
The most important conclusions of this study are:
(1) The best explanation for the correlated microwave and
infrared variations is that the masers are radiatively
pumped.

(2) The masers are probably saturated.
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ABSTRACT

The OH microwave and infrared veriebility of 14 OH/IR stars have
been studied. Many of the sources show clear periodic flux variations
between 1 and 10u and in the 1612-MHz OH lines with no observable phasé
difference between the infrared and microwave. The best explanation for
this correlation seems to be that the OH masers are radiatively pumped.
In at least two sources the 1665- and 1667-MHz variations are signifi-
cantly greater and more random than in the 1612-MHz sources. The data
are not of sufficient quality to determine if the 1665/1667-MHz and in-
frared variations are significantly correlated. A correlation exists
between the period of variation, the amplitude of variation at 2.2y,
the [3.5u)] - [10u] color index, the separation in velocity of the two
OH emission features, and the existence of 1.35 cm H,0 emission in the
Mira type stars observed. No evidence is seen in the infrared for
periodic variations of the color.temperatures of the circumstellar dust

shells which are believed to surround many of these stars.
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I. INTRODUCTION

The class of OH microwave emission sources associated with infrared
stars was first studied in detail by Wilson, Barrett, and Moran (1970).
Since then there have been several microwave and infrared studies of
these and other similar objects (Hyland et al. 1972; Wilson and Barrett
1972; and Wilson et al. 1972). The properties of these sources delin-
eated in the previous studies can be summarized as follows. The stars
with which the OH sources are associated are irregular supergiant vari-
ables or are Mira type long period variables with regular variations of
periods of one to two years. All appear to be oxygen rich stars with
surface temperatures of 1800 to 2800°K. Most are believed to be evolved
stars undergoing mass loss and surrounded by 600 to 800°K dust shells.
These shells presumably absorb near infrared stellar radiation and emit
strongly between 3 and 20p. The OH emission typically occurs in two
velocity ranges separated by 5 to 50 km s~l, There is a tendency for
those sources with the thickest dust shells to have 1612-MHz emission
stronger than any 1665~ or 1667-MHz emission, and conversely. The OH
emission is typically weakly polarized if at all, and there is no de-’
tectable radio continuum or 1720-MHz emission.

The above studies have included some mention of the variability of
the sources, and on the basig of four OH microwave measurements Wilson
(1970) suggested a possible correlation between the 1612-MHz OH and
infrared flux variations of IRC+1001l. No detailed investigation of the
variability has been reported, however. Such a study is especially im-

portant for the stellar OH/IR sources because the OH masers are apparently
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coincident with known varisble stars which are probably the best under-
stood of any type of object with which OH masers are associated.

In this paper we report results of a study initiated in the fall of
1969. The aim of this program was to measure monthly the microwave
spectra at 1612 MHz and the broadband infrared fluxes at six wavelengths
for ten OH/IR sources. These observations represent the first conclusive
evidence for well-defined, periodic variations in the flux from any type
of OH microwave emitter. Following the discovery of OH/IR stars that
emit mainly at 1665 and/or 1667 MHz (see e.g. Wilson et al, 1972), the
program was expanded to include four of these sources, as well as the
1665/1667-MHz emission of three of the 1612-MHz sources. These data are
not nearly as extensive as those on the 1612-MHz sources, but they are

interesting enough to warrant inclusion in this study.
II, INSTRUMENTATION

A. Microwave Equipment and Technigues

Nearly all the OH spectral line measurements were made by KPB with
the Harvard College Observatory--Smithsonian Astrophysical Observatory
8h~foot radio telescope at Agassiz Station, in Harvard, Massachusetts.
In a Cassegrainian configuration the half-power beamwidth of the antenna
at 18 cm wavelength is approximately 30', and the pointing accuracy is
approximately + 3'. The receiver contained an uncooled non-degenerate
parametric amplifier. Signal processing was done with a 50-filter
spectral line radiometer, end the resolution was usually 1.5 or 5 KHz
(0.3 or 1.0 xm s™1). Over the three years of the observations, the

total system noise temperature of the receiver varied from about 150°K
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to about 250°K. This slow change has been taken into account in all the
measurements and calibrations. The two senses of circular polarization
were observed separately and later summed to give Stokes parameter So’
the total unpolarized flux.

Flux calibrations were done mainly using 3C2T4 (Virgo A) and
occasionally Cas A, It was assumed that the calibration sources and the
OH emission sources are all small compared to the beamwidth. The flux
density of 3C2Thk was taken to be So=180.5 f.u., at 1612 MHz (1 f,u, =
10726 wm™2Hz~1), The Cas A flux density was calculated from the for-
mila suggested by Allen (1967): S_ = 6500(v/0,4)70+785 £,u, for v in
GHz for the epoch 196L4.L4, and a secular decrease of 1.l percent per year,
This gives, for example, 2015 f.u. at 1612 MHz for the epoch 19T1l.k4, -
which is approximately halfway through the observing program. The ratio
of flux to antenna temperature (both So) for a small diameter source is
approximately 6.5 f.u. °K71,

Five times during the monitoring program additional OH observations
were made with the 140-foot telescope of the National Radio Astronomy

Observatory (NRAO)*. These observations were made during 1969 August/

*The National Radio Astronomy Observatory, Green Bank, West Virginia, is
operated by Associated Universities, Inc., under contract with the
National Science Foundation.

September; 1970 February, 1970 September/October, 1971 October/November
and 1972 April by WJW, KPB, and JAB. This antenna was illuminated at the
prime focus with a scalar feed that gave a half-power beamwidth of 18

at a wavelength of 18 cm. The feed provided two orthogonally polarized
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ports, and a cooled parametric amplifier receiver was connected to each
port. The system noise temperature of each receiver was about 75°K.
Spectral line processing was done with the NRAO 38l4-channel autocorre-
lation system, which was used either as one 38l4-channel autocorrelator
or as two 192-channel autocorrelators. For all observations at least
two orthogonal senses of linear polarization were observed and later
summed to give S,. In some cases left and right circular polarizations
were measured and summed to provide an independent measurement of S,.
Flux calibrations at the NRAO were made using the unpolarized con-
tinuum source 3C218 which was assumed to have a flux density of 37.5 f.u.
at 1612 MHz, 36.4 f.u. at 1666 MHz, and a spectral index of -0.91
(Kellermann, Pauliny-Toth, and Williams 1969). The ratio of flux to
antenna temperature (both So) for a small diameter source was typically

about 1.98 f.u. °K~1,

B. Infrared Equipment and Techniques

The broad-band infrared fluxes between 1 and 1Op were measured
primarily by PMH with the 60-inch telescope of the Hale Observatories on
Mt. Wilson, using the photometer described by Becklin and Neugebauer
(1968). Measurements were made relative to five or six standard stars
on each night. These were used to determine a sensitivity for the night
et each wavelength, and, for all but the faintest stars, the relative
agreement of the standards determined the errors assigned to the measure-
ments. Nominal air mass corrections were applied to all the data, and,
whenever possible, measurements were made at zenith angles less than

60°. The wavelengths observed were 1.25u (1.15 = 1.35u), 1l.65u
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(1.50 = 1.75u), 2.2u (2.0 = 2.h4u), 3.5u (3.2 = h.1p), 4.8u (4.6 = 5.1u),
and 10y (8 - 13u). The absolute calibration has been described by Wilson

et al. (1972).
III., OBSERVATIONS AND DATA ANALYSIS

A. The Data

The microwave and infrared observations of all the observed stars
are displayed as light curves in the Appendix. The following five param-
eters of the 1612-MHz data have been graphed: the peak flux densities
within the low- and high-velocity features, the integrated flux in each
group of features, and the total integrated flux. These five parameters
generally specify all the 1612-MHz variations because the velocities and
shapes of the OH features have not varied significantly in most cases.
Except for some of the spectra of R Aql, VY CMa, and NML Cyg, the 1665-
and 1667-MHz data were parametrized only by the peak and integrated flux
densities of all the features in each spectrum.

Errors in the microwave and infrared observations arise from both
random noise in the detectors and from systematic changes in the cali-
bration of the detecting system. For many of the microwave data and for
aiﬁost all of the infrared data, the principal contribution to the errors
is from the calibration changes.

The error limits on the microwave observations were estimated from
observed changes in system gain and from the agreement of measurements
made less than a few days apart. These limits appear to be about *15
percent. On the 84-foot telescope the integration times on the wesker

sources were usually chosen to give & statistical error of about
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%+ 2 f.u. (20), and this was added in quadrature to the 15 percent sta-
bility error for all measurements. These error estimates are belie&ed
to represent 90 to 95 percent confidence limits. One confirmation of
the estimated size of the errors is that the 1612-MHz flux of VY CMa
has remained constant within the errors for the entire period of the
observations. This would be unlikely unless the source had remained
nearly constant and the errors had been determined correctly.

The error limits on the infrared observations were determined from
the agreement of the standard sources measured along with the OH/IR
stars. The agreement is usually either on the order of, or significantly
better than, +10 percent; the corresponding error limits on the magnitudes
were set to either + 0,15 or * 0,10 magnitude.

A xz test for the degree of variability, several sine wave fits, and
a correlation coefficient test were performed on the infrared and micro-
wave data. These are described in detail in the Appendix. In the fol-
lowing sections we discuss the observed infrared and microwave variability

and the results of these statistical tests.

B. Infrared Variatioms

Except in NML Cyg and VY CMa, the values of xz given in Table 1 of
the Appendix indicate significant variation of all the stars at all
infrared wavelengths. Both the appearance of the light curves and the
values of x2 suggest that NML Cyé has probably shown small long-term
variations while VY CMa has probably remained constant within the errors,

For the stars for which both visual and infrared periods have been

determined, the periods agree well (Appendix, Table 2). In addition,
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the phases of the infrared variations are equal at all wavelengths except
that the long wavelength flux may pesk slightly shead of the shorter
“wavelength fluxes (Appendix, Table 3). Where available, the times of
visual maxima and minima obtained from light curves of the AAVSO (Mayall,
private communicetion) are indicated on the infrared light curves in
the Appendix. The infrared light maximum lags the visual typically by
0.1 to 0.2 period, in agreement with the previous observations of Pettit
and Nicholson (1933), Mendoza (1967), Lockwood and Wing (1971), and
Frogel (1971). The amplitudes of variation of the broad-band 2.2u
fluxes are somewhat smaller than the 1.04u amplitudes of Lockwood and
Wing, and marginally larger than the narrow-band 2,25y amplitudes of
Frogel.

For the Mira variables observed, a definite correlation has been
found between the four quantities plotted in Figure 1 -- the period,
the 2.2y amplitude, the [3.5u] = [10n] color index, and the separation
in velocity between the two groups of OH emission features., Several
aspects of this correlation were seen previously. In particular, Merrill
(1960) has noted & possible correlation between the periods of variation
and the visual amplitudes of Mira stars, and Lockwood and Wing (1971)
found a clear period-amplitude relationship at 1.04p, especially for a
sample restricted to pure M stars. Furthermore, Hyland et al, (1972)
noted a tendency for longer period stars to have larger emplitudes and lar-
ger [0.8u] = [2.2u] color indices, and Wilson et al. (1972) found that the
stars with larger [3.5u] - [10u] color indices have larger separations

in velocity between the OH microwave emission features. It may also be
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significant that the six shorter-period stars in Figure 1 all show 1l.35 cm
H20 emission while none of the five longer-period stars are known to have
such emission.

Most of the stars observed show variations in color during their
cycles of light variastion. The amplitudes of variation at each wavelength
shown in Figure 2 for four of the stars observed in this study are illus-
trative of the general behavior of all the sources (Appendix, Table 6).
The amplitudes generally decrease from 1.2 to 3.5p and are roughly con-
stant between 3.5 and 10u. The phase of the color variations is the same
as that of the flux variations, that is, the stars appear reddest at
minimum light. This is consistent with Frogel's (1971) broad-band ob=-
servations between 1.2 and 3.5u. The stars with the least color varia-
tion are those with the shortest periods and smallest [3.5u] = [10u]
color ihdices; these stars also tend to have 1665/1667=MHz emission

stronger than any 1612-MHz emission that may be present.

C. Microwave Variations

The significance of the observed microwave variability was estab=-
lished by performing a x? test on all the data (Appendix, Table 1).
Except for NML Cyg and VY CMa, the value of x2 is greater than about 2
for the variations of virtually all the peak and integrated 1612-MHz
flux densities of all the sources. In the three cases where the value
of x2 is less than 2 at 1612 MHz, the average value of the peak flux
density is only about 5 f.u. In these cases the errors are apparently
masking the variations which have been observed in the data taken on the

140-foot antenna with a higher signal-to-noise ratio. The values of x2
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for the 1612-MHz fluxes of VY CMa and NML Cyg indicate that VY CMa has
remained constant within the errors but that the integrated flux of
NML Cyg is probably variable and with a larger amplitude than that of
the peak flux density.

Except for some of the parameters of the 1665/1667-MHz fluxes of
VY CMa, the only cases where the values of XZ indicate no significant
variability at 1665 and 1667 MHz are those where the peak flux densities
averege less than 5 f.u. Therefore, all the sources are probably vari-
able. Several of the parameters of the 1665/1667-MHz fluxes of VY CMa
appear to be relatively constant while others show large variationms.
Since Robinson, Caswell, and Goss (1970) have found large changes in the
intensity and polarization of the 1665/166T-MHz spectra of VY CMa, and
since we have not measured all the Stokes parameters of the emission, it
is difficult to conclude more from our data than the fact that the
1665/1667-MHz spectra of VY CMa vary considerably more than the 1612-MHz
spectra. The variations in the 166T7-MHz and perhaps the 1665-MHz flux
of NML Cyg are also larger than the 1612-MHz variations, and in general,
the variations of the 1665/1667-MHz fluxes of all the sources seem to be
greater than the typical 1612-MHz variationms.

The periods of the 1612-MHz variations determined by sine wave fit-
ting are given in Table 2 of the Appendix. The 1665/1667-MHz data are
not of sufficient quality or quantity to obtain meaningful determinations

of the periods, if periods exist.

D. Correlations Between Microwave and Infrared Variations

The most important aspect of this study is the indication of a
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correlation between the infrared and 1612-MHz OH variability of the sources
observed, This is illustrated in Figure 3 for four of the stronger sources
and has been confirmed for all the sources in several ways,

It is clear from Table 2 of the Appendix thet for virtually all the
sources the periods determined by the sine-wave fitting for the 1612-MHz
and infrared fluxes are roughly equal. The only exceptions are IRC-205L40
vhich is a relatively weak microwave source and VX Sgr which has large
differences in amplitude from cycle to cycle. The phases of the infra~-
red and microwave variations in Table 3 of the Appendix for the 1612-MHz
sources are also equal within the confidence limits for virtually all the
sources., Finally, correlation coefficients between the microwave and
infrared variations were computed as described in the Appendix and listed
there in Table 4 for the 1612-MHz sources. These coefficients show that
the microwave and infrared variations are clearly correlated in the stron-
ger sources, although less obviously correlated in several of the weaker
sources, In the weaker microwave sources, however, the error limits are
comparable to the probable size of the variations and a smaller correla~
tion would be expected. Correlation coefficients were also computed for
NML Cyg because it has probably shown small but significant variations.
The variations in the integrated flux of NML Cyg are well correlated with
the infrared, but the variations in the peek flux densities do not show
eny definite correlation. It should be noted that the variations of
NML Cyg may be periodic but of such a long period and small amplitude
that the time scale of these observations is too short to establish the
periodicity.

The uncertainties in the OH microwave amplitudes are too large to
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determine if a correlation exists between the infrared and 1612-MHz OH
amplitudes. The data in Table 6 of the Appendix, however, suggest ﬁhat,
except for R Aql, the amplitudes of the 1612-MHz variations are signifi-
cantly less than, or at most equal to, the infrared amplitudes.

The phases derived by sine wave fitting with the period fixed to
that of the visual variastions and the correlation coefficients for the
variations of the 1665/1667-MHz sources are given in Table 5 of the
Appendix. The short time coverage and weaker fluxes of the 1665/1667-MHz
sources make the detection of a correlation with the infrared difficult,
if such exists. The results in Table 5 are not conclusivej; within the
errors they may be consistent with the existence of a correlation between

the infrared and 1665/1667-MHz variesbility of most sources.

E, Summary of Observational Results

The most important observational results of this study are:

(1) The infrared and 1612-MHz variations of VX Sgr and of all
the observed Mira type OH/IR stars are roughly periodic.
The periods in both the infrared and microwave are equal
and range from about 300 to TOO days (Appendix, Table 2).
The maxima and minima of both the infrared and 1612-MHz
fluxes of the periodic sources are roughly repeatable.
The infrared and 1612-MHz fluxes of VY (CMa have remained
constant while NML Cyg has probebly shown small long=-term
variations at both wavelengths.

(2) The amplitudes of variation in the infrared generally de-

crease with increasing wavelength from 1.2 to 3.5u and are
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(5)

(6)

(7)
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roughly constant between 3.5 and 10u (Figure 2; Appendix,
Table 6). The ratios of maximum to minimum flux range
from less than 2 to greater than 10 for different stars

at different wavelengths.

The amplitude of variation in the OH microwave flux is
usually on the order of or significantly smaller than the
amplitude at all observed infrared wavelengths (Appendix,
Table 6). The ratio of maximum to minimum 1612-MHz flux
density is typically between 2 and L.

The phases of the variations at all infrared wavelengths
and at 1612 MHz for the periodic variables are equal withe
in the computed confidence limits of the observations,
generally sbout 60 days, or 0.1 to 0.2 period (Appendix,
Table 3). The 1612-MHz and infrared variations of the
periodic variables are well correlated (Figure 3; Appendix,
Table 4) as are the small long-term variations of NML Cyg.
There are no velocity variations of the 1612-MHz OH lines
within the observational uncertainty -- about 0.3 km g=1
for strong features.

There are no systematic or periodic changes in the 1612-MHz
feature widths, separations, or the number of features of
the spectra as the total flux varies, but there are occa-
sional random variations in feature strength.

The 1665/1667-MHz flux variations are not definitely cor-
related with the infrared variations, and in at least two

sources, NML Cyg and VY CMa, they are significantly greater
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and more random than the 1612-MHz variations.

(8) A close correlation exists between the period of variation,
the amplitude of variation, the [3.5u] = [10u] color index,
and the separation in velocity between the OH emission
features for the Mira type stars as shown in Figure 1.

Some correlation between these four quantities and the

occurrence of 1.35 cm H,0 emission is also present.,

2

IV. INTERPRETATION AND SPECULATION

A. Radiative Coupling

The main conclusion of this study is that the correlation between
the infrared and 1612-MHz OH variations is due to some radiative coupling
mechanism between the stars and the masering OH clouds. This conclusion
is based on the premise that in all the 1612-MHz sources the distance be-
tween the OH maser and the ster is too large for any mass motion or
pressure wave of reasonable velocity to travel from the star to the maser
without an observable phase lag. This premise will now be substantiated.

Three considerations suggest that the OH is at least 3 x 1014 em
away from the stars. Assuming a distance to NML Cyg of 500 pc, which is
probably accurate to within a factor of 3, Davies, Masheder, and Booth
(1972) have shown from VLBI measurements that the typical separation of
OH maser emitting points in NML Cyg is about 106 cm, Therefore, the
masering OH clouds must be located at least 1016 em away from the star,
Secondly, as Wilson (1970) noted, because no variation is seen in the
velocity of the OH maser lines, although varistions are seen in the

velocity of optical spectral lines, the OH is probably mechanically
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decoupled from the star. Therefore, the OH is probably at least several
stellar radii or a few x 101* cm distent from the stars. Thirdly,
Litvak (1969) has noted that far infrared resonance fluorescence, which
is probably necessary in the maser pump to select particular hyperfine
states, is quenched at densities greater than about 108 cm™3, These
densities are at least 103 lower than typical stellar photospheric den-
sities, also suggesting that the OH must be at least several stellar
radii away from the stars.

An upper limit to the velocity of mass motion is about 50 km s~1,
This is the separation in velocity of the microwave or opticeael spectral
lines, and the velocity of sound in the circumstellar medium is even
smaller, probably only a few km s~1, Therefore, the minimum phase lag
for mass motion or pressure waves to travel from the star to the OH
cloud is (3 x 102 km)/(50 km s™1), two years.

Several radistive coupling mechanisms can be imagined which might
cause the maser output to follow the stellar variations: (1) the masers
may be radistively pumped by the infrared radiation from the star and/or
dust shell; (2) the stellar light may be able to affect the creation or
destruction of OH molecules in the maser region; (3) the maser may be
emplifying variable 1612-MHz continuum radiation directly from the star;
(4) the varying stellar radiation may be able to affect the collision
rate populating or de-populating the inversion by changing the temperature
in the masering region.

The first suggestion, radiative pumping of the maser, seems to be
the most likely and will be discussed in detail below. The second sug-

gestion seems unlikely since the minimum energy necessary to affect the
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electronic configuration of OH corresponds to O.4y radiation. Assuming
equal fractional linewidths in the visual and microwave, the photon
emission rate at O.4u for the late type stars studied by the 0AO
(Doherty 1972) is typically less than 10~? times the 1612-MHz photon
emission rate of the OH sources., There is no reason to believe that the
OH sources would have a UV excess relative to the late type stars studied
by Doherty. Amplification of the stellar 1612-MHz continuum background
is also unlikely for two reasons. If the maser were amplifying the
stellar background, emission would only be seen in the line of sight to
the star and, at least in the case of NML Cyg, this is contrary to the
findings of Davies, Masheder, and Booth (1972). Secondly if the masers
are saturated, as seems likely, the maser output is almost independent
of the brightness of the source being amplified unless the beaming of
the maser were variable, It is also unlikely that the microwave vari-
ations are due to a varying temperature in the maser medium, although
this possibility cennot definitely be ruled out. Between 1 and 1Ou,
where most of the stellar energy is emitted, the principal sources of
opacity are the fundamental vibrational bands of HQO, CO, and OH., Using
some typically assumed values for the parameters of the circumstellar

cloud (see e.g. Litvak and Dickinson (1972) =- r = 10!° cm, n(H) =

i

10% L_ == the energy

108 co3, n(H,0) ~ n(c0) ~ n(OH) ~ 10=* n(H), L, "

absorbed by the circumstellar gas in a few x 108 seconds (the upper limit
to the phase difference between the microwave and infrared) can only
change the gas temperature by 0.1 to 1 percent., Furthermore, if the
masers were sensitive to such small changes in the kinetic temperature of

the gas, then random variations in the gas flow and turbulence would
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probably lead to large random variations in the maser emission which are
not seen. The Reynolds number for the probable outward flow of the gas
in which the maser is situated is on the order of 10® for the observed
flow velocities and reasonable densities and temperatures., Therefore,
the flow may be highly turbulent. In fact, it should be noted that such
turbulence could be the prime factor determining the temperature in the

maser medium.

B, Radiative Pumping

Radiative pumping of the maser population inversion seems to be the
most likely coupling mechanism because it is the mechanism most consis-
tent with all the observations to date including our measurements of
the variability.

Hyland et al. (1972) have shown that, if one assumes isotropic micro-
wvave and infrared emission and equal fractional line widths, the number
of photons emitted from most of the OH/IR stars at 2.8 and 35u is com-
parable to or exceeds the number of 1612-MHz photons. This conclusion
is not significantly changed by the present observations; the ratios of
infrared to 1612-MHz photons do not vary by more than a factor of 2 to 3
during the cycles of variation. Since a radistive pumping mechanism
that yields more maser photons than pump photons is possible but unlikely,
the most likely infrared pump transitions are at those wavelengths where
the ratio of infrared to 1612-MHz photons is greater than 1, Assuming
a reasonable extrapolation of the energy distributions, this occurs for
most of the sources between about 2 and 40pu., Since the only allowed

transitions from the ground state of the OH molecule in this range are
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at 2.8 or 35u, these seem to be the most likely pump wavelengths.

The functional relationship between the 1612-MHz and infrared fluxes
“is not inconsistent with the conclusion that the masers are radiatively
pumped, despite the fact that the infrared and microwave amplitudes are
not equal. Regardless of the degree of saturation, almost any radiative
pumping model would predict an increase in the maser output with an in-
crease in the pump flux, and this is observed in all the 1612-MHz sources.
Without a detailed theory for the pumping, however, it is impossible to
predict the exact dependence of the maser flux on the pump flux., In fact,
one might expect different relationships under the different physical
conditions in different sources. For example, in a model proposed by
Litvak (1969) wherein collisions are considered negligible, the unsatur-
ated population inversion depends only on the density of OH and to =
small extent on the spectral distribution of the incident radiation, but
not on the intensity of the infrared radiation. In that case, if the
maser were not fully saturated, the periodic microwave variations would
be smaller than the infrared variations, although random variations would
probably be larger.

As will be discussed later, however, it seems more likely that the
masers are saturated. In a saturated maser the output should be propor-
tional to the pump rate, but in the OH/IR stars there are at least three
weys in which the pump rate may not be exactly proportional to the infra-
red photon rate. Some other inverting or enti-inverting mecheanism may
exist such as the collisional pumping suggested by Litvak and Dickinson
(1972). Alternatively, non-linearities in the pumping may result from

stimulated emission in some of the far infrared transitions; or the
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maser intensity may depend not only on the intensity of the infrargd
radiation but on its spectral distribution. In summary, because of the
many ways in which the maser and infrared amplitudes can differ, one
cannot determine any details of the pumping process from the relation-
ships between the pump and maser fluxes,

Our observation of a correlation between the infrared and microwave
variability is not only consistent with general considerations of radia-
tive pumping, but also with the particular model of Litvak and Dickinson
(1972) as they have noted. This fact does not necessarily confirm their
model, but it does support the conclusion that the masers are radiastively

punmped.

C. Saturation

The output of a fully saturated maser is linearly proportional to
the pump rate and independent of the input signal, whereas in an unsat-
urated maser the output is linearly proportional to the input signal be-
ing amplified and exponentially dependent on the population inversion.
Therefore, in an unsaturated maser relatively large random variations
are likely becsuse of random variations in the population inversion
caused by changes in the collision rate, density, etc. The relatively
small and periodic variestions of most of the sources and the constancy
of ,one source, VY CMa, thus suggest that the masers associated with in-
frared stars are saturated. This is in egreement with the conclusions

of Wilson, Barrett, and Moran (1970) based on polarization measurements.

D. Circumstellar Dust Shells and Stellar Properties

The interpretation generally given to the low color temperatures at
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long wavelengths of many late type stars is that these stars are sur-
rounded by dust envelopes which absorb the visible and near infrared
raedistion of the star, are heated to about 600°K, and re-radiate the
energy between 3 and 20pu. In this section we first consider the
luminosity variations of the dust shells of the three stars -- IRC+10011,
IRC+50137, and IRC-10529 -- that have the largest radiation excesses at
10u and thus presumably the densest shells. We then discuss possible
interpretations of the period-amplitude-color-velocity separation rela-
tionship for all the Mira sources.

Frogel (1971) established a relationship between the variation of
the [1.2p] = [3.5u] color index and the amplitude of variation at 2.25u
for stars with little excess 10p radiation., The color variations of the
three OH/IR stars with large excess 10p radiation are consistent with the
variations predicted from their 2.2y amplitudes and Frogel's relationship.
Therefore, the difference in amplitude of variability between the short
and long wavelengths in the OH/IR stars is probably related to the central
star rather than to the nature of the shell. The amplitude difference can
probably be explained by variations of both the effective temperature of
the stars and of the molecular band strengths at the shorter wavelengths.

Table 6 of the Appendix shows that the color temperatures of the
sgbove three stars, as well as all the OH/IR stars studied here, do not
vary within the observational limits at wavelengths longer thean 3u., An
upper limit to the variability of the [L4.8u] - [10u] color for all the
stars in Table 6 is *0.2 mag. For a dust-shell temperature of 600°K
this implies a maximum color temperature variation of *40°K., For the

three stars -- IRC+10011, IRC+50137, and IRC-10529 -- the 4.8 and 10u
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emission arises almost entirely from the dust shells and, therefore, the
physical temperature of the dust shell particles which are emitting
probably does not vary much more then *40°K., With no change in size or
optical depth, this range of temperature variation implies a variation in
luminosity by no more than a factor of 1.7, not 2.5 to 3 as observed.
Therefore, the effective radiating size of the dust cloud is probably
smaller at minimum luminosity than at maximum for the above three stars,
This does not imply that the cloud pulsates in size, but only that we
tend to see particles farther from the star at maximum light.

The correlation between the four quantities == period, amplitude,
color, and velocity -- implies an interdependence between all of them.
Clearly, the longer-period stars have larger amplitudes of variation, but
the interpretation of the other relationships in terms of cause and effect
is unclear. Larger amplitudes may be accompanied by greater mechanical
activity leading to more mass loss and higher velocities of expulsion of
the gas, or the longer-period stars may have intrinsically greater lumi-
‘nosities driving more mass loss and greater velocities of expulsion by
means of radiation pressure acting on the dust grains (Gilman 1972).

The existence of 1.35 cm H20 emission from the six shorter-period
stars in Figure 1, but not from the longer-period stars, may be due to an
additional correlation with one or more of the other quantities above. It
may -also be due to a correlation with the temperature of the stars which
in turn may be correlated with one of the above quantities, or it could
be & distance or luminosity effect. For instance, with the assumption

that all these stars have equal luminosities of 10% L s Hyland et al,
o
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(1972) and Wilson et al. (1972) found that the distances of the six
shorter-period stars are less than gbout 500 pc while the distances.of
the five longer=period stars are greater than ebout 500 pc. If all the
sources had comparable H20 Juminosities, this would lead to the observed

sbsence of 1.35 cm emission from the more distant stars.
V. SUMMARY

The principal conclusions of this study are:

(1) The observed correlation between the infrared and 1612-MHz
variagbility of the OH/IR stars is probebly due to a radia~
tive coupling mechanism between the stars and the OH clouds.

(2) The coupling mechanism most consistent with these and other
observations is that the masers are radiatively pumped,
possibly at 2.8 or 35u.

(3) The masers are probably saturated.
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APPENDIX

On the following pages we show the infrared and OH microwave obser-
vations of the variability of all the sources considered in this study.
The infrared data are plotted in magnitudes, =2.5 Log F, + Cy. The
absolute calibration is described by Wilson et al, (1972). The microwave
observations are plotted linearly in terms of flux density and integrated
flux.

Several tables containing the statistical parameters 6f the microwave
end infrared variability follow the observations. Table 1 lists the re-
duced x2 of the variations, that is, the ratio of the root-mean-square
deviation from the mean to the root-mean-square error. Table 2 lists
the periods for the microwave and infrared variations of the 1612-MHz
sources. These periods were determined ﬂy fitting the data with sine
waves which were characterized by four parameters -- average level above
zero, amplitude, period, and phase == all of which were determined from
the fit. When known, the visual period is also listed for comparison.
Table 3 lists the phases of the 1612-MHz and infrared variations for the
1612-MHz sources. These phases were determined by fitting sine waves to
the variations with the period fixed to either the visual or 2.2y period,
vhichever was best determined. The sign of the phase is defined such
that a numerically smaller value of the phase implies a time lag. Table
4 lists the values of the correlation coefficients between thé 2.2y and
1612-MHz variations and between the 10u and 1612-MHz variations for the
nine varisble 1612-MHz sources. These correlation coefficients were

computed by interpolating the values of the infrared fluxes on the dates
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of the microwave observations and correlating these interpolated values
with the microwave fluxes. Table 5 contains the phases and correlation
coefficients for the infrared and microwave variations of the 1665/1667-
MHz sources, determined as for the 1612-MHz sources. Table 6 lists the
amplitudes of varistion of all the sources in the microwave and infrared.
The amplitudes of the 1612-MHz sources are those determined by the sine
wave fitting program. Since the microwave variations of the 1665/1667-MHz
sources are not clearly periodic, their amplitudes were estimated directly

from the observations.
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TABLE 1 - VALUES OF x2

OH MICROWAVE INFRARED

Peak Peak Intg Intg Intg
v - OH|Low High Low High Both
Star (MHz) |Vel Vel Vel Vel Vel (l.2p 1.6u 2.2p 3.5u 4.8p 10

+10011 1612 |44 6,3 4.8 10 7.6 |94 189 136 53 25 22
+50137 1612 [1,1 3.7 6.0 k4,0 5.0 (27 232 Th 29 L8 20
VY CMa 1612 |{0.9 0.7 1.0 0.7 0.8 |1.0 0.5 0.6 0.5 0.8 0.5
VY CMa 1665 |2.1 0.5 k4,5 4,1 1.5
VY CMa 1667 (1.1 3.8 0.8 12 0.bL
-20197 1612 |4, 7 2.8 5.3 1.8 5.7 |512 132 58 15 18 50
VX Sgr 1612 [3.6 2.7 4.0 14 7.0 (216 116 L2 16 5.7 9.1
R Aql 1612 |5.6 6.2 16 7.9 8.6 |6,4 k2 3,2 1,0 1.6 1.8
R Aql 1667 |6.3 0.7 10.5
-20540 1612 |Lk,1 1,1 3.1 2.5 2,5 [10T T9 28 6.8 2.1 9.6
RR Aql 1612 |3.9 3.5 2.4 3,8 48 |30 32 19 T.6 6.5 10
-10529 1612 [12 1.5 k4,0 2,6 k4,5 |b,0 160 T3 33 32 13
NML Cyg 1612 (0.4 0.7 1.4 2,1 1.5 2.0 1,2 1,4 0.8 1,2 1.3
NML Cyg 1665 2.6 1.0

NML Cyg 1667 (0.7 1.9 8.8 12 5.9

U ori 1665 1.0 1.0 {20 18 11 2,5 5.8 2.9
U Ori 1667 1.2 6.7

W Hya 1665 2.6 26 3.6 L.,1 k,2 2,2 0.9 0.5
W Hya 1667 20 Ly |

S CrB 1665 2.8 11 |10 11 T.2 3.1 1.1 2.5
S CrB 1667 4.0 5:5

U Her 1665 1.1 2,1 |16 1k 8,7 2.6 2.0 2.0

U Her 1667 1.5 2.1
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TABLE 2

PERIODS OF 1612-MHz OH SOURCES

Star Microwave Period* Infrared Period* Visual Periodf
+10011 700 + 30 660 + 15

+50137 635 + 30 635 + 10
=20197 680 + L0 650 + 20

VX Sgr Tho + kO 770 + 150 732

R Aql 285 + 10 285 + 10 293
-20540 520 + 80 510 + 15

RR Aql 425 + 20 410 + 10 394
~10529 650 + 50 670 * 30

Confidence limits determined from statistics of fit and agreement
of fits to different microwave parameters and infrared wavelengths,

TKukarkin et al, (1969)
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APPENDIX B
INSTRUMENTATION AND OBSERVING TECHNIQUES

I. Photometer

Most of the observations reported in this study were made with an
infrared photometer mounted at the Cassegrain focus of the 60-inch
telescope of the Hale Observatories on Mt. Wilson. The photometer has
been described previously by Becklin (1968) and Hilgeman (1970), and only
the basic details will be described here.

The important elements of the photometer are: (1) a chopper,

(2) an offset guiding eyepiece, and (3) a movable slide for interchanging
two detector systems. The chopper is a device which alternately admits
radiation to the detector from two adjacent fields on the sky at fre-
quencies between 5 and 15 Hz. The two types of choppers used have been
described by Becklin (1968) and Glass (1972) and are pictured schemati-
cally in Figure 1, The guide eyepiece is offset from the field being
observed and allows one to guide on a visible star when optically
invisible sources are observed. Since at least two different detectors
are necessary to observe at all six wavelengths, the movable slide allows

one to measure a source at all wavelengths on one night.

JI. Detector Systems
A typical detector system is shown schematically in Figure 2 .
Since the response of a detector generally varies over its area, a
field lens is used to image the primary telescope mirror onto the

detector. The field of view on the sky is defined by a circular
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sperture in the focal plane of the telescope.

Ideally, for a program such as described in this thesis only one
detecting system would have been used at each wavelength, but various
reasons such as system failure or a desire for increased sensitivity
to measure some special object have dictated the use of a variety of
systems. The details of all the systems are summarized in Table 1, and
after a short description of each, the differences between them will be

discussed.

A, 1.25u

At 1.25u only one lead sulfide photo-conductive detector has been
used with a 1.25y bandpass interference filter at room temperature. Mid-
way through the program it was found that the sensitivity could be
significantly increased by preventing radiation longwards of about
2.8y from reaching the detector, and for some of the observations an
appropriate filter was placed in the dewar. The measured transmission
characteristfgs of this filter show it to be quite uniform in trans-
missivity across the bandpass of the 1.2y interference filter, and so

it has no effect on the wavelength response of the system.

B. 1.65 and 2.2y

At 1.65 and 2.2u lead sulfide photo~conductive systems similar to
those of Becklin (1968) have been used. The only differences between
each of the systems are the particular detector and which, if any,

cooled filter were used.
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C. 3.5u

At 3.5u three fairly different systems have been used. The two
lead sulfide systems are similar to Becklin's, differing in the particu-
lar interference filter used and whether it was cooled. The germanium
bolometer uses the same interference filter as one of the lead sulfide
systems. The wavelength response of the bolometer is relatively constant
with wavelength, while the lead sulfide detectors have a long wavelength

cut—-off starting inside the passband of the interference filter.

D. L,8 and 10u

At each of the two longest wavelengths, 4.8 and 10u, two systems
have been used, a photo-conductor and a germanium bolometer. The most
important point to note about the L4.8u system is the narrow bandwidth
of the filter. In the 10p systems the wavelength responses of the
two detectors differ only slightly. The bolometer has a relatively flat
response with wavelength, and the photo-conductor is slightly peaked

near the center of the band.

E. Comparison of Spectral Response

All the bandpasses, with the exception of those at 3.5 and 10y,
have AA/) less than 0.25 which minimizes the effect of differences in
filter cut-off wavelength, detector response, and the shape of the
filter transmission curve. At 1.2y no observational eomparison was
made of the difference in spectral response because of the negligible
difference between the two systems used. At all other wavelengths, ex-
cept 10u, comparisons have been made almost simultaneously between the

relative signal from a "blue" star and a very "red" star with two
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different systems mounted side by side on the photometer. At 1.65,
2.2, and 4,8y, no systematic differences greater than five percent wére
found between any of the systems used at a particular wavelength, No
direct comparison was made at 10u, however, the relstively red star,

VY CMa, has remained constant in brightness within the errors at all
infrared wavelengths including 10u. The photo-conductive detector was
used for all observations before 1971, and the germanium bolometer from
1971 onwards, and no jump is evident in the 10p magnitude determined
relative to blue standard stars.

At 3.5u small systematic differences were found between the three
detecting systems. These results are summarized in Figure 3 as graphs
of the differences in the magnitude of a red star determined relative to
blue standerd stars versus the color of the red star. It is apparent
that the major difference in color sensitivity is between the D=-20
system and the other two systems, although there is probably also a
small difference between the D-U1l and D-36 systems. These differences
can be understood qualitatively from the differing filter properties.

From the relationships determined from Figure 3, the small amount of
3.5 data tsken with the D-20 system have been corrected to be consistent
with the data taken with the D-41 system. Larger error limits were also
assigned to the data taken with the D=-20 system. The difference between
the D-41 and D-36 systems is negligible compared to the typical errors
of the measurements, and no corrections have been made to any of these

data,
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III. Electronics

The electronics used to record the signal are standard in infrared
observations. A bias voltage ranging from -8 to +45 volts, depending on
the detector, is applied across the detector in series with a 1 or 5
megohm load resistor. The AC signal caused by the chopping is amplified
by a preamp on the dewar with a gain of 10 or 1000 and by a variable gain
amplifier located somewhat farther from the detector. The signal is then
synchronously demodulated in phase with the chopper and recorded both as
a DC voltage on a strip chart recorder and through a voltage-to-frequency
converter as a l0-second integration of counts on a scaler and a digital

paper tape printer.
IV, Observing Techniques

The observing procedure for this prdgram has been to measure about
six standard calibration stars during each night of observing. These
are chosen from a set of about 40 stars whose brightnesses are believed
to be constant. These measurements establish the relative sensitivity
for the night which may vary up to about 25 percent from night to night,
though typically about 10 percent. This number of standards generally
implies about one standard observed for every two OH/infrared stars,
although the same standards are not observed every time a particular
OH source is measured.

A typical observation at 1.2, 1.6, or 2.2y involves doing one, or
at the most eight, 10-second integrations with the source in the "signal

beam" (positive signal), twice as many 10-second integrations with both
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beams on the sky or with the source in the "reference beam" (negative
signal), and then a set of integrations back on the source again. The
signal is computed as the difference between the sum of all the "positive"
signals and the sum of the "negative" signals. At 3.5, 4.8, and 10y,
observations are always made with alternating sets of two 10-second
integrations on and then two integrations off or in the reference beamn,
always ending with two integrations on the source. The signal is then
computed as the average of the individual differences between adjacent
"positive" and "negative" integrations in order to minimize drifts in the

background.
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APPENDIX C
ANALYSIS OF THE DATA

I. Description

The statistical data analysis described in this thesis is performed
by a main computer program which sets up the data and several sub-
programs which compute the various statistical parameters. The basic

features of all these programs are outlined below.

A, Main Program

(1) For a particular star the first guess parameters for the
sine wave fitting and all the radio and infrared data are
read in.

(2) The total integrated flux is computed as the sum of the
integrated fluxes of the two velocity features for all
measurements of the two features made on the same day or
within three days of each other.

(3) For each parameter of the microwave data:

(a) A1l dates are picked out on which a measurement
of that parameter was made, ’

(b) The Least Squares Sine Wave Fitting Program is
called.

(¢c) The Statistical Parameters Determination Program
is called.

(4) For each infrared wavelength:

(a) A1l dates are picked out on which a measurement

at that wavelength was made,
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(b) The Least Squares Sine Wave Fitting Program
is called.

(¢) The Statistical Parameters Determination ?rogram
is called.

(d) The Microwave-Infrared Correlation Program

is called.

B, Least Squares Sine Wave Fitting Program

This program is a slight revision by the author of a Caltech library
subroutine called LSQENP., LSQENP is a slight revision by Caltech of
IBM share program #3094 by D. Marquardt based on his algorithm (Marquardt
1963) for least squares fitting to a non-linear relationship. The
Caltech revision did not alter the method of solution of the original
program but only modified the options of the user to change the form of
the output. The author's revisions to LSQENP were: (1) to change the
form of the graphical output which illustrates the fitting as it pro-
gresses in order to be better able to visualize the goodness of fit, and
(2) to weight the data according to the individual errors since the
original program weighted all points equally. The confidence limits
have been calculated with the option described as "Non-linear Confidence
Limits Desired" in the Caltech write-up of LSQENP. An outline of the
computational procedure for this calculation is given in Marquardt's

description of IBM share program #3094 (Marquardt 196L),

C. Statistical Parameters Determination Program
This is a slight revision of Bevington's (1969) subroutine called

XFIT. The original program computes the mean, standard deviation of
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the mean, and standard deviation of a set of data. In addition to these

operations a computation of the values of x2 and the reduced x? was

added.

D. Microwave - Infrared Correlation Program

(1) For each date of a radio measurement the nearest infrared

meagsurement is found,

(2) If the infrared measurement was made within 0.1 period

(for periodic variables) or 30 days (for NML Cyg and

VY CMa) of the radio measurement, an interpolated value

for the date of the radio measurement is found.

(a) For periodic varisbles, if three or more measure-

(v)

ments were made within a time span of two-thirds
of a period around the radio date, a sine wave is
fit to those points. The period and average level
are fixed to that determined by all the infrared
data and the amplitude and phase are allowed to
vary to fit the nearby data. The value of that
sine wave on the date of the radio measurement is
then computed.

For NML Cyg and VY CMa, if there is an infrared
observation within 30 days of the radio observa-
tion, the infrared flux on the date of the radio
observation is interpolated between the two nearest
infrared observations on either side of the radio

date.,
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(3) The correlation coefficient is then computed for the pairs
of microwave - infrared observations with the terms
weighted by their relative errors.

(4) The probability that such a correlation coefficient could
arise from uncorrelated data is then computed with a sub-

routine of Bevington (1969) called PCORRE.

II, Sample Output
The following pages contain a sample of the output of the data anale

ysis program.
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PART II

A ONE MILLIMETER WAVELENGTH DETECTING SYSTEM

FOR THE 200-INCH TELESCOPE
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I. INTRODUCTION

Observations of astronomical objects at wavelengths near 1 mm are
relatively scarce because of the small source strengths relative to the
sensitivity of existing detectors. Microwave type receivers are not yet
practical for wavelengths shorter than several millimeters; therefore,
the only detectors presently available are broad-band infrared bolometers.
Observations of some of the planets between 1.2 and 1.4 mm with such
bolometers were made by Low and Davidson (1965) and Kostenko et al. (1971).
Only four objects outside of the solar system have been observed in this
wavelength region: the quasar 3C273 (Low 1965), the infrared source in
the Orion Nebula (Low and Aumann 1970; Park et al. 1970; Zabolotny et
al. 1971; and Baluteau et al. 1972), the Crab Nebulas (Beckman et al, 1969;
and Zabolotny et al. 1971), and the center of the Galaxy (Low and Aumann
1970).

Because of the growing number of astrophysical sources which appear
to emit most of their energy in the far infrared between 10 and 1000y
(Low and Aumann 19703 Harper and Low 1971; Hoffmann et al, 1971) and the
daytime availability of the 200-inch Hale telescope, it was decided to
develop & millimeter and sub-millimeter wave detecting system for use on
the 200-inch telescope. This is the subject éf Part II of this thesis.

‘The instrumentation is described in Chapter 2, and in Chapters 3 and 4
the observing techniques and calibration procedures are discussed.
Chapter 5 discusses several measurements of astrophysical sources to
illustrate the calibration procedures, but the interpretation of the

measurements is not considered in this thesis.
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ITI. INSTRUMENTATION

A. Detector

Three types of detectors were considered for use in this system:

a semi-conducting bolometer of doped siliconl

, a semi-conducting bolometer
of doped germaniume, and an indium~antimonide electron bolometer3, Of

the three, the germanium bolometer in use now has the greatest sensitivity
in this system and has been used for the measurements described here.

This fact does not imply that it is inherently the best type of detector,
because no attempt was made to select the best of each kind of detector

or to optimize the optical configurations for each.,

The theory of bolometers has been discussed by Jones (1953). Low
(1961) has‘described germanium bolometers similar to the one used here,
Therefore, only the important details of this detector will be mentioned.
Some measure of the detector sensitivity can be obtained from its voltage
vs. current (V-I) characteristics because electrical power dissipated in
the bolometer element is roughly equivalent to radiation power absorbed
by the element. The usual bolometer circuit is shown in Figure 1, and
the V-I characteristics for the detector used in this work are shown in
Figure 2. The electrical parameters at the operating point as well as
the physical parameters of the detector are given in Table 1. Also
given in Table 1 is an estimate of the efficiency of absorption of 1 mm

radiation. It is impossible to measure this quantity directly in the

lMolectron Corporation
2Constructed by H. Aumann

3
Constructed by J. Pipher
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TABLE 1

Parameters of the Detector

Size

Temperature

Operating Resistance (Static)
Operating Resistance (Dynamic)
Bias Voltage

Cooled Load Resistor

Time Constant

Electrical Responsivity
Thermal Conductivity - G
Radiation Absorption Efficiency
Electrical NEP

System NEP

R

R

1

R R 114 1 R

n

x 3 x 0,2 mm

1.8°%K

1.1 Meg Q

260 Kilo ®

.6 Volts

.0 Meg Q

15 msec

3.9 x 10° Volt Watt™!
4,5 uWatt °K~1

25%

8 x 10~1% Vatt Hz-1/2

2 x 10712 yatt Hz"1/2
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laboratory because of the difficulty of obtaining a calibrated, spectrally
pure radiation source at 1 mm. An estimate can be made, however, from
the efficiencies of the various optical components in the system and from
the observed signal at the telescope from an object whose flux is known.
This value of the efficiency, ¥25%, is very uncertain, but it is consis-
tent with measurements of the far infrared absorptivity of germanium
bolometers by Zwerdling and Theriault(1972).

The electrical noise-equivalent-power (NEP) given in Table 1 basi-
cally represents the limiting sensitivity of this system; the difference
between this and the system NEP is due to the various system inefficien-
cles., The detector noise will, in fact, remain the limiting factor in
this system until it can be made comparable to or smaller then the noise
limit set by the background radiation fluctuations. Following the
equations of Putley (1963), this limit is roughly 2 x 10 1% Watt Ho~1/2
for the present system, but can be reduced to about 5 x 10-15 watt Hz=1/2
with improved baffling and narrower bandpass filters with AX/An0.3.
Therefore, significant detector improvements are desirable to reach the

background limit for even fairly broad-band systems at 1 mm.

B. Optics and Photometer

A drawing of the entire optical system is shown in Figure 3. The
simplest possible configuration has been chosen for coupling the in-
coming radiation to the detector in order to minimize diffraction and
reflection losses. A "condensing" cone is located directly in front of
the detector with the large diameter of the cone at the prime focus of

the telescope. This cone can be viewed either as an optical condenser
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(Witte 1965; Loewenstein and Newell 1969) or as an oversize conical micro-
wave feed horn. The prime focus was chosen for mechanical reasons because
it has the smallest diffraction-limited image size. The small diameter

of the cone is located close to the detector so that radiation leaving

the cone even at fairly large angles will be incident on the detector.

The cone provides some rejection of radiation outside the f/3.3 beam of
the telescope but most of the baffling is accomplished with the aperture
in the photometer.

The photometer is a device which chops the incoming radiation between
two adjacent areas of sky. This cancels the background signal which would
be seen if the sky radiation were compared to a fixed temperature source
and also cancels fluctuations in the background when they are correlated
over the spacing and time scale of the chopping. The chopper consists
of a rotating two-bladed mirror and a fixed mirror offset from the plane
of the roteting mirror. The separation between the two beams on the sky
is gbout 1 cm or 2.2 arcminutes at the prime focus of the 200-inch tele-
scope. The other important component of the photometer is the metal
mesh "beamsplitter." This reflects millimeter wavelength radiation
toward the detector and transmits wavelengths shorter than the spacing

of the wires to an eyepiece for viewing.

C. Filters

Each of the filters will be discussed individually, after which the
spectral response of the whole system will be considered.
1. Teflon dewar window

Teflon is used in this system only as a vacuum seal at the dewar
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window. Its filtering properties are incidental because of other materi-
als with much sharper cut-offs and more opaque stop-bands. The near in-
frared spectrum of teflon is composed of many absorption bands with a
transmission between the bands of typically 10 to 50 percent (Liang and
Krimm 1956), and teflon is virtually transparent in the far infrared

longward of 55u (Brandli and Sievers 1972).

2. Black Polyethylene

Black polyethylene is polyethylene in which carbon powder is sus-
pended. The general shape of the transmission measured by Moller et al.
(1966) shows a gradually increasing transparency with vavelength starting
from less than 1 percent at 3u to a p;ak of about 85 percent longward of
200u. Measurements of the transmission of the black polyethylene used
in this system are shown in Figure lLa for seven infrared bands between
1 and 20u. The black polyethylene prevents heating of the filter and
detector at 1.8°K by absorbing most of the radiation between 5 and 20u
and, in addition, absorbs all 1 to 3u radiation from astronomical sources.
3. Fluorogold1

This is glass fiber impregnated teflon whose excellent low-frequency
pass characteristics have been noted by Muehlner and Weiss (1972).
Measurements of its transmission in seven infrared bands between 1 and
20u are showvn in Figure L4a. A scan of its transmission® on an infrared

spectrometer is also shown in Figures Ma and b. The result of this scan

is .an upper limit between 2.5 and 250u and an observed rapidly increasing

lFluorocarbon Corporation, Anaheim, California

2By G. Rossman, C.I.T.
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transmission between 250 and 300u. The transmission between 200 and
lOOOﬁ observed by Muehlner and Weiss (1972) is in reasonable agreement
with the above measured spectrum where there is overlap. Therefore, the
Muehlner and Weiss spectrum has been used in calculating the system
response longward of 300u.
L., Reflection Wire Mesh

The reflection properties of woven wire mesh have been investigated
by Mitsuishi et al. (1963) and Ressler and Moller (1967); the results of
both groups are in reasonable agreement., Therefore, the properties of
the 84 lines-per-inch mesh used here were calculated by scaling from the
data of Mitsuishi et al. for a 145 lines-per-inch mesh at an angle of
incidence of 54°, The resulting reflection spectrum is shown in Figure
kv,
5. Diffraction Effects

The long wavelength cut-off of the system is established by diffrac-
tion effects. A number of these effects contribute to the characteristics
and each will be discussed individually.

Chopping Efficiency - The size of the diffraction limited image in-

creases with wavelength, and near 3 mm the image size equals the chopping
spacing causing a considerable reduction in signal. This decrease is
readily analyzed for a point source. Consider a point source centered

in one beamy the observed signal will be the difference of the signal
from the main beam and that from the reference beam., If the signal in

the main beam is 1.0, then the signal from the overlap with the reference
beam is —exp[-(S/R)?] where S is the chopping spacing, and R is the effec-

tive beamwidth discussed in Section D. The total observed signal is then
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1 -exp[-(S/R)2]. The observed effective beamwidth of about 2 arcminutes

at 1 mm is consistent with the convolution of: (1) the diffraction image
size, (2) the focal plane aperture diameter, and (3) the de-focussed

image size. Therefore, it is reasonable to use calculated beamwidths at
longer wavelengths to compute the decrease in chopping efficiency with
wavelength. This calculated response is shown in Figure 4b., Although

it is only exact for point sources, this curve should also be a reasonable
approximation for spatially extended sources.

Aperture Efficiency - The increase in image size with wavelength

also causes a decrease in response because the image eventually becomes
larger than the 6 mm entrance aperture of the detector feed cone. This
effect depends more strongly on the spatial extent of the object than
does the previous effect; the effect is negligible for a source that is
large compared to the beam size., Many of the astrophysical objects for
which it is important to know the long wavelength cut-off of the system,
however, are point sources, Therefore, this effect is included in the
assumed response of the system. The percentage of total flux in the
image which is incident on the 6 mm aperture for various wavelengths is
shown in Figure 4b as the aperture efficiency. |

Component Size Relative to Wavelength - A third reason for the de-

crease in response with wavelength is the diffraction caused by the fact
that the wavelengths are comparable in size to the 6 mm and 2.5 mm cone
apertures. King and Wu (1959) have calculated this effect exactly for
a circular aperture in an infinite conducting plane and find that the
transmission coefficient does not decrease substantially until ANIX

aperture diameter., At wavelengths on the order of the aperture size,
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hovever, the diffracted waves leave the apertures at large scattering
angles (Jackson 1962), and some power will, therefore, be reflected back
out of the feed cone before reaching the detector. No spectrum of this
effect is shown because it is difficult to calculate, but clearly it must
provide an additional long wavelength cut-off.

6. Sum of All Contributions

Because the quantitative details of several of the diffraction
effects are unknown, a long wavelength cut-off for this system was as-
sumed in considering the system calibration. This assumed transmission
is shown in Figure 4b. The minimum long wavelength cut-off for spatially
extended sources is equal to the chopping efficiency; for point sources
this cut-off is equal to the product of the chopping and aperture effi-
ciencies. The uncertainties in the calibration caused by this uncertainty
in the long wavelength cut-off are discussed in Chapter 4., They are
relatively small because the integrated power of most astrophysical
sources, vFv or AFA, decreases with increasing wavelength at least as
rapidly as 1/A.

The total relative system sensitivity has been estimated as the
product of all the filter transmissions and is shown in Figures 5a and b.
Several checks have been made on the gross characteristics of this es=
timated spectral response. The ratio of brightness of the bright to dark
side of the Moon has been found to be about 2.5 every time it was measured.
If there were any significant systeh sensitivity shortward of 30u, this
value of the ratio would not be observed. Furthermore, the transmission
of a Flurogold filter and of a 10 lines-per-centimeter wire mesh have

also been measured while observing astronomical sources, The transmis-
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sions of both are about 0.85. If there were either a significant response
shortward of 500u, or no response shortward of 2 mm, these ratios would

also not be observed.

D. Beamwidth

The beamwidth is determined by diffrection effects and by the size,
6 mm, of the large diasmeter of the condensing cone. Figure 6 shows the
response of the system as the telescope is slowly scanned across Jupiter,
roughly a uniformly bright disc 30 arcseconds in diameter. This curve is
fit quite well by the Gaussian, exp -(r/R)%, where R = 64 arcseconds.

For computational purposes this approximation is used.

Two quantities related to the beamwidth are important for the cali=-
brations. The first is the decrease in signal from a source of finite
angular extent because of the decrease in response off axis. The size
of the actual signal relative to that of ah equally strong point source is

e = [[% exp-(r/R)2 2nr dr]/ma2 = (R/a)? [1 - exp-(a/R)?]
where R = 64 arcseconds and a is the source radius., The quantity, €, is
graphed in Figure T as a function of the radius of the source. The
second quantity is the effective beam size for sources large compared to
the beam, Re., This is the size of a circular beam with flat response
over its area equal to the peak response of the real beam and with an
integrated response equal to that of the real beam. This is given by

mReZ = [ exp-(r/R)? 2mr dr, implying Re = R = 64 arcseconds.

(2]

E. Electronics

The first stage of signal amplification is provided by a preamp

(Aumann 1970) mounted on the detector dewar. The remaining electronics
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are similar to those used for the near infrared observations in Part I

of this thesis.
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IIT. OBSERVING TECHNIQUES

The observations described here have all been made during "twilight"
time on the 200-inch telescope. This time extends from about three hours
before sunset to one half hour after sunset in the evening and similarly
in the morning. This daylight observing is practical because millimeter
observations are not affected by scattered sunlight, and because in day-
light the telescope can be pointed to an accuracy of about %7 arcseconds
by off-setting from nearby visible stars brighter than 3.5 to 4,0 magni-
tude. Generally there are at least two such stars within a 10° radius
of most sources observed.

In addition to observing the program sources, the typical observing
procedure consists of measuring calibration sources at the beginning and
end of each observing session and occasionally in the middle. These
calibration measurements provide an estimate of the relative sensitivity
of the system and of the change in atmospheric absorption with zenith
angle. On both calibration and progrem sources the integration pattern
is usually a sequence of two 1lO-second integrations in one beam of the
chopper, four in the other beam, and then two in the first beam with as
many repetitions as necessary to obtain the desired signal-to-noise
ratio. On the planets Venus, Jupiter, and Saturn, the signal-to-noise
rétio is greater than 20/1 in less than a minute of integration.

The above mode of integration was chosen to provide a large ratio
of integration time to beam-switching time and is practical because there
is little or no long-term drifting which would require more rapid beam

switching and shorter integration times. This has been checked by
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dividing a typical sample of data into two distinet halves and comparing
the noise in each. One half was comprised of the differences between
adjacent 1l0O-second integrations in each beam. The other half was com-
prised of the differences of the remaining pairs of 1lO~second integra-
tions. In this second half the members of & pair were separated in

time by about 40 seconds as opposed to the 20-second separation in the

first half., The rms values of the noise in each case were almost equal,
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IV. CALIBRATION PROCEDURES

A, Basis

A wide-bandwidth detecting system measures thé total flux in its
bandwidth; the flux density at some average frequency is uniquely de-
termined only by a knowledge of the source spectrum. The spectrum cannot
be determined from the wide-band data alone, but some limits may be ob-
tained by meking use of measurements at nearby wavelengths and by assuming
.moderately slow variations with frequency. This is the basis of the cal-
ibration procedure for this 1 mm system.

The absolute and relative calibrations of the responsivity are
based on the assumption that the planets radiste like blackbodies in this
spectral region. With this assumption, the total amount and spectral
shape of their emitted fluxes are characterized by their brightness tem=
peratures. The power incident on thevdetector is then the integral of e

Planck function times the filter and atmospheric transmissions,

B, Planets

The assumption that the planets radiate like blackbodies will first
be examined., In Tables 2 - 4 are listed measurements of the brightness
temperatures at a variety of wavelengths for the three principal cali-
bration sources, Venus, Jupiter, and Saturn, along with the adopted 1 mm
brightness temperatures. There is a clear trend in all three planets
for a decrease in brightness temperature with wavelength, generally attri-
buted to a decrease in opacity with increasing wavelength and an increase
in temperature with depth in the atmosphere (see e.g. Sagan 1971; Trafton

1967). The range of variation of brightness temperature between 10u
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TABLE 2

Brightness Temperatures of Venus

T. adopted at 1 mm = 285°K

b
A (mm) Tb(°K) Reference

0.01 200-225 Westphal et al. (1965)

0.02 218210 Low (1966b)

0.,03-0.045 260k Armstrong et al. (1972)

0.045-0,080 27h+3 Armstrong et al. (1972)

0.065-0.110 289+20 Armstrong et al. (1972)

0.125-0.300 280+L5 Armstrong et al. (1972)

0.35 27h+30 Harper et al. (1972)

1.2 319+32 Low and Davidson (1965)

1.b 265130 Kostenko et al. (1971)

2.1 25119 Ulich (1973)

3.1 379433 Ulich (1973)

3.h 33133 Epstein et al. (1968)

8.0 416+67 Efanov et al., (1969)

135 472430 Low and Staelin (1968)

27.0 612437 McCullough (1972)

hs5.2 65435 Dickel et al. (1968)
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TABLE 3

Brightness Temperatures of Jupiter

Tb adopted at 1 mm = 145°K

A (mm) Tb(°K) Reference
0.01 12942 Wildey et al. (1965)
0.02 12746 Low (1965)
0.03-0.0L45 136+1 Armstrong et al. (1972)
0.045-0.080 15045 Armstrong et al. (1972)
0.065-0.110 15347 Armstrong et al. (1972)
1.2 155415 Low and Davidson (1965)
2.1 141411 Ulich (1973)
. | 181413 Ulich (1.973)
3:3 153415 Epstein et al. (1970)
3.9 150ﬁ§§ Kislyakov and Lebskii (1968)
8.5 15748 Wrixon et al. (1971)
9.9 13047 Wrixon et al. (1971)
12,8 120411 Kellermann (1970)
20 145415 Kellermann and Pauliny~Toth (1966)
- 177422 Giordimaine et al. (1959)
60 224430 Dickel (1967)
210 250440 Branson (1968)
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TABLE L

1.

T, observed at 1 mm = 170°K

A (xmm) Tb(°K) Reference
0.01  gl5* Becklin (private comm. )
0.02 8L+5¥¥ Becklin (private comm.)
0.030-0.0L5 894" Armstrong et al. (1972)
0.045-0,080 oL+0¥ Armstrong et al. (1972)
0.065-0.110 97+5" Armstrong et al. (1972)
0.125-0. 300 934L" Armstrong et al. (1972)
0.350 150 Harper et al. (1972)
1.2 140415 Low and Davidson (1965)
1.4 120430 Kostenko et al. (1971)
2.1 145411 Ulich (1973)
3.1 148411 Ulich (1973)
3.3 125413 Epstein (1970)
8.0 13219 Salomanovich (1965)
8.5 15147 Wrixon and Welch (1970)
8.6 1022k Ulich (1973)
11.8 13145 Wrixon and Welch (1970)
14.6 13348 Wrixon and Welech (1970)
2 2 13712 Berge (1968)
60 179419 Kellermann (1966)
90 165425 Berge and Read (1968)

fReferred to area of disc
Referred to area of disc
*Disc resolved - Ty, rings
Disc resolved - T, rings

b

R R

unless otherwise noted
and rings

9L°K
84°K
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and several centimeters wavelength is considerable for all three planets,
but there is no significant variation at wavelengths near 1 mm. Conse-
quently, brightness temperatures at 1 mm for Venus and Jupiter have been
adopted close to the 350u, 1.2 mm, and 1.4 mm relative measurements, and
the 3 mm absolute measurements. The brightness temperature of Saturn is
subject to possible variation due to varying contributions from the
rings as their geocentric angle of inclination varies. Therefore, five
independent measurements of the flux ratios of Saturn and Venus were
made to determine the brightness temperature at the present time. As-
suming a brightness temperature for Venus of 285°K, these measurements

imply a brightness temperature for Saturn of 170°K + 20°K.

C. Atmospheric Transmission

The short wavelength cut-off of the system response is largely de-
termined by the transmission of the atmosphere. No spectrometer has
been available to measure directly'the atmospheric transmission as a
function of frequency while observing. In fact, this would probably not
be practical because of the large amount of observing time required.
Therefore, in order to estimate the effects of atmospheric variations
and the problems of comparing sources with different spectra, a computer
program has been written which calculates the transmission of the at-
mosphere as a function of the meteorologicel conditions, principally the
smount of precipitable water vapor. This program and the reliability of
its predictions are described in the Appendix., In addition to the trans-
mission as a function of frequency, the program also calculstes: (1) a

veighted average frequency, ¥, and (2) the integral of the product of
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the atmospheric transmission with the filter transmission and spectra of
any desired power law, which is the quantity actually measured by the
detector.
In Teble 5 are shown the values of the weighted average frequency
Vo= [f vF,T(v) avl/[4° F,T(v) dv]
for several different power law spectra, Fv « va, and for various amounts
of water vapor. In Table 6 are shown the ratios of the integrated flux

from a spectrum, F,, « va, relative to the integrated flux from a black-

v
body spectrum in the Rayleigh-Jeans approximation, Fv « vZ, The spectra
were normalized to.equal Fv at the appropriate V from Table 5. The un-
certainties given in Tables 5 and 6 are the estimated variations due to
insufficient knowledge of the filter transmission and diffraction char-
acteristics. These uncertainties were determined by performing the in-
tegrals with various filter transmission curves believed to represent

the maximum range of possible characteristics. Clearly sources with
equal Fv at their respective V but with different spectral indices will
not in general produce the same signal at the detector. The necessary
correction factor, however, appears to be a function only of the spectral
index and not of the atmospheric water vapor.

It is apparent from the preceding discussions that to calibrate any
measurenent two quantities must be known roughly =- the precipitable
water vapor in the atmosphere, and the frequency dependence of the flux
density from the sources under observation. The amount of water vapor
can be estimated in two ways. The decrease in signal strength with ine-

creasing zenith angle of the calibration sources gives some indication

of the atmospheric opacity. The opacity can be used to estimate the
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TABLE 5

Computed Effective Frequency (cm‘l) as a Function
of Precipitable Water Vapor and Spectral Index

mn H,0 Spectral Index, «, for F e v

0 1 2 3
+.20 +.30 +.10 .6
%5 B, 58+l 9.42%. 39 10,33+ 45 11.36%: 52
+.1 +.15 +.2 +.20
3.0 8,07} %e 8777 ¢2 9.39% 20 9.957:15
+.10 +.15 +. +.10
6.0 7.617+22 8.25%+13 8.79%: 12 9.23% 3
2. i .64+ 10 ,16%.10 L5g+. 10
12.0 T.007+30 164020 816230 858722
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TABLE 6

Slope With Equal Fv € V - Relative to a Fv « v2 Spectium -

)]

= [/F qT(v) av][Fy2(3 2)1/[/F 2(v) av][F o5

\)G
m H,0 Spectral Index, a, for F  « ve
0 1 2 3
1.5 0.75+0,02 0.83+0.01 1.00 1.3%20,06
3.0 0.80%0.05 0.87+0.03 1.00 1,1%5+0,03
6.0 0.81+0.05 0.88+0.,04 1.00 1.16:+0,05
12,0 0.81+0.06 0.88+0.05 1.00 1.1520,07
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water vapor content from the theoretical extinction coefficients calcu-
lated by the computer progream in the Appendix and shown in Figure 81.

In addition, a device is available? which compares the flux from the

sun at two nearby wavelengths in the near infrared. One wavelength is
situated in the center of a water absorption line and the other in the
nearby continuum. This provides a rough independent measure of the total
precipitable water vapor in the line of sight to the sun. The frequency
dependence of the flux density, as noted before, must be estimated on

the basis of data at other weavelengths.

lThese calculated opacities vs. water vapor are in reasonable agreement
with the values measured by Low (1966a)

2Constructed by J. Westphal.
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V. SAMPLE OBSERVATIONS

As an example of the calibration procedure, measurements of two
sources will be discussed, the H II region W 51 and the’quasar 3C273.
The observations of each and their calibration sources are summarized in

Table T.

A. W 51 -- Component G49.5-0.4

This H II region has been observed at a variety of radio frequencies
and with a variety of spastial resolutions. It is composed of a diffuse
component several arcminutes in extent and several compaét regions less
than one arcminute in size (Martin 1972, and references therein). On
November 13, 1972, six regions of the component G49,5-0.4 of W 51 were
measured at 1 mm along with Jupiter at two elevation angles; on March 30,
1973, several more regions were observed along with the Moon and Jupiter.
Only the peak brightness measurements will be discussed here., The rela-
tive sizes of the signals from the observed regions of W 51 indicate
that the emission arises from an area several arcminutes in extent.
Therefore, at the peak position the source fills the 1.7 arcminute beam
of the system. For this reason and because of possible cancellation of
part of the signal due to the finite extent of the chopping, the observed
signal represents a lower limit to the total flux from this area of W 51,

In Table 8 the calibration of the W 51 observations is summarized.
The atmospheric extinction coefficients were determined from the obser-
vations of the calibration sources and were used to determine the ratios

of the fluxes at equal zenith angles. The spectrum of this component
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TABLE T - OBSERVATIONS

Object Date Sidereal Time Sec Z Relative Signal*
Jupiter Nov 13, 1972 1840 1.82 161

W 51 i 1930 1.05 4, 6+,45
Jupiter " 2125 2.94 118
Jupiter Mar 30, 1973 1730 2.78 124
Moon " 1750 2.76 1288
Jupiter " 1840 1.96 192
Moon v 18k45 2.03 1787
Jupiter i 2010 1,65 210

Moon E 2015 1.50 2181

W 51 £ 2030 1.10 7.16%,26
Jupiter o 2120 1.68 237

Moon il 2125 1l.k2 2611
Venus Nov 15, 1972 0955 2.03 43,0
Saturn n 1005 2.30 40,9
3c273 it 1155 1.21 0.8L4+,16
Venus " 1225 1.32 50.5
3c273 Feb 9, 1973 1620 2.30 2.07+.23
Jupiter o 1730 2421 1.2
Jupiter " 1840 1.8k 96.1

*Equal units on all dates
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TABLE 8

Calibration of W 51 Observations

Log extinction per
air mass

Sig(W 51)/sSig(Jupiter)
€@ equal zenith angle

J H.O from near IR
caiibration

S H,0 from change in
signal with zenith
angle

J H,0 at zenith angle
of W 51 (assumed)

J - W 51
FV(G) - Jupiter

Beam efficiency
(Figure T)

Spectral Shape Correc-
tion (Table 6)

F -W5S1@2Xx
Vv

Nov 13, 1972

-0.12+,0k

2.29 x 1072

3.0+1.5 mm

2.0£1.0 mm

3.0 mm
9.4+0.5 cem™!

6190 x 10™26 wm~2Hz"1

137 x 10726 wym 2xz"1
@ 1.06 mm

+14 (statistics)

+35 (calibration)

Mar 30, 1973

-0,23%£,03

2.37 x 10~2

4,241,5 mm

4.4+1.0 mm

o7 mm
9.14#0.5 cm !

6480 x 10726 ym~2Hz"!

0.97

1.00

150 x 1072% Wm 2Hz=!
@ 1,1 om

+6 (statistics)
+35 (calibration)
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of W 51 follows roughly & v~ 01 dependence between 9.5 end 60 mm wave-
length, but between'9 mm and lOOﬁ the flux rises by several orders of
magnitude (Hoffmann et al. 1971). Thercfore, a spectrum proportional to
vZ was adopted. From Table 5 and the estimated precipitable water vapor,
this spectral shape implies the effective frequencies given in Table 8.
The assumed brightness temperature of Jupiter and its calculated flux
density on each date lead to the derived fluxes for W 51 also given in
Table 8. These determinations are reasonably consistent with a v2 de=
pendence of the flux between lmm and 100u. The errors quoted are: (1) a

statistical error, and (2) an absolute calibration error which has been

taken as 0 = (072 + 0,2 + 032)1/2 where

o + 10 percent error in assumed temperature for Jupiter

|
-+

0, = 15 percent error from insufficient knowledge of filter
properties
03 = % 15 percent error from insufficient knowledge of water

vapor and spectral dependence of flux

B. 3C273

This is the brightest optical and millimeter wavelength quasar and
is effectively a point source. It was observed with the 1 mm system on
November 15, 1972, and on February 9, 1973, with derived fluxes which
differ by a factor of three. Both measurements will be discussed here,
but a detailed discussion of possible resasons for the difference between
the two measurements will not be given. In Table 9 the calibration of
the 3C2T73 observations is summarized. The spectrum of 3C273 at milli-

meter wavelengths follows roughly a v0 dependence (Kellermann 1972)
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TABLE 9

Calibration of 3C2T73 Observations

Log extinction per
air mass

Sig(3c273)/Sig(Planet)
@ equal zenith angle

J H O from near IR
cailbratlon

J H. O from change in
signal with zenith

angle

J Hy0 at zenith angle
of 3C273 (assumed)

vV - 30273

; -~ Planets

Fv(G) - Planet

Beam Efficiency
(Figure T)

Spectral Shape Correc-
tion (Table 6)

Fy(v) - 3C273 @ X

Nov 15, 1972

~0.10+,04
1.64 x 10™2 for Venus

3.0+1.5 mm

1.8+1.0 mm

2.5 mm

8.2+0,3 cm~!

9.5£0.5 cm™!

2267 x 10726 Wm~2Hz"!
for Venus

l;OO

0.80

30 x 10‘26 Wm™2Hz~1
@ 1.2

+6 (statistics)
+8 (calibration)

Feb 9, 1973

~0.354,10
2.90 x 102 for Jupiter

no measurement

T.5+4 mm

17 mm

6.720.6 cm !

7.920.% cm~!

4061 x 10726 wWm™2Hz"!

for Jupiter

0.97

0.81

93 x 10726 wm=2Hz"1
@ 1,5 mm

+10 (stetistics)
+23 (calibration)
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with F, =30 to 50 x 10~26 Wm'sz'l, and this dependence has been assumed
at 1 mm. The appropriate weighted average frequencies and derived
fluxes are given in Table 9 with errors determined as for W 51. The
assumed spectral dependence of v0 is roughly consistent with the derived
1l mm fluxes., Barring gross mistakes in the measurements, the derived
fluxes on the two dates differ by considerably more than the possible
uncertainties in the calibration and are very tentative evidence for

1 mm varisbility of 3C273.
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APPENDIX

CALCULATION OF THE ATMOSPHERIC TRANSMISSION

Threé assumptions are made in calculating the atmospheric trans-
mission: (1) that the only significant contribution to the opacity is
from water vapor, (2) that Burch's (1957) empirically determined ex-
pressions for water vapor opacity are valid, and (3) that the atmosphere
can be reasonably well represented by a plane-parallel homogeneous layer,
one scale height in thickness.

The first assumption is Justified from many published spectra of the
sun (Harries and Ade 1972, and references therein), although there is
some debate about the presence of the water dimer, (HZO)2 (Harries and
Ade 1972). The next most conspicuous molecule in far iqfrared atmo=
spheric spectra is 02. Although its effects are quantitatively insigni-

ficant, several of the 0, lines have been included in the computer pro-

2
gram described here since they appear in published spectra. Atmospheric
homogeneity is assumed for simplicityj it is the only reasonable first
order approximation.
According to Burch (1957) the major problem in calculating the

water vapor absorption between 300u and several millimeters wavelength

is that of determining the absorption coefficient in the wings of strong
lines since that part of the absorption coefficient determines the ab-
sorption in the atmospheric windows. The measured absorption coefficient
as a function of frequency, K(v), in the windows cannot be fit by ény

simple expression for the line shapes. Therefore, Burch has developed

an expression for K(v) that includes a slowly varying continuous absorp-
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tion coefficient, empirically determined, which is added to the analytic
expression for the line contributions. The agreement between this em-
pirical formula and his own and other published measurements of K(v) at
various frequéncies is quite good. Additionally, the author has com-
pared the predicted K(v) of the program described here to the more recent
published atmospheric spectra of Harries and Ade (1972), Mather et al.
(1972) and Nolt et al. (1971) and has found good agreement between the
predicted and observed spectra. Therefore, it seems reasonable to use
Burch's expressions as a basis for a computer program which calculates
the atmospheric transmission.

In addition to computing the atmospheric transmission as & function
of frequency,ATa(v); the product of the atmospheric and filter trans-
missions, Ta(v)Tf(v) = T(v); and the product of these with a power law
spectrum, Ta(v)Tf(v)Fova, normalized to F (A=l mm) = 1072% wm~2Hz"1,
the program also computes several integral quantities related to the ob-

served power received by the detecting system. These are:

weighted average frequency

(1) [£ vI(v)v® dv]/[é? T(v)v® dv]

(2) [4 Fg v*T(v) av]/[£° T(v) av]

weighted average flux

Y

(3) L5 Fg viT(v) av integrated flux

(4) [4? T2 (v )v* dV]/[é? T(V)Va dv] = weighted aversge transmission

"

(5) [£° T(v)v® avl/[§ v* av]

(6) [ T(W)Ta(vIv® avl/[ £ T(v)v® dv]

straight average transmission

i

weighted average atmospheric
transmission

integrated flux in six

(7) £* FovoT(v) av
' atmospheric windows.,

A copy of the progrem and a sample of its output are shown on the

following pages.
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ATMOSPHERIC TRANSMISSION PROGRAM

REAL NU1 ¢NU2 ¢NUKCC o INCRyNUy INDEX ¢ KCINT ¢KC 4y KCC
DIMENSIOMN KCC(21)yNUKCC(21)oTLU6)4ST(ES5)4SICLES)FRI65)5S(6545),

INFXPUEY, AUFA(6546)4A(A5) 4AC(65) 4 FLI651, TRANSTIOCY, TFLUX(IDTH,
2X(907) +1CATX(900 )y IDATY(9C00) 4SC(4) ) ALF(65+6)4NSISLI) JAR(ANN),
3FM(6) s FP(6),CXNULQ) yOXS(9),FFILT(5GC),TEILT(5%),S5F(6])

CATA FM/CoCe6e0912.09154C019.0,25.0/1FP/6.2,12.9,15.2,419.0,25.%,
1 33.0/
FREQUENCY GF OXYCEN ( INES

DATA GXNU/340B8912.29,14017,16.25¢2348+25481,27.R2,35.3%,37,38/
STRENGTH CF NXYGEN LINES

DATA CXS5/079062950792419135¢8079249914845.5/

STOENGTH AND REQUENCY OF FAKE CONTINUOUS ARSORPTICN CrFFFICIENTS
NATA KCC/eDCRyaC299aN769el8y03l904300€00a79¢1Laly125902.793450444,
1 5.24+5.8 y6¢b|7.62_2}‘16’»_?‘6’_‘.419:“8(' NUKCC/lev2e93e9b4 0150 16018(1_1!2'.,_

2 12090 04e 4160y 18092643 2201240 126492809 30449372.436.436,7
DATA TUL/2204430044280492604924009220./y PI1/3,14155/
NFILT=C

NLINES=34
READ PAPAMETERS OF WATER LINES
DO _20 1=1,NLINFS

TTI6 TSI ITIEAUT, JTYRLC LR INEXP (TS

1c

5]

PEAD (54100) FLUTY, (CSTT,JTI NEXP(ITIDedT=1,61) "
FORMAT (F5.2,9X,6(F4.2,12,4X))
DC 10 JT=1.6

101  FORMAT (14X%,6(F5.3,5X))
20 READ (S5, 101) (ALFA(1,JT)eJdT=1,6)
162 FOPMAT (Fa ol 92Xy Fho?y IXoFool s IX ) Flo2 e X oFoolyIXsFa.1,1X,Fa4,171X,
1 F4,241X4F4,2,43X%,12)
C _READ ATMCSPHFPIC CENDITIONS FOR DESIRED SPFCTRUM »
24 READ (5,102) TAIR,PATRyPRWTIRyHUM, INDEX NU1yNUZ, INCRySCALTJIFTLT
I[F (TAIR EQ.N.) STOP
1f (IFILTL.FC.C) GO T 25 L .
163~ ECRMAT (A(F5.2,F5.3)) ~~~—~w———Trmomenooomom ’ ”
d READ TRANSMISSIGN NF SYSTEM FILTERS
B READ (S01C3) ((FFILT(T)TFILT(1)),I=1,1FTLT) S
TUUNFILTSIFICY T 7T ‘ T
c FINDS WHICH TEMP TN INTERPOLATE BETWEEN
25 DC 26 I=146 - S
TE ATATR GF.YL(INY 6070 287 T T
26 CCNTINUE
..... 26 NF=1-1 R
NT=1
C FINDS VAFCR PRESSURE OF WATER IN UNITS OF ATMUSPHERES FG&CM
weyC _ __APPROXIMATF ANALYTLIC PFLATIONS EBOM "ASTROPHYS QUANT® e e
' TF (HUM.CEecoH) NDEWPT=TAIF=3,5-20.%(0.8=-11]V)
IF (FUMeLTWGe%) DERPT=TAIR=9.5-2,%%(({0.5-HUM)%]2,)
VAPRS=1G./2.%%((285.-DEWPT)/94} )
PSWTR=VAERS/ {PATR%T60 )~ 777
c CPAIR=EFFECTIVE LINE-BRCACENING PRESSURE BY AI[R
CPAIR=C,S2%P4IR o B e
C PCONT=EFFECTIVF LINF BROACENING PRFESSURE FCP FAKE CONTINUUM ASS
PCONT=13 &FPSWTR+CPAIR
c PLINE=EFFECTIVE LINE-8BROARENING PRESSURE FNR LINES

TPLINF=5,C*xFSwTR+CPATR
DO 32 I=1,ALINES
00 30 _JT=1+6 _
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30 ALF(I3JTI=ALFA(TJT)%PLINE
32 CCNTINLE
DEL=(TATR=TU(NT))y23. 7~~~ 77 7= o T
DELC=".P
NC 34 1=1,6
5% o T g b e
(o INTERPCL ATES LINF STRENGTHS AND BROADENINGS ©0] TEMP RES[RED, AND
_C FOR 256K FCk (OMPUTATICN OF TEMP DEPENOENCE OF CCNTINUUM ARS
DC 36 I=1,NLINES o T
STUT)=S( I,NT)+DEL*(S{I4NF)=S(I,NI))
ACI)=ALF(I,NID#DEL *(ALF (I 4NF)=ALF(I,NI))
STC(T1=S(1,3)4DFLC*(S(T42)-S{1,3))
36 AC(I)=AUF(T,3)4DELCH(ALF(I,2)-ALF([,3))
e _PRINT 11C, TAIR,PATR,HUM, PRETRy N1 ¢NU2, INCR, INDEX
116 FORMAT ('1AT~r_5nw'blc'*T"FE'AN%'MISS)UN FORY/CIATEMPRERATIIRE= ¢, F4,D,
LY KO/ FPESSURF= ' 44X, F4,2/% PiL HUAINITY = ' F4,2//% PLEC WATI k=
L2 Y4F4e1//" FFLOUENCY RANGE= ¢, FG,2,' CM¥x=] TN 1,F6,2,¢ CMAs=]1/
3 ¢ FREGQUENCY INCREMENT= 9,F3,2,1 CM¥%x=1'///% NU¥%',F4,1," SPECTRAL
4 INDEX OF INCINENT RANDIATION®)
____PRINT 10°%
165 TFARMAT (TOTRANSMISSTON CF FILTCRS==NU/T /)
IFINFILT.FG.C) GC TO 3¢
106 FORMAT ( B(F6.2,1XyF5.3,4X0) I
PRINT 106, ((FFILT(I) TFILTC(O))y T=1,NFILT)
GC TO 40
as PRINT 1017 S — i -
107 FORMAT ('CLCC PFRCENT TRANSMISSTON AT ALL NU') ) B
4C SUMF=C,
SUMTF=C,
SUMTTE=n. Tttt T - Tt T T
SUMNTF=0."
SUMATF=0, ‘
F=NU1 - TETATT T - T - -
PRWTR=FRKTR/17,
N L e _
120 FORMAT (THI, 'NU{CM=1) K CONTINUUMY ,7X¢*K LINFY,6X, 1M FLUX®,3X
1 ‘TR FLUX®33Xs'LOG TR 45Xy *TRANS Y ¢ 4X 4 "LAMDA! ,6X4 'ATM TRANS')
N ... o o A e
47' S—[ﬁﬂ( T T ommrTr o ot o
SUMKC= c.
€ SUM OF CCNTRIBUTICNS CF LINES AT FREQUENCY-F- N e
DO 46 I=1,NLINFS
Di=(F-FL(T1))*%2
D2=(F+FLT))%%2 _ e
SUMK=SUMK+STC(T)I#A(T 1 # (1o /(DL+A( T %%2 )41 ./ (D2+ACT 1%%2) ) /FLIT ) k%2
46 SUMKC=SUNMKC+SICIT)IHAC(TII*(1./{DL+ACII)%%2)+41./(D2+ACLT )%%2))/FL(1T)
1%%2
C INTERPCUATES CONTINUOUS ABSGRPTION FOR FREGUENCY-F- T
DO 50 1=1521
IF (F.LE.NUKCC(I)) GO TO 52 L : o
50 CONTINUF
52 L=1~-1
e KCINT=KCC(L)+(F=NUKCC (L) )% (KCCUT)=KCC L))/ {NUKCC(I)=NUKCCIL))
c CCNTINUOUS A3SORPTION AT NESIRF! TEMPERATURE

VXA =F

KC=KCINT#SUMK/SUNMKC
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NS(J)=2C

T1=KC#PCONT
T2=(FAe2)esuve/pl

T5=C.
c OXYGEN L INFS
.. D0 54 1=1,9 e o ) .
4 TH5=TS54CXS(T)/((F=CXNU(T))%%x2+,248%%2)
TS5=TS5% ,N4Ex, 2%PATR/P]
e Y4=1e e e e U . S
IF (NFILT.FQ.0Q) GO T 64
C INTERPCLATES FILTER TRANSMISSION AT FREQUFNCY-F-

DO 60 I=¥,NETLT .
TF (FLULELFFILT(INY 60 T0 62
60 CCNTINUF
62 L=1-1 .. U .
T4=TFILTAL)+(F=FFILTCL))2(TFILT (L)=TFILTIL))/(FFILTCT)=FFILTILY)
64 TO=PRWTR*{T1+T2) #(~(.434)~TS
e AF (T4LLEL00) T4=0.NC0000N1
TRANS(J)=Th+ALOGLII(T4)
TF (T6LTe=20.) T6==2C.
J6=13.%%16 e
TF (TRANS(J)LT.-20.) TRANS(J)==29.
FLUX=1CG.*((F/1C.)*«INDEX)
T3=TRANS(J) = . _. ; e e
TRANS(J)=10.#=TRANS(J)
TELUX(J) =FLUX=TRANS (J)}
121 FORMAY (2  1F5¢243Xy 1PE12.3,3X9E12e393Xs7PF70193XsFTale3XyF7.2,3%X
1 oFTe543%:F5,048X,F7.5)
PRINT 121y FeT1,T2,FLUXoTFLUX(J) ¢T3, TRANS(J) AL, TE
SUME=SUMF+FLYX
SUNTF=SUNTF+TFLUX(J)
SUMTTF=SIMTTF+TELUX(J)*TRANS(J)
 SUMNTF=SUMNTF+F#TFLUX(J)
SUMATF=SLMATF+TAXTFLUX(J)
DO 66 I=1,6
66 IF (FoGT oFMIT)oANNLF.LFLFP(I)) SF(I)=SFLI)¢TFLUX(J)
8l LE AL A TRLL) L AND B L (1) SH(I)=SFLII«TFLUX(J)
IF (F.GTAL2) GO TO 7¢
IR ) 5 S ) . e . . R
GO TO 42
70 AJ=J
AVTRNS =SLMTTF/SUMTF
AVTRS=SUNTF/SUMF
AVNU=SUMATF/SLMTF
_AVATR=SUNVATF/SUNTF
SUMF1=SUNTF/AJ
SUMF2=SUMTFHINCK#3,/10C,
... PRWTR=PPRTOX1O, .
FNOVIF=10C. % (AVNU/1S. )%« INNFX)/SUMF2
PRINT 114y ZVNU,,SUMFL, SUMF24AVIRNSJAVIRS JAVATP,FI'VIF
114 ENRMAT (!'TWEIGHTED AVEKAGE FREQUENCY= ' ,F&8,2, ' TMta-]¢//t AVERAGE
IENUS $4F 6,24 FolUoa' /7" INTEGRATED FLUX= '4FR.2," IN UNITS OF 10 %%-
214 W/M%%2%//% WEIGHTED AVERAGE TRANS= ',F5.3,//,' STRAIGHT AVFCAGF
3 TEANS= '4¥5.3//' WEIGHTEC AVEKAGE ATMOSPHERIC TRANS= ',FS.3//
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4 v FNU(NUBAR)/INTEGRAL CF FNU= *,F6.2//%' ')
0C 74 I=1,6 ...
T4 SFUTI=SF(TI*INCR¥3, 716,
PRINT 118, ((FM(T),FP(T),SF(I)), I=1,6)
115  FOPMAT (*7INTEGPATED FLUXES IN ATMOSPHERIC #INDOWS IN UNTTS CF Ju

1%=14 W/ME%20 /7,6 11H qF4. 14" TO yFhaly ! CMES=11 ,5X,FE,2,/))
PRINT 111
111 FOFMAY (!LIFLCT CF TRANSMISSION VS FREQ (CM#*%-1)')

- SC(?)=1.C/12.".
SCla)=C.C
o SCO1)=SCALE

1=NUL
YI=1
..SCe2) =Y
I=NU2+1,
Y2=1
PX=LY2-Y1)/SCALT , = S
CALL DGPLOT (X TRANS,JyNSePXy10.C414SCy TDATX, INATY,ER)
112 FCRMAT (* CCPLCT ERRNR MESSAGE = ¢,F3.0)
e JE LERWLEL QL) PRINT 112,ER_ . . o e
PRINT 112
113 FORMAT (*1PLNT OF TRANSMITTED FNU VS FREC (CMx%-1)')
SR 1 1 | S L NP
SCl4)=C.C
CALL DGPLOT (XoTFLUXqJsNRyPX910.Gy1sSCy INATX, IDATY,FR)
I LRRLLELNe) PRINT 112.FR . .

“6C Y0 24 T o )
FAD
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