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i. Scientific Goals and Achievements

Ll a et e o Jored Fren Yo T ait Totet Whe OO

Because nf the wide range of time covered by this investigation
the scientific gouals have undergone changes as our knowledge of both
instrumental procedures and astronomy have expanded and matured. The
overall motivation has been to understand the emission mechanisms in
the 4 - 8 micron regionr of the spectrum, and to use this to study the
properties of individual obyects or classes of objyects.

Initial work was directed towards the optimization of
instrumentation including study of the atmospheric transmission at
altitude and abserving techniques., Subsequent studies have included

~ spectroscopy of planets

- gtellar atmospheres

-~ highly obscured obgjects in molecular clouds
~ planetary nebulae

- HII regions

~ extragalactic objects.

Abstracts are presented of all publications resulting from this
research (section §), so highlights rather than full scientific details
are presented here,

Recant work (see publication #31) has included spectroscopy of
protostellar sources, looking for correlations between absorption
features at 2.8, 3.1, 3.4, 6.0, 6.8, and 10 microns. Evidence was found
suggesting that the 6.0 micron feature originates in amorphous water
ice, but the identification of the 6.8 micron feature remains uncertain.
The study of absorptions in the spectra of protostellar sources in
molecular clouds uses the sources as probes of the cloud material
properties along the line of sight.

One centinuing investigation has been the observation of the
emission features ocurring at 3.3, 6.2, 7.7, 8.7, and 11,3 microns,
The emission praocesses responsible for these features have not yet
been completely explained, although it is certain that they result from
some type of dust grain mantle material. Data on the 4.2 and 7.7 micron
features can only be obtained from above the astmosphere. Publications #4,
#11, #12, #13, #15, #18, #21 have ail resulted fram work on this problem.

Anaother progect which has provided useful data has been the
study of fine structure atomic emission lines from HIT regions in our
galaxy to study the abundance of these elements as a fuction of position
in the galaxy. This is difficult to do at visible wavelengths becuase af the
large amount of obscuration in the galactic plane, The IR lines studied
include ArII at & 99 microns from our data, SIII (18, 71) (from other Cl41l
data), and arIll (8.99) ,8IV (10.54) and MelIl (12, 81) #rom ground based
wovrk, Publications #2&, #29, #33, and #34 result from this progject.

"}
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. Instrumentation OF POOR GUALITY

The majority of the data was taken with the UCBD circular
variable filter wheel spectrometer using an lead-tin-ftelluride (PbSnTe)
photovoltaic detector operated at 63K initially and 4K finally., A
gchematic diagram of the dewar mounted on the photometer is shown. The
filter wheel covered the range 4 - 8 microns with 1 - 1, 8% spectral
resolution, Several broad band filters were used to give the usual wide
bandpass measurements for fainter sources and for comparison to ground
based data which may have used @ different beam size., The field of view
was wsually 17 arc~sec, Normal IR chopping and wobbling techniques were
used and spectra were calibrated with respect to standard stars, The
detector signal, after preamplification, was further processed in the
RAR phase sensitive amplifier. Data aquisition, processing, display and
storage were done with the "ADAMEB" onbhoard computer system.

3. Personnel

et vt st Sy o bt 448 (00 By

The program was started by B, T. Soifer in collaboration with W.
A, SBtein in 1973, WAS left UCBD for the University of Minnesota in 1974,
BTS left UCSD for Caltech in 1977. Subsequently he remained inve .ved
with the program through subcontracts, while § P, Willner became
Principal Investigator at UCBD. &PW in turn left UCSED in 1980 when
B. Jones became PIL,

Many other scientific personnel at UCSD participated in the
praogvram, they are listed below with the approximate dates,

Gillett 1973 -~ 1975
Russell 1973 - 1979
Forrest 1973 -~ 1978
Hudson 1973 -~ 1978
Puetter 1974 - 1983
Rudy 1978 -~ 1980
Puschell 1981 ~ 1983

CABITEDT
CLOmLED

& long and fruitful collaboration was established with
J. L. Pipher of the University of Rochester, and other scientists
there who were "guest investigalors"” with the UCBD instrumentation.
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4,09,04 A0 -8y Spectro hotometric Qbservations
?rom the NASA Flying ;4,:"'3;‘ Telescope, R, W, RUSSELL,
B, T, SOIFER, & W, J, FORREST, Univ, of Callif.,
San Diego = Spectrophotometric observations from 4 u »
8 p with a lquid nitrogen cooled filter wheel having
resolution 43/) ~ 0, 02 were obtained on oLyr, BPeg,
uCeph, Jupiter, and the Moon, using the NASA flying
36" teleacope on the Alrborne Infrared Observatory.
The lunar spectrum shows that it is not a black body
emitter, with a depression between 6 p and 8 4.

The spectrum of uCeph, an M supergiant,
shows no excess over the stullar continuum from 5 u
8 u. This implies wiat the previously identified silicate
grains are the only {nfrared active circumstellar
material in this star, The implications of this will be

discussed,
The Jovian spectrum shows a deep minimum

at 6 u, characteristic of ammonia in the atmosphere,
as well as furthar spectral structure,

This work was supported by NASA grant
NGR 05-005.055,

TAE ASTROPHYSICAL JOURNAL, 198:L41-L43, 1975 May 15
© 1975, The American Astronomicsl Society, All'rights reserved, Printed [ US.A,

SPECTROPHOTOMETRIC OBSERVATIONS OF MU CEPHEI AND
THE MOON FROM 4 TO 8 MICRONS

R, W, RusseLy, B, T, Sotrer, AND W, J, FoRREST
Depurtment of Physics, University of California, San Diego
Recefved 1974 December 11; revised 1975 February 14

ABSTRACT

We have obtained the first 4-8 4 spectrophotometric observations (AN/A ~ 0,01) of # Cep and the Moon, using the
NASA Alrborne Infrared Observatory, The Junar spectrum shows nongray behavior from 6.5 to 8 u. The spectrum
of u Cep, an M2 Ia star with circumstellar emission, skows ne evidence for circumstellar excess emission from 4 to 8 M
we conclude that silicates provide the only infrared-active component of the circumstellar material,

Subject headings: circumstellar shells — Moon — spectra, Infrared

THE ASTROPHYSICAL JOURNAL, 199:L181-~L183, 1975 August !
© 1975, The American Astronomical Society. All rights reserved, Printed in U.S.A,

SPECTROPHOTOMETRY OF CRL 2688 FROM 2 TO 24 MICRONS

W. J. Forrest, K. M. MgrriL, R. W. RusseLy, ANp B, T. Sorrer
Depsartment of Physics, University of California, San Diego
Received 1975 March 20

ABSTRACT

Medium-resolution spectrophotometry (AM/\ = 0.01) of CRL 2688 from 2 u to 24 p are reported,
No significant features are found from 3 x to 24 y, although the spectral flux distribution is broader
than that of a single-temperature blackbody.

Subject readings: infrared sources ~ nebulae — spectrophotometry
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THE ASTROPHYSICAL JOURNAL, 196:179-189, 1975 February 15
£ 1975, The American Astrooomical Society, All rights reserved, Prioted in U.5.A,

THE PECULIAR OBJECT HD 44179 (*THE RED RECTANGLE")

MARTIN COHEN,! CHRISTOPHER M, ANDERSON,? ANNE COWLEY,? GEORGE V., COYNE,* WILLIAM M, FAWLEY,! T, R,
GutL,® E. A, HARLAN,® G, H, HErnIg,® FRANK HoOLDEN,® H, S, HuDsoN,” RoGER O, JakouBek,? HugH M,
JouNsoN,® K, M, MERRILL,” FrRANCIS H, ScHIFFER [1],2 B, T. SoOiFER,” AND BEN ZUCKERMANS?
Received 1974 July 22; revised 1974 Septersber 3

R ABSTRACT

A strong infrared source detected in the AFCRL sky survey is confirmed, and s Identificd with the binary
star HD 44179, embedded In a pecullar nebula, UBVRI and broad-band photometry between 2,2 and 27 4
are combined with blue, red, and near-infrared spectra, polarimetry and spectrophotometry of the star, and a
range of direct and image.tube photographs of the nebula, to suggest a composite mode! of the system, In this
model, the infrared radiation derives from thermal emission by dust grains contained in a disklike geometry
about the central object, which appears to be of sper.ral type B9-AO 111 and which may be in.pre-main-sequeice
evolution, Two infrared emission features are found, peaking at 8,7 and 11,3 p, the latter corresponding to the
feature seen in the spectrum of the planetary nebula NGC 7027, The complex nebular structure is discussed
on the basis of photographs threugh narrow-band continuum and emission-line filters, The polarization data
support the suggestion of & disk containing some large particles, No radio continuum emission is detected.

Subject headings: binaries — infrared sources = nebulae — stars, indlvidual

THi ASTRO; HYSCAL JOURNAL, 207: 763-769, 1976 August |
© 1976, The acerican Astronomical Society, Al rights resesved, Printed (n U.S.AL '

INFRARED OBYERVATIONS OF ICES AND SILICATES IN MOLECULAR CLOUDS

K. M. MERRILL, R, W, RUSSELL, AND B, T, SOIFER
Department of Physics, Ualversity of California, San Diego
Received 1975 Ociober 20

ABSTRACT

Spectrophotometric observations from 2 to 4 p and from 8 to 13 p of several infrared sources
associated with molecular clouds are reported, Narrow absorption features at 3.08 p, attributed to
interstellar ices, appear in all sources with a molecular cloud in the intervening line of sight. All
sources showing ice absorptions also show broad absorption features, attributed to cold silicates,
from 8to 13 u. . ) _

The observed ice absorption profiles are all juite similar; however, they do not fit in detail
Mie theory predictions of extinction for pure H,O or NHj ices. The ratio of ice to silicate optical
depths is found to vary, with most sources showing 7ice/suicate in the range 0.1-0.4, The ratio of
visual extinction to ice absorption is found to increase rapidly from inside to outside the molecular
cloud in NGC 2024,

Subfect headings: infrared sources: general — interstellar: matter — interstellar: molecules
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THE ASTROPHYSICAL JOURNAL, 208:L129-L132, 1976 September 1§
1976, The American Astropomical Society Al rights reserved, Printed in U.5.A.

16-25 MICRON SPECTROSCOPY OF THE TRAPEZIUM AND BN-KL SOURCE IN ORION

W, J. ForRrEST
Cornell University
AND
B. T, SoIFER

Department of Physics, University of California, San Diego
Received 1976 A pril 26; revised July 2

ABSTRACT

Spectrophotomietric observations from 16 to 25 u of the Trapezium and BN~KL object in Orion
are reported. These observations were obtained with a newly developed liquid-helium~cooled grating
spectrometer, The observations of the Trapezium show a ralatively flat 16~25 u spectrum, consistent
with a 20 u emission peak similar to that previously found at 19 u, The BN=KL source has a smooth
16-25 p spectrum, showing little absorption such as characterizes the 10 u spectrum of this source,
This lack of a deep 20 u absorption is attributed to complex radiation transfer processes within the

molecular cloud,
Subject headings! infrared: spectra — nebulae: Orion Nebula

IgARUR 30, 252-257 (1977

Observations of Jupiter and Saturn at 5-8 pm

R. W. RusseLL anp B, T. Soirer
Department of Phyairs, University of California, San Diego, La Jolla, California 92098
Received March 18, 1076; revised April 28, 1976
Modernieresoltion speetrophoiomeiry (AN/A ~ 0,013) has shown the effects of known

almospherie constituents (NHy, CH,, CsH¢) on the 5-8 um spectrum of Jupiter, Broadband
observations of Saturn at 6.5 sm are also reported.

Pusion ATiINe 10 PHE ARTRIMIMIEAL Mo ey v ni Pacine
" AL, e 1T

SPECTRA OF LATE-TYPE STARS FROM 4-8p--

RICHARD G. PUETTER. RAY W, RUSSELL. KRISTEN SELLGREN,” AND BARUCH T. SOIFER

Department of Physics, University of California, San Diego
Receiced 1977 Junuary 10

-

The 4+-8i spectra (AA A = 0.013) of three late-type stars, obtained in October 1975 from the Kuiper Aibome Ob-
servatory, are reported. These spectra exhibit mainly stellar photospheric blackbody emission in the case of the M
stars and thermal circumstellar dust emission in the C star, The only signficant feature seen in this region is that attri-

buted to CO from ~4.54 to 5.2 This feature is observed in both types of stars.
Key wonls: late-type stars—inirared spectra

———— e
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Research Note

The 4-8 um Spectrum of the BNKL Scurce in Orion

R. W. Russell, B, T, Soifer and R, C, Puetter
Department of Physics C-011, University of California. San Diego, La Jolla, California 92093, USA

Received September 27, 1976 ) '
Summary. Observations of the 4,5~8 um spectrum with a

resolution 44/4 ~0,015 of the BNKL source in Orion are
reported, Nv obvious spectral features are found. An
upper limit on the abundance of carbonate grains in the
line of sight to BNKL is determined,

Key words: infrared sources — Orion Nebula

10

1%, 35,39 Infrared Spectra of Protostars R, C.
PUETYER, R, W, RUSSELL, B, T. SOIFER, and S, P,
WILLNER, Univ. of Calif., San Diego ~- The 2 to 13 ym f
spectra of 5 compact infrared sources associatyd with
molecular clouds have besn measured with the Kuiper
Alrborne Observatory and ground.based telescopes,

The sources - OMC 2-1RS3, GL 989 = DAA 6, GL2591=
UA 27, GL 2884, and NGC 7538E «~ are spatially
isolated from other sources of comparable strength.
The apectra all show broad absorption features near

3,1 and 9.7 ym: the features are attributed to ice and
silicates, respectively, Two new absorption features,
shallower than the ice and silicate absorptions, are
seen near 6.0 and 6.8 ym. The ratios of the depths

of the various features are different from object to
object. This research was supported by NASA grant
NGR 05-005.055 and NSF grant AST 76-32890.

- 11 15.79.07 The Infrared Spectrum of 8D +30° 36139
- and Possible Celestial Grain Constituents R. W.

RUSSELL, R, C. PUETTER, B, T. SOIFER, and
S. P, WILLNER, Univ., of Calif,, San Diego - Broad
emission features at 6,2 and 7,7 ym, first seen in the
spectrum of NGC 7027, characterize the 428 ym speca-
trum of the low excitation planetary nebula BD +30°3639,
These features, which are broader than the instrumental
resolution {AA/) ~ 0.015), have been attributed to peaks
in the emissivity of the dust grains thas produce the
bulk of the infrared flux at these wavelengths, A come.
parison of the astronomical spectra with lcboratory
emissivity data for small (~ 2.5 um) particles of CaCO3
and MgCO4q suggests that neither of theus materials can |
be responsible for the peaks seen in the astronomical
data. Alternative materials exhibiting some features
similar to those seen in the planetary nebulae spectra
have also been studied. However, these materials
exhibit features that are not observed in the astronoms=
ical data, In addition to the broad features, BD +30°3639
also posmesses a strong (Ar II} line at 6,98 ym, From
the strength of this line, argon is found to be overa
abundant compared to cosmic abundances. Combined
- with the earlier report of an over-abundance of neon,

this is evidence for significant nuclear processing and

mixing in the central star, This research was

supported by NASA under grant no. NGR 05.005.055.
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THE ASTROPHYSICAL JOURNAL, 217:L121-L124, 1977 November |
© 1977, The American Astronomical Soclety, All rights reserved, Printed In U.S.A.

2 TO 8 MICRON SPECTROPHOTOMETRY OF M82

S. P. WILLNER, B, T, SorFER, AND RAY W, RUSSELL
Department of Physics, University of California at San Diego

AND .

R. R. Jovce anp F. C. GILLETT
Kitt Peak National Observatory*
Received 1977 June 13; accepled 1977 August 2

ABSTRACT

Observations of the central 30” of the galaxy M82 with 1,59, spectral resolution from 2 to 8 xm
are reported. ‘Three emission features broader than the instrumental resolution are observed.
Hydrogen recombination lines are also observed; they indicate an amount of thermal bremsstrah-
lung emission equivalent to 0.8 Jy of radio flux at 3.5 min and provide an estimate of ~2§ magni-
tudes for the extinction to the H 11 region, An upper limit on the 8,99 um [Ar m1] line intensity
together with the measured [Ar 11] intensity impliés that the excitation of the H 1 region is ex-
tremely low. Comparison of fine-structure lines, including the 8 to 13 ym 1973 data of Gillett ¢ al.,
with the hydrogen lines shows that argon and neon have approximately their cosmic abundance.

Subject headings: infrared: spectra — galaxies: individual — abundances
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THE 4 TO 8 MICRON SPECTRUM OF NGC 7027

Ray W, RusseLy, B. T, SOIFER, ANB S, P, WILLNER
Department of Physics, University of California, San Diego
Received 1977 May 26; accepled 1977 August 3

ABSTRACT

Spertrophotometric observations of NGC 7027 with AM/\ = 0,015 are reported. The continuum
shows a strong, broad peak near 7.7 um, but little or no evidence for the strong peak near 7.0 um
expected from previously postulated carbonate grains. A spectrally resolved feature at 6.2 um is
found and attributed to an increase in the emissivity of some as yet unidentified dust material.

Unresolved emission features are seen at 4.49 and 5.60 um, These are attributed to (Mg 1v] A .49,
{Ar v1] M.52, and [Mg v] N5.61. The flux in the [Mg v] line is used to derive a lower limit on the
temperature of the central star of 1.3 X 10° K; a better estimate might be T, = 2 X 10* K. It is
euggested that magnesium is overabundant. ,

Subject headings: infrared: spectra — nebulae: planetary
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SPECTROPHOTOMETRY OF OH 26.5+0.6 FROM 2 TO 40 MICRONS

W, J, Forrest,* F. C, GiLLETT,t J, R, HOouck,* J, F. McCARTHY,* K. M, MERRILL
J. L. PreHER,§ R, C, PUETTER,|| R. W, RuUSSELL,|| B. T. SOIFER,|| AND S, P, Wu.x.mmlft
Received 1977 April 22; accepted 1977 June 17

ABSTRACT

Airborne and ground-based observations show that OH 26,5+0,6 has strong 10

i { . \ m and weak
18 pm silicate absorptions superposed on an overall energy distribution muchgl(kel; blackboday.
The flux level, color temperature, and depth of the 10 um absorption have varied during 2 years
of observations. A model of the source as a late-type variable star that has ejected an optically
:‘Ztl:?ihi‘:“' §h_eﬁll is tsv.f;ggetsftcd; ttll:e mass-loss tr)att: implied is greater than ~10~% M, year~?, The
2 significant fiux from the source is observed between 4 is evi -
rich dust has significant opacity in that wavelength range. and 7 pm is evidence that oxygen

Subject headings: infrared: sources — stars: circumstellar shells — stars: late-type -~
stars: mass loss
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THE INFRARED SPECTRA OF CRL 618 AND HD 44179 (CRL 915)

n

R. W. RUsseLL, B, T. SOIFER, AND S, P. WILLNER
Department of Physics, University of California, San Diego
Received 1977 August 15; accepted 1977 August 31

ABSTRACT

Spectrophotometry from 4 to 8 um is reported for the infrared sources CRL 618 and HD 44179
(CRL 915). In addition, 2-4 um spectrophotometry of CRL 618 is reported. Except for marginal
detection of emission lines at 2.1 and 2.45 um, the spectrum of CRL 618 is featureless, consistent
with graphite being the major constituent of the circumstellar dust cloud. Strong emission bands
at 6,2 um and 7.7 um are found in the spectrum of HD 44179, These bands have been observed
previously in NGC 7027 and M82. No positive identification of these bands is made. )

While both objects prutably represent advanced stages of stellar evolution, the substantial
differences between CRL 618 and HD 44179 suggest that they are members of different evolu-
tionary sequences.

Subject headings: infrared: sources — infrared: spectra — stars: individual
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INFRARED SPECTRA OF HM SAGITTAE AND V1016 CYGNI

R. C. PUETTER, R. W. RusseLt, B. T. SorfFER, aAND S. P. WILLNER
Department of Physics, University of California, San Diego
Received 1978 February 27; accepled 1978 April 21

ABSTRACT

Spectrophotometry of HM Sge from 2 to 13 um is presented along with 2 to 4 um spectro-
photometry of V1016 Cyg. From 2.5 to 8 um, the spectrum of HM Sge can be represented by a
950 K blackbody, and a strong silicate emission feature is seen from 8 to 13 um. Both HM Sge and
V1016 Cyg show evidence for CO absorption at 2.3 um. It is suggested that the infrared radiation
from these objects arises from a combination of emission by optically thin dust and by the reddened
photosphere of a cool star.

Subject headings: infrared: spectra — stars: circumstellar shells
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INSTRUMENTATION FOR %2134

INFRARED ASTRONOMY

B. T. Soifer’

Department of Physics, University of California, San Diego,

La Jolla, California 92093 and California Institute of Technology,
Pasadena, California 91125

Judith L. Pipher
Department of Physics and Astronomy, University of Rochester,
Rochester, New York 14627

INTRODUCTION

Over the last 10 years infrared astronomy from 2 ym to 1000 um has
blossomed into a major field of observational astrophysics, This develop-

ment would hive been impossible without two major technical advances, .

First.extremely sensitive detectors have been developed and become avail-
able for ustronomical applications. As detector sensitivity increased, the
new astrophysical problems that could be explored as a consequence
spurred on concomitant instrument sophistication. Secondly. and also
motivated by the first development, major grouns have expended much
effort in building and operating telescopes above most or all of the earth’s
atmosphere, in order to circumvent its opacity and emission throughout
the range. As wavelengths longer than 30 um became available to
observers, it became clear (cf the review article by Neugebauer, Becklin
& Hyland 1971) that many sources are unexpectedly bright in that pre-
viouely inaccessible wavelength region. This also provided impetus to im-
prove the selection of available instrumentation,

Many excellent papers describe specific aspects of infrared instrumenta-
tion in substantially more detail than is possible here, We name only a
few: for example, Low & Rieke (1974) have given an excellent description
of the techniques and equipment development of infrared photometry.
Gillett, Dereniak & Joyce (1977) have given a'comprchensive review of the
current state of infrared detector development. Other detailed discussions
of infrared astronomical instrumentation appear in the same volume as
Gillett et al. In addition. several conferences haye been devoted solely or
partly to infrared instrumentation (e.g. Manno & Ring 1971, Rowan-
Robinson 1976. Swift, Witteborn & Shipley 1974).

This review is an overview of the variety of the very sensitive in-
strumentation now or soon to be available to the infrared observer, We
make no attempt to be comprehensive. and have, in fact. left out descrip-
tions of the (now) more conventional instruments. Because efforts have
been made in contemporary instrument development to minimize the
effects of thermal backgrounds on observations, present instruments are
generally limited in sensitivity by such fundamental factors as tele-
scope/atmospheric emission and the solid angle of an observation. Of
course each instrument has trade-offs as compared with a competing in-
strument. and we have attempted to provide enough detail (or appropriate
references) to make these trade-offs apparent. Because the choice of the
observing platform and the detectors plays as important a role as does the
choice of instrument, we have preferred to describe each of the above
categories under the broad heading of infrared astronomical
instrumentation.
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ABSTRACT OF THE DISSERTATION

An Analysis of Infrared Spectra of Some Gaseous Nebulae,

with Emphasis on the Plane‘tary Nebula NGC 7027

by

Ray William Russell
Doctor of Philosophy in Physics
University of California, San Diego, 1978

Professor Baruch T. Soifer, Chairman

Infrared spectra from 2 to 13 ym (with resolution AL/ ~
0.015-0,02) of a variety of objects (including the planetary nebulae
NGC 7027, BD +30°3639, and IC 418; the galaxy M82; and CRL 915/
HD 44179) are discussed. The inclusion of 4 to 8 um spectrophotome -
try obtained from the Kuiper Aiz'borne Observatory is stressed, al-
though the entire 2 to 13 um region is shown to be very useful in
nnderstanding the physical conditions and radiation mechanisms in
these and other sources,

A basic summary of collisionally excited forbidden-line analy-

sis is presented, and the equations and parameters developed to
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permit the identification of such lines in the astronomical data and
their subsequent use in ion abundance calculations, For both NGC
7027 and BD + 30°3639 evidence is found for enhancement of several
products of the a process, indicating substantial nuclear processing
and mixing has occurred in the central stars of these planetary
nebulae,

A possible identification of [Mg V] at 5.6 pum in the spectrum
of NGC 7027 is discussed, Assuming the identification is gorrect, one
can argue not only that magnesiur: is overabundant, but also calculate
a lower limit on the temperature of the central'star of 1,3 105 K.
When the absorption of ultraviolet photons by oxygen ions is considered, ;

this limit is raised to ~ 2 - 105 K.

The Br y line in BD +30°3639 is used in conjunction with exist-
ing optical observations to calculate the reddening to the source, which
can be expressed as ~ 1?5 extinction at HB . When previous radio
observations are also considered, this leads to the suggestion that a
very compact (< 0.1"), or equival.ently, a very high density (ne >
J lO6 cm'3) radio component exists in the BD + 30°3639 field.

Broad strong emission features at 6. 2 um and 7.7 um are seen
for the first ti:;'xe in the spectrum of NGC 7027. This brings to five the
number of such features discovered in the spectrum of NGC 7027 and
subsequently found in comumon in the other spectra disqussed here,

These features, unidentified at present, are seen at 3. 28/3. 4 um,

6.2um, 7.7-7.8 um, 8.6 um, and 11.3 ym. Various possible emission
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mechanisms for producing these features are considered, and that of
structure in the emissivity curve of the material(s) emitting thermally
at these wavelengths explored in some detail,

In line with that approach to the problem, emissivity measure-
ments on collections of small (2-5 ym), isolated particle. have been
obtained and are presented for a number of materials either suggested
in the literature or considered reasonable candidates based on abund-
ance arguments and characteristic frequencies of vibration of molecu-
lar groups found in such materials. Although carbonates, sulfates,
‘and nitrates.all have spectral features similar in some respects to the

astronomical data, they are sufficiently different that no identification

-

can be made at this time., The 6, 2 ym feature may be due to water of
hydration in some host material, as an amorphous silicate with water
of hydration exhibits a 6, 2 ym feature quite similar to that seen in the
data for NGC 7027, However, until the host material can also be
identified, this must be considered a tentative identification. Other
materials whose spectra disagree with the celestial data are discussed,
Some avenues of future research in trying to understand the
emission mechanism which produces these features include variationsv
on the method of sample preparatinn to more closely approximate the
astrophysical grain ¢ondensation process, consideration of molecular
forbidden transitions, emission from organic species associated with

the celestial grains, and fluorescence mechanisms.




e

ORIGINAE FJO T
OF POOR QUALITY

The ubiquity of the emitting material (evidenced by the pres-
ence of the features in the spectrum of the galaxy M82, as well as in
the spectra of a large variety of galactic objects) and the importance
of the emission mechanism (indicated by the relatively large amount
of energy radiated in the features compared to that in the continuum

at these wavelengths) point out the crucial nature of this problem,
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SPECTROPHOTOMETRY OF COMPACT H n REGIONS
FROM 4 TO 8 MICRONS

R. C, PUETTER, R, W, RusseLL, B, T. SOIFER,* AND S. P, WILLNER
Depanmen( of Physlics, University of California, San Diego
Received 1978 June S; accepted 1978 August 21

ABSTRACT

Spectrophotometric observations from 4 to 8 um of the compact H 1 regi
. and K3-50 are reported, Two broad absorption features at ~6.(')3 pm Ix;Iml'l ?Sg ;?rgsatgsgbg{rscg

:jn the spectra of W51-IRS 2, and the 6.0 um feature is seen in K3-50. These features may be

ucbto absorption by silicate grains, A more speculative identification is absorption by hydro-
carbon molecth}cs. The continuum flux from 2 to 13 um is broader than emission from a single-
g;?l%irea:grsclnglﬁt;%c:g 'g et:‘u; ;:ggest; a é?;rlltﬁléi%n‘ of dust temperatures within the H 11 regions.
Fail > nd « in - i igni incti
limits are plaoed o fogon bund « in W) indicates significant 7.5 um extinction, Upper '

Subject headings: infrared: sources — infrared: spectra — nebulae: general
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'THE 4 TO 8 MICRON SPECTRUM OF THE GALACTIC CENTER

S. P, WiLLNER, R, W, RusseLL, AND R. C. PUETIER
Department of Physics, University of Californis, San Diego

B. T. Sorrer
California Institute of Technology

AND

P, M. HARVEY
Steward Observatory, University of Arizona
Received 1978 November 20; accepted 1979 Jansuary 16

ABSTRACT

Observations of the complex Sgr A W(N) with a 28” beam and 1.5% spectral resolution are
reported, Neither unidentified absorption features at 6,0 and 6.8 um nor emission features at 6.2
and 7.7 um were detected, The absence of the absorption features demonstrates that they are not
characteristic of general interstellar extinction. The absence of emission features suggests that
there is considerable distance between the ionized gas and the molecular clouds, The absence of
6.2 and 7.7 um emission features also suggests that a feature previously seen at 3.3-3.4 um is an
absorption at 3.4 um, and this absorption is apparently characteristic of interstellar extinction.
The strength of the [Ar 11] emission indicates an overabundance of argon. CO absorption seen at
4.67 um indicates that saturation effects are not large, and there is evidently a large velocity dis-
persion in the line of sight to the infrared sources.

Subject headings: galaxies: Milky Way — galaxies: nuclei — infrared: spectra
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UNIDENTIFIED INFRARED SPECTRAL FEATURES®*

S. P. WILLNER, R. C, PUETTER and R, W, RUSSELL
Unieersaty of Caltforma, San Diego, U,S.A,

and

B. T. SOIFER
Califurma Insnnne of Teehnology, Pusalena, California, U,S.A,

Abstract, The infrured spectra between 2 and 13 um of a variety of objects have beconre available
in the pust few years. These spectra have shown many objects 1o have up to six emission features
that are still unidentified. Other objects show absorptions due to ive, carbon monoxide, silicates.
und two umidentitied feutuees. The obsersational characteristics of the unidentified features are
discussed here, together with several possible ideaufications,

Tue ASTROPHYSICAL JOURNAL, 232:L33~L57, 1979 August 15
© 1979, The American Astronomical Soclety, All Aghts reserved, Printed in US.A,

THE 4-8 MICRON SPECTRUM OF THE INFRARED SOURCE W33 A

B. T, Sorrer,' R, C. PueTrER,? R, W, RusseLr,? S, P, WiLLNER,? P, M. BARVEY,) AnD F, C, GrLLETT!

Received 1979 April 2; accepted 1979 May 15

ABSTRACT

Spectrophotometry with a resolution AN/A~ 0,015 of the highly obscured infrared source
W33 A IR from 4.5 uny to 8 um is regorted. Three deep absorption bands, centered at 4,61 um,
5.99 gm, and 6,78'um, are observed, The band at 4.61 um is most likely predominantly due to.ab-
sorption in the fundamental vibration-rotation band of CO, although the wavelength of maximum
absorption occurs slightly shortward of that espected for gaseous CO and could be affected by other
absorbers, If no other absorber contributes to this band, then the minimum column density is 10%,
of i%e expected column density of carbon inferred from observed strength of the silicate absorption
at 10 um,

The absorption bands at 5,99 um and 6.78 um are extremely strong. Absorption processes in
grains are needed to produce these bands, due to the large half-widths and equivalent widths of the
absorptions, Observations of these bands in molecular cloud material, but not in the line of sight to
the galactic center, strangly suggest that the formation process for these bands occurs within the
molecular clouds, Arguments based on absorption strengths of these and the 10 um silicate absorp-
tion require the 6,0 um and 6.8 um bands be caused by materials formed from cosmically abundant
elements. The preponderance of availab.e evidence suggests that these absorptions are due to
hydrocarbon materials associated with interstellar dust, If this is the case, a substantial fraction
of the carbon in the line of sight to W33 A IR is in the form of hydrccarbons.

Subject headings: infrared: sources ~ interstellar; matter
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INFRARED SPECTRA OF IC 418 AND NGC 6572

S. P, WILLNER,? B, Jones,? R, C. PUETTER,® R, W, RussELL,® 4ND B, T, Soirer?,?
Recelved 1978 Getober 13} accepted 1979 May 2!

ABSTRACT

Spectrophotometric observations from 2 to 4 and 8 to 13 um of NGC 6572 and from 4 to 13 um
of 1C 418 are reported, Also reported are observations of the size of IC 418 in the optical anv at
1,65 and 2.2 um. Both planetary nebulae emit more radiation than expected from recombination
at wavelengths longer than ~4 um; this radiation is attributed to heated dust. The spectra show
a plateau from 10.5 to'13 um, and this peak is tentatively attributed to emission from large silicon
carbide particles, Fine-structure emission lines are aiso discussed; the presence of [Ar 11} but not
[Ne 1) in NGC 6572 suggests that ions having the same ionization potential can nevertheless have
different fractional abundances,

Subfect headings: infrared: spectra — nebulae: planetary
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. 8. H, Andrew /)d.), Interstellar Molecules, 38) ~186,
Copyright © 1980 by the IAU.

INFRARED MOLECULAR ABSORPTION FEATURES

S.P. Willner and R.C. Puetter
University of California, San Diego

Ray W. Russell
Cornell University

B.T. Soifer
California Institute of Technology

Spectra of infrared sources associated with molecular clouds have
shown absorption features at wavelengths of 6.0 and 6.8 ym. We suggest
that the 6.0 um feature can be identified with the stretching vibration
of C=0 and the 6.8 ym feature with the bending vibrations of CH; and
CH3. The amount of carbon in the form of hydrocarbon molecules may be
comparable to the amount in CO. This abundance of hydrocarbons is
probably too large to be consistent with radio observations if the
molecules are gaseous, but large :“ndances of hydrocarbons on the sur-
faces of grains may explain the infyared features,yet be unobservable
in the radio.
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THE INFRARED EPECTRUM OF THE CARBON STAR Y CANUM VENATICORUM
BETWEEN 1.2 AND 30 MICRONS

J. H, Goepet,,} 1, D, BREGMAN,! D, GoorvitcH,? D, W, STRECKER,®
R, C, PuerTer,* R. WV, RusseLL,* B, T, SoiFer,® S. P, WILLNER,*
W. J. Forrest,® J, R, Houck,® AND J, F, MCCARTHY®
Received 1979 February 20; accepted 1979 July 19

ABSTRACT

Theinfrarcd spectrum of Y CVn (N3; C4, 5; SRb variable) is presented with essentially complete
wavelength coverage from 1.2 to 30 pm and mostly at a resolution 4d/A of 0.02, The previous
identificution of C, at 5.2 um by Goebel et al, is confirmed, There is no clear evidence for the
SiC; vy fundamental absorption band at 5.7 um; but the 11.5 um SiC particulate emission
band is seen, The 11,5 um band shape is consistent with the laboratory measurements of
crystalline SiC made by Dorschner es al, Thus both C, in the stellar photosphere and circum-
stellar SiC contribute to the violet opacity in Y CVYn, although C; is dominaat. The power
radiated in the gircumstellar SiC band is shown to be inadequate to account for the violet opacity
in Y CVYn, a result which supports the conclusion of Bregman and Bregman, A 7.5 pm absorption
band is observed for the first time and attributed to a mixture of HCN and C,H, Opacity between
2.4 and 2.7 pm is observed for the first time and is consistent with the Av = —1 C; band, The
molecules present in the infrared spectrum—CO, CN, C,, Gy, HCN, and C;H,~are generally in
agreement with the models of Tsuji, Scalo, Johnson, Beebe, and Sneden, and Querci and Querci,
A possible emission feature is observed at 22,5 pm. Its significance end possible origin are dis-
cussed, The 1.6 um H*= vpicity minimum is seen, a requirement for detection of the photosphere.
With the exception of thie 11,5 pim SIiC band and the emission feature at 22,5 um, the photo-
sphere is dominant over circumstellar emission out to 30 pm, This result should limit the amount
of carbon-rich material (graphite) which early N type carbon stars similar to Y CVn could be
capable of injecting into the interstellar medium,

Subject headings: infrared: spectra — line identifications -~ stars: carbon — stars: individual

MEASUREMENTS OF FORBIDDEN LINE RADIATION
OF Ar 11 (699 um) IN W3 IRS 1

T. HERTER,! J, L. PiPHER, AND H. L. HELFER
Department of Physics and Astronomy, University of Rochesser

S. P, WiLLNER, R. C, PUETTER, AND R. J. RUDY
Center for Astrophysics and Space Sciences, University of California, San Diego

AND

B. T. SorFer
Department of Physics, Califcrnia Institute of Technology
Received 195G June 23; accepted 1980 September 19

ABSTRACT

Observations of the [Ar 1] (6.99 um) line lux in W3 IRS 1 are combined with previously obtained
measurements of*the [Ar mi] (8.99 ym) line flux. The observed ratio of [Ar n)/[Ar ] is inconsistent
with the calculated ratiofor an H 1 region with the densities required by radio observations and witha
central 40,000-45,000 K, star with atmosphere as described by a Mihalas model. A softer effective LTY
radiation field is required; a dusty model we had previously invoked fii3 the observations. Inaddities
we determine that the argon abundance is n{Ar)/n(H) = 8 x 10~ a value about twice that usuaily
adopted for normal solar sbundunce; however, there are uncertainties in the extinction and the msdei
which do not allow us to preclude solar abundance.

Subject headinys: inlrared: spectra — nebulae: abundances — nebulae: individual
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Observations of Saturn in the 5- to 8-um Spectral Region

F. C. WITTEBORN, J, B, POLLACK, J, D. BREGMAN,! aNpD J, H, GOEBEL
Ames Research Center, NASA, Moffett Field, Callfornia %4035

B. T, SOIFER
Callfornia Instute of Technology, Pasadena, California 91109

AND

R. C. PUETTER, R. J. RUDY, anD S, P, WILLNER
University of California, San Diego, La Jolla, California 92037
Received August 18, 1980; revised January 29, 1981

A spectruni of Saturn obtained from the Kuiper Airborne Observatory exhibits an emission peak
at 6.8 um attributed to cthane, but is otherwise dominated by absorption from 5,3 to 7.2 um. While
the large sbsorption in this spectral region is consistent with the presence of ammonia gas or
ammonia ice, or both, such an explanation is inconsistent with the lack of a major absorption near
3.0 pm.

THE ASTROPHYSICAL JOURNAL, 246:455-463, 1981 June |
C 1980 The Amestcrn Asironomcal Socrety AN rights reseryed. Prainted an L' S.A.

IDENTIFICATION OF NEW INFRARED BANDS IN A CARBON-RICH MIRA VARIABLE

J. H, GoEeseL. J, D, BREGMAN,! F., C. WITTEBORN, B, J, TAYLOR!

_Ames Research Center, NASA, Moffett Field, California
’ AND
S. P. WILLNER

Center for Astrophysics and Space Sciences, Lsiversity of Caiifornia, San Diego
Recefved 1980 May 5; accepted 19830 December 5

ABSTRACT

For the first time, we present complete 0,75-13 um spjectrometry of a carbon-rich, Mira-class
'variable star. Although the near-infrared is dominated by photospheric absorption bands of the CN
red system, the infrared becomes progressively dominated by the bands of the polyatomic molecules
HCN and C,H,. Since the band at 3.1 um is known to be due to HCN and C,H,, we are able to
associate bands at 104, 1.53, 1.85, 2.5, 2.7, 3.56, 3.85, 4.8, and 7.1 um with HCN and C,H,. The
spectrum indicates that radiative transfer in the carbon Mira class cannot be discussed quantitatively
without the inclusion of HCN and C,H; opacity. From a consideration of the carbon star models of
Querci and Querci, it is deduced that the abundance ratio of HCN to C,H,, A(HCN)/A(C,H;).can be
used to indicate whether 3a-processed or CNO-processed material is in the outer atmosphere.
A(HCNY/A4(C;3H,) » 1 = CNO; A(HCN)/A(C;H;) < | = 3. An 11.3 um SiC dust-emission feature
is present, although it is significantly different from the 1.7 um SiC feature in Y CVn. A featurcless
emission is present from 4 to 13 um and can be ascribed to optically thin graphite grains with a
temperature of 450 X,

Subject headings: infrared: spectra — line identificatici: — molecular processes —
stars; abundances — stars: carbon ~— stars: long-period variables
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ABUNDANCES OF ARGON, SULFUR, AND NEON IN SIX GALACTIC H n REGIONMS
FROM INFRARED FORBIDDEN LINES
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University of Rochester
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Cornel! University
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ABSTRACT

Airborne measurements of the [Ar 1] (6.99 um) and [S in] (18.71 um) lines for six compact H 11
regions are presented, as well as ground-based 2-4 um and 8-13 um spectroscopy if not already
published, From these data and radio data, we rleduce lower limits to the elemental abundances of Ar,
Ne,and S, G29.9~0.0at 5 kpcfrom the galactic center is overabundant in all these elements, The other
five regions (at distances 6-13 kpe from the center) mainly appear to be consistent with standard
abuadances, with the exception of G75.844-0.4 at 10 kpc from the galactic center, which is over-
abundant in S. However, our preliminary results on G12.8-0.2 at 6 kpc [rom the galactic center
suggest a possible underabundance. We feel that a large statistical sample of H 11 regions is required in
order to determine if there is a radial gradient in the heavy element abundances ja our Galaxy.
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4-8 MICRON SPECTROPHOTOMETRY OF OH 073%-14

B. T. SOIFER!, S. P. WILLNER?, R. W. Capps®, AND R. J. RuDY?
Received 1981 April 2; accepted 1981 May 19

ABSTRACT

Spectrophotometry of the dust-embedded late-type star OH 0739~ 14 shows an absorption feature
at 6.0 pm characteristic of H,O ice at temperatures significantly lower than 150 K, confirming the
identification of H,O ice in the circumstellar shell in this source. The differences in the infrared
spectra of OH 0739—14 and embedded molecular cloud sources are attributed to the different cloud
lifetimes and temperatu:- vegimes in which the molecules are formed. A lower limit to the mass loss
rate of 10 ™4 My /yr =" is derived, based on the column density of ice and the size and the expansion
velocity of the circumstellar cloud.
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INFRARED SPECTRA OF PROTOSTARS: COMPOSITION OF THE
DUST SHELLS

S. P. WiLLNER,"*? F, C, GILLETT,® T, L. HERTER,** B. JONEs,! J. KRASSNER,*3 K. M, MERRILL,*'¢
J. L. PipHer,*® R, C. PUETTER,' R, J. RUDY,’ R, W, RusseLL,’ AND B. T. SoiFer!"’?
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ABSTRACT

Nearly complete 2 to 13 um spectra are presented for 13 compact infrared sources associated with
molecular clouds, as well as partial spectra of six additional objects. The spectra resemblie blackbodies
with superposed absorption features from 2.8 to 3.5 um, at 6,0 and 6.8 um, and in the silicate band
centered near 9.7 um. Correlations among the features are studied in an attempt to confirm possible
identifications. A good correlation between the deepest part of the absorption at 3.1 um, its long
wavelength wing, and the 6,0 um features suggests that all may be due to large amorphous water ice
particles, The relatively poor correlation between the 3.4 and 6.8 um optical depthy.adds no evidence to
support the suggestion that these bands may be due to CH bonds.

Subject headings: infrared: spectra — interstellar; matter — molecular procesies —
stars; pre-main-sequence
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OBSERVATION OF INTERSTELLAR AMMONIA ICE

R. F. KNACKE,!"? S. McCorkLe.! R, C, PUETTER,? E. F. ERICKSON,* AND W. KRATSCHMER?
Receited 1981 Decemher 14, accepted 1982 March 15

ABSTRACT

An absorption band probably due to solid ammonia on interstellar grains has been detected in
the infrared spectrum at 2.97 um of the Becklin-Neugebauer object and probably in NGC 2264-IR.
An ammonia-water amorphous ice mixture can explain the structure of the new band and of the
3,07 um interstellar absorption. Laboratory data suggest that a long wavelength wing extending to
3.5 um in interstellar dust spectra may be absorption by NH, + H,O complexes in the ices. In the
molecular cloud obscuring the BN object, about 20 times as much NH, is frozen in grains as exists
in the gas phase, suggesting that gas-grain interactions may be important in the ammonia chemistry
of molecular clouds. Arguments are given that interstellar features at 6.0 and 6.8 ym are also
ammonia-related absorptions.

Subject headings: infrared; spectra — interstellar: matter — interstellar: molecules —
line identification — nebulae: Orion Nebula
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ABUNDANCES IN FIVE NEARBY GALACTIC H u REGIONS
FROM INFRARED FORBIDDEN LINES

T, HerTER,' H. L. HELFER, AND J, L, PIPHER!
Department of Physics and Astronomy, University of Rochester
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Department of Astronomy, Comelt University
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. : ABSTRACT .

Airborne measurements of the [Ar u} (6,99 um) and {S m] (18.71 um) lines for five compact
H u regions in the solar neighborhood are presented, as well as 2-4 um and 8-13 um
spectroscopy where available, From these data and radio data we deduce lower limits to the
elemental abundances of Ar, Ne, and S. Some of thesz H 1 regions suffer substantial nebular
extinction, and some are extended. After correcting for beam size effecis and extinction, we find
that four of the objects are consistent with standard zbundances, within the uncertainties of
correcting for unobserved jonization states, A Perseus arm object, S156, is apparently overabundant
in sulfur,
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ABSTRACT

Measurements of the [ArII}(6.99um), [ArIII}(8.99um),
[NeIT)(12.81pm), [SIII)(18.71pm), and [SIV](10.51um) lines are
presented for five compact HII regions along with continuum
spectroscopy. From these data and radio data we deduce lower limits
to the elemental abundances of Ar, S, and Ne. G25.4-0.2 ig only 5.5
kpe from the galsctic center, and is considerably overabundant in
all these elements.. G45.5+0.06 is at T kpc from the galactic
center, and appears to be approximately consistent with solar
abundance, S159 in the Perseus Arm, at 12 kpc from the galactic
cepter, has soler abundance, while M8 in the solar neighorhood mey
be somewhat oversbundant in Ar gnd ﬁe. DR22, at 10 kpc from the
gelactic center in the Cygnus arm, is overabundant in Ar. A summary

of results from our series of pepers to date on abundances is given.
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