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FAR INFRARED SPECTROSCOPY OF H T1 REGIONS

" Dennis Brien Ward, Ph.D,
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A fully 1liquid helium cooled grating spectrometer has
been developed for far 'infrared observations from the NASA .
Lear-Jet. ' This instrument has been used in observations of
the galactic H II regions 'M42 and M17.

In this thesis the instrument is described, and.the
results  of varicus performance tests and calibrations aré":
'presented. The methods employed in observations from the:
Lear Jet are described, and the data analysis procedures
are discussed.

The results of a sgarch for the (0 III) 88.16 micron
fine structure line are presented. The intensity of the Iine
in M17 is feported, and an upper limit given for the inten-
sity in M42. These results are compared with theoretical
predictions, and future applications of infrared line ob-
servations are discussed.

Coarse resolution spectra of M42 and M17 from 4S5 to 115
microns are also presented. The emission from‘Mdz 1s shown
to be a very smooth function of wavelongth, closely {itting
the wavelength dependence of a 105°K graybody. The spectrum
of M17 1is very different, havipg a bump at ~75 microns and a
general far infrared excess, The observed spectrum 1is com-

paréd to the predictions of models for M17.
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CHAPTER I

INTRODUCTION

Broadband observations carried out from aircraft, bal-
ioons and sounding rockets have discovered a large number of
sources whiﬁh emit strongly in the far in{rared (Harper and
Low, 1971; Hbffman et al., 1971; Emerson et al., 1973 Soifer
et al., 1972). These sources are pfimarily associated with
galactic H II regions. The source of the emission is general-
1y believed to be thermal emission from interstellar-dust,
but the composition, distribution and temperature of this
material are.nat well known.

Broadband observations of brightness temperature cannot
determine the actual temperature of the dust, since the ob-
jects are either optically thin in the faf infrared, or con-
tain dense clumps buried in an optically thin medium. There-
fore, temperaturesimust be derived from the observed spectrum.
Such temperatures have been determined by Harper {1974) for
a number of H II regions using broadband fluxes at various
- effective wavelengths, but this approach is very inaccurate.
In_addition to the errors in the measufements, which are of
order 25% including the cal@bration errors, the effective
wavelength of the filters depends on the source spectrum.
Hence some sort of spectrum has to be chosen, and for simpli-

city it is usually a blackbedy function. This ignores the



fact that the emission must come at least in part from an
optically thin region, where emissivity effects of the form
A"® will probably play a role, As well, -the source may have
several components of different temperature and optical depth,

To.get accurate temperatures,, na%roﬁar band spectral
data is necessary. If the source emission does indeed fol-
low a blackbody function wavelength dependence, the tempera-
ture .can be accurately determined from the peak of the spec-
trum. However, if the spectrum is more complicated, consider-
ably more information will Be obtained., The emissivity is:
expected to fall at long wavelengths for most grain materials,
but this effect occurs above a critical wavelength which is
different for different materials. Hence if emissivity ef-
fects occur, information regarding the composition of the
grains can be inferred. ;f,bumps of dips appear in the spec-.
trum, they are bound to yield some .information concerning
temperature, composition or distribution. of the matter.

A further possibility is that far infrared spectra may
show line emission from atoms or molecules. Far infrared
fine structure lines from ions have been predicted to be
strong in H 11 fegions by Petrosian (1970) and Simpson (1975),
and would be uselul in determining the cliectron dunsity and
ionic abundances in these regionsl

In the chapters to follow, a program of observations
to determine the far infrared spectra of il Il regions is

described,



In Chapter I1 a description is given of the construc-
tion of a liquid helium cooled grating spectrometér designed
to make observations from the NASA Lear Jet. The results of
tests of the instrupent are presented, and some p'xroblt‘eﬁls”rl
described.

In Chapter ITI, the observing procedurée ‘on thé Lég} Jét
telescope is described, The mekhdd of data analysis is also
discussed.

Chapter IVpresents the results from a search for the
(0 III) 88.16u line in M17 and MA2! “'An upper limit ‘on thé
emission- in this 1ine from M42 is obtained, "and the 1line
detection ‘in M17 is ‘described. ' 'This is the first aetectioﬁ
of a far infraréd line in an H TI region. The results are
compared to theoretical predictions, and future applications
of fine structure ‘line observations are discussed. |

Chapter V contains the coarse resolytion results from
M17 and M42. Calibration problems associated with the spring

1975 observations are discussed. The spectra obtained are

compared to models for dust emission.



CHAPTER [T
.THE SPECTROMETER

The first section of this chapter will give'a short
His;ory of the development of the instrument. 1In the second
sectioq, the spectrometer configurétion for ihe‘March—April
1975 field trip will be described. Many modifications have
been made during the history of the instriument, so a brief
descrip;iqn wil;talso'be given of the instrument. configura-
tion dgq%ng.thg March 1975 and November 1974 field trips.

The last section of the chapter will discuss various,
tests and calibrations of the instrument, and some of the

problems encountered during its operation.

History and Success of the Instrument

The spectrometer was designed and assembled in its ori-
‘ginaI form by Dr.' J.R. Houck, and was intended for grouna
based use in the atmosphetric windows at 10y and 20u. How-
ever, it was dedidéd that the instrument could be success-
fully modified for far infrared observations from the Lear
Jet. These modifications commenced carly-in 1972, and have
continued until the present, During this time almost all
'parts of the instrument have bheen complctc]y ¢changed, with
the exception of the dewar, the‘spettrometér.frame and the

primary mirror. The process of modification has by no means



heen completed, and planned future changes will be mentioned
later in this chapter. The general instrument configuration
during various field trips is summarized in Table 3-] in
Chapter III.

The‘changeover to airborne work has been quite success-
‘ful.a In faqt, experience indicates that cooled grating in-
struments ﬁre probably the best solution to the problems
faced during spectral observations from the Lear Jet. The °
major‘advantagé of this type of instrument is its simplicity,
both in structure and in operation,

"The simple structure with few mechanical complexities-
allows the iﬁstrument to be rugged and reliable, and thus
capable of-'withstanding both the high vibration environment
of the Lear Jet and the punishment inflicted by airline bag-
gage handlers during shipping. "The simplicity of operation
,and data reduction makes correction for atmospheric trans-
mission fluctuations and guidiﬁg errors much easier than in
the case- of multiplexing instruments, such as Pourier trans-
form spectrometers.

" The fmultiplexing instrumen?s have theﬁretical advantages,
since they can give high resolution spectra while-accepting
a wide' bandpass. For infrared megsurements, where detector
neise limits -the sensitivity, this gives the so-called
"'multiplex advantage." However, in a situation whére guid-
ing errors are important, excess noise is introduced which

can greatly reduce this'advantage. It is not easy ‘to cool



these instruments because of their complexity, so high back-
grounds can lead to poor detector performaﬂce;

The cooled grating instrument obtains its sensitivity
by reducing the béckground flux on the detector. This re-
sults in improved detector performance, and sensitivity which
is adequate for observing a number of sources from the Lear

Jet, as is éhown at the end of bhapter V.

Description of the Spectrometer

General Construction and Cryogenics |

The spectrometer is a fully.-liquid-helium-cooled grating
instrument, operating in Littrow mode. It is shown schemati-
cally in Figure 2-1, and a photograph of the instrument par--
tially disassembled appears in Figure 2-2. The frame of the-
instrument is all aluminum, and the spherical primary and
secondary mirrors-are glass, coated with aluminum-and SiO.

All the optical components have spring or- clip.mounts to

avoid stress during cooling due to differeﬁtial contraction.-
As a result, there have been few problems with breakage during
cooling, and the instrument-netain§ its alignment well.

Cooling is by conduction Ffrom the liquid helium reser--
voir of the dewar, and the grating and support structurc
reach an ultimate temperature of less than 20°K. The spec-.-
trometer is shown attached to-.the.dewar in- Fjgure 2:3,. Dewar
hold time is about six hours, more-than adequate for the maxi-

mum three hour duration of a Lear mission.
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Figure 2-2. View of the inside of the spectrometer.
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Figure 2-3. The spectrometer mounted on the dewar.



As can be seen in Figure 2-2, most of the inside of @

the spectrometer is coated with black paint to reduce scat-
ter, and a black spot has been placed in the center of the
secondary mirror to block the direct bounce from the entrance
slit off the secondary back to the detector.

The general parameters of the spectrometer are summar-

ized in Table 2-1.

Grating Drive and Gratings

Scanning in wavelength is accomplished by rotating the
grating, which is moved by a stepping motor on the outside
of the dewar. The motor drives a fiberglass shaft which goes
into the dewar through a vacuum coupling and moves the grat-
ing via a gear train consisting of bevel gears, a worm, and
a sector gear. The drive system is spring-loaded to reduce
backlash, and is stable to less than 10% of a resolution
element during a flight. The motor also drives a potentio-
meter whose output is used to determine the grating position.

Several interchangeable aluminum gratings are employed
for observations at different resolutions. Their parameters
are summarized in Table 2-2, with the resolution given being
the full width at half maximum of the response to a narrow
linc from a Perkin LElmer 301 monochromator. Grating 1 was
made on a regular milling machine, while gratings 2 and 3
were made by Lansing Research Co. on their computer con-
trolled milling machine. The gratings are rough at optical

wavelengths, but seem to work satisfactorily in the far



Table 2-1., Spectrometer Parameters.

Focal Ratio
Spectrometer Focal Length
Primary Mirror - Diameter

- Radius of Curvature
Secondary Mirror - Diameter

- Radius of Curvature

Grating Size
Available Grating Angles
Motor Steps per Degree of Grating Rotation
Motor Steps per Resolution Element
Entrance Slit
Exit Slits
Beam Size on Lear Telescope
Dewar Capacity
Dewar Hold Time

Total Spectrometer and Dewar Weight

£8
55 cm
.68 mm
411 mm
29 mm
210 mm
76 mm x 85 mm
0 to 35 degrees
425
70
2,7 mm
v3 mm
Y7 LIS
~2 liters
6 hours

a0 1bs,




Table 2-2. Grating Parameters,

Spectrometer Resolution

Blaze Blaze First Second

Lines/mm Angle Wavelength Order Order

Grating 1 1.53 3i8° 100u 4.5y v2.,3u
Grating 2 0.53 1.53° 100y A1l 5,5

Grating 3 3.94 1 bl B 100p v1.4y 0. 7p




infrared, although their efficiency has not been deter-

mined.

Filters and Detectors

The filter ahd detector mounts are showﬁ in Figure 2-4,
A scatter-coated CaF, filter (Armstrong and Low, 1973) in
the filter mount marked number 4 at the entrance to the spec-
trometer cuts off radiation shortward of 40u., This filter
has a small leak in the visible portion of the spectrum,
but the gratings are very rough at optical wavelengths, and
act as a scatter filter for the optical light which gets
through. The other filters are normally mounted on the spec-
trometer detector blocks marked 1 and 2 to sort orders for
long wavelength (70p - 115p) or short wavelength (40u - 80u)
observations. The filter used at long wavelength is a
Yoshinaga filter constructed by Dr. J. Pipher, and cuts off
radiation shortward of 60u. It turns on rather slowly, reach-
ing maximum transmission at wavelengths beyond 90u. The
short wavelength filter is KRS-5, antireflection coated with
polyethylene. This filter cuts off light at wavelengths
longward of 82u. It was purchased from Infrared Laboratories,
Inc,, as was the scatter-coated CaF2 filter.

The two spectrometer detectors arc Ge:Ga photoconductors
(Moore and Shenker, 1965; Pipher, 1971). They view the light
coming out of the spectrometer, off the aluminum 45° mirrors,
and through the exit slits and filters into the detector

blocks. Their separation is 1.3 resolution elements along



Figure 2-4.

The detector blocks, preamplifiers

and filter mounts.
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the direction: of dispersion, and they are lined up so that
they receive light from the. same part of the entrance slit.-
The long wavelength detector has a system NEP (Noise Equiva- .

12 0.5

lent Power) of ~1.5 x 107 7% watts-Hz at 95u, -and the short

S.at 55n., . These valfues

wavelength NEP is o5 x 10712 watts-Hz"0-
are determined from the signal to noise ratio -during coarse
resolution,obse}yations of M17 and M42. The limiting factors.
are, thought to be detector noise and 1light losses in the specr
trometer,

A third Ge:Ga detector is mounted in detector- block
number 3. It views light in the range from 40u out to the
detector response cutoff at about 130u. This detector is
used as a Yfinder" for Weék.sources, particularly those witﬁ
no optical counterpart, It detgcts radiation coming from.
the telescope which otherwise would focﬁs‘just below the-en-.,..
trance slit. of ;he_speétromete:. Once the source is located--
with this detector, the observer can offset so,that the source
will be imaged on the spectrometer entrance slit,

The detectors are all glued with GE 7031 varnish to a
large copper disc which is. fastened diregtly to the copper

bottom of the helium reservoir. This ensures that they

arc all at their operating temperaturc of 4.2°K.

Preamplifiers

Under observing conditions, the spectrometer detector

impedances are close to 10° ohms. Hence a large cooled
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hias resistor (109 oﬁms) is used, in order to get reasbﬁable
signal level%. A cooled metal-oxide-semiconductor field
effect transistor (MOSFET) source follower is used as an im-
pedance transformer, and is connected to a junction field
effect transistor (JFET) amplifier on the outside of the
aewar. The bias resistor and the MOSFET are mounted as
‘close as possible to the detector, to minimize stray capaci-
tances. The circuit is shown in Figure 2-5. The DC outpuf
of the sourcé follower can be use& to calculate the DC im--

redance of the detector, using the formula

AV

Rp = Vg, 5w

where AV is the change in DC output of the source follower

when- the bias is turned on, V, is the bias voltage, RL is

B
the bias resistance, and G is the DC gain of the MOSFET
{about 0.75 in this case).

The finder detector impedance is much lower, and it is

coupled to a .cooled 3 megohm load resistor and a iFET pre-

amplifier which is located outside the dewar.

Instrument Configuration--Earlier Flight Series

The major difference between the present instrument con-
figuration aﬁd that employed during earlier field trips is
that the earlier observations were carried out using only
one detectoré In both March 1974 and November 1974 observa-

tions werg¢ made from 75 to 120 microns only.
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Different preamplifiers were used as well., In March
1974 an Ithaco Model 144 preamplifier was mounted in a box
strapped to the outside of the dewar, This arrangement
proved to be very.susceptible to micropﬁqnic.pickup in the
high vibration environment inside the Lear Jet, go a JFET
preamplifier was built which mounted directly to the connec-
tor on the top of the dewar. It is this preamplifier which
is the second stage in the present preamplifier system.
Marked improvement in the amount of microphonic pickup was
noted during the November 1974 flight series, but the problem
was still troublesome. The present MOSFET preamplifiers seem

to have eliminated the problem entirely.

Instrumental Tests and Calibrations

Wavelength Calibration

The wavelength calibration was obtained from water vapor
features in the atmospheric transmission spectrum, The trans-
mission spectrum expected at typical flight altitudes is
éhown in Figure 2-6. It was calculated at 0.2p resolution
with 5 precipitable microns of water along the line of sight.
Data on water vapor linc paramcters was obtaincd from
MecClatchey ct al. (1973).

There arc many {eatures in the transmission spectrunm
which can be uscd directly for calibration at high resolu-
tion. At low resolution these features smear out. However,

one can increase the spectrometer resolving power by narrowing
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Figure 2-6. Calculated atmospheric transmission from 14 km
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water along the line of sight. The transmission
was calculated at 0.2uy resolution using water
vapor line data from McClatchey et al. (1973).
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the slits, then observe the resulting spectrum and zero

order during the same spectral run. The wavelength calibra-
‘tion thus defermined relative to zero ofdéf can he used for
calibrating spectra takep with slits at their normal width,
There is some errﬁr introduced by changes in éfféctivg wave-
length, but these changes are not large. A check can be made
by calculation using the design parameters for the grating..
For the coarse resolution.gratings these two approaches agreed

very closely.

Resolution

The instrument resblution'wés tested usiﬁg a Pe}kin
Elmer spectrometér as a monochromatic beam source, The
Perkin Elmer%was set to give a beam at a given“Qavelength,
and the spec#rométer was then scanned through that wave-
tength in sméll steps. When the '"line' oytput of the. Perkin
‘Elmer was much narrower than the resolution of the spectro-
meter, the reésulting signal output‘gave a good measure of
the spectrométer resolution.

The results for coarse resolution and high resolution
gratings'are shown in Figure 2-7 for the long wgvélength de-
tector. The width in grating steps can be converted to wave-
length by usfng the grating characteristics éivcn in Table '
2-2 and the sﬁectrometer parameters given in Taﬁle 2-1, and
give the resolutions quoted in Table 2-2.

Unfortuﬁately, there is evidence that the resolution of

the instrument is dependent on-whether the source of radiation
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Resolution tests--the.response é;f the spectrometer scanning through a
line output from the Perkin Elmer 301.
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illuminates all of the entrance slit., Observations of the
moon (which uniformly fills the entrance slit) yield shallower
atmospheric fraﬁsmission features than observations of planets
or I I1 regions,

This effect may be produced in laboratory tests as well.
Figure 2-8 shows a comparison of fhe atmospheric transmission
features in the lab for 1 mm and 2.7 mm entrance siits, with
3.mm exit slits in both cases. Severai small features show
up in fhe 1 mﬁ slit spectrum but not in the75pectrum at nor-
mal slit size.

During the laboratory measurements of the instrumental
resolution, the entrance slit is fully jlluminated, so the
measured bandpass ;s again somewhat larger than the bandpass
for observations of H II regions or planets. To correct for
this effect, in the high:resolution results presented in.
Chapter IV the instrumental bandpass has been taken to be
10% smaller than what is measured using the Perkin Elmer 301.

The probable cause for this effect.is uneven response
across the exit slit. The results of zéro order scans tend
to lend weight to this interpretafion. In zero order thé
grating acts'aé a mirror for all wavelengths: Hence if the
exit s1it has cven response across all of its Qidth, the half
power width of the z¢ro order sigﬁal should be ;oughiy inde-
pendent of the entrance slit width as 1ong'és the enfrance
slit wid;h‘is less than that of the exit slit. However, as

seen in Figure 2-9, the half widfh is significantly narrower
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for the narrgw entrance slit, and shows.-a rather asymmetric
shape.

One pbssib;e cause for tﬁe problém could be gnevén re-
Sponsc across the.détccior._ This could océuriif fbc inte-
grating sphere wo;ked bettgr for light coming through some
parts-of the exit slit than for other parts. In Ge:Cu de-
tectors it is found that ;esponse will vary:across tﬁq sur-
face o% fhe detector itself (TForrest, 1975). If a simi;a;
effect exists for Ge:Ga it would tend to give the results
which aré obéeryed. |

A second cause for the uneven response may be defocussing
of the 1ight after the exif sli;. The detector is roughly
the same éize as the exit slit, and is about half an'inch‘
away. Thus some of tﬁe iightuwhigh focﬁsses very near thg
edge of the slit may miss the detectof. It is not clear how
important this effect will be since some of the light still
endslup in the.integfating sphefg and may hit‘the de;ector pn-
the first bounce. Th; Lear Jet telescope focus is very .rough
at the best of kimes, due apparently to ﬁzb%dly figurqd\pri-l
mary mirror, aﬂd defocussing due to this may also play a‘
part in‘the situafion during actual observations,

At any rapcl this'offcct mnkcs calibration with the
moon less satisfactory, as will be pointed out in the dis-

cussion of the data in later chapters.

~
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Beam Shape Determination

Knowledge of the beam shape is important for analysis
of observations of extenéed'spﬁrées. ihe most sat{sfying
me thod of,defermininﬁ the beam would Bé to 6ﬁserve ahstrong
point source from the Lear Jet and drift through it from -
various angles. Unfortuﬁately the'guiaing 5ccura¢f of the
Lear Jet telescope is sufficientiy.béd fb‘make this approach
rather difficult.

As a~résu1£,-a11 the information concerning the beam has
been de}ived from‘laboratory meaﬁurements, using anloptical
bench as an telescope, and viewing chopped infrared éignalj
through a pinhplé. The beam profile:dbtaiﬁéd is shown in-
Figure'Z-lO.- This beam profile was obtained with the spéc;
tromeéar set on tﬁﬁ atmosphefic transmission peak at 87y,
‘using the 0:53vlinés/mm grating.l

'I; can be seen thaf.the beam has é half power width-of
about_z.g mm aioﬁg the 1engfh of the slit and 2.2 mm along
the direétign of disperson. On the'ﬁea; télescopé this
corresponds to a beam of'roughly’4i x. 5", The be;m is-rela-
tively flat in the laboratoyy meésufements,'but in the air
the reSpoﬁse seems to have a sharper peak. Moviné a source
like Venus cven ope arc minutce in the beam will nruddcb
important chﬂugds in signal level.

_ A flatter bepm would assist greatly iu improving the’
- observational data.',Guiding noise has been the major source

of error in the data up to the present, and a flatter beanm
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would assist in reduction of this noise component, particu-

larly in observations of planets.

Linearity

This subsection will deal with‘a probleﬁ that affects
the coarse resolution data from the March-April 1975 fielq
trip. It was found that the output signal level from the
spectrometer for a given amount of signal\gpyd& on;the detecg-
tor was strongly dependeﬂt on the background at which the
detector-was operating. ' Here the baﬁkground is defined as
the total radiant power incident on the‘detector. Thus moon
calibration spectra 1ooke& quite Qifferenp from H II region
spectra, simpiy because the moon was so bright -that it
radically-éhanged the ba;kground 1e;el at the detector.

To understand why this problem arose in. the recent data,
consider the typical preamplifier and detector circuit shown
in Figure 2-11.‘ If ;he flux of photonshpn the detector

changes by aI, the resistance of the detector changes from

Rp to Ry - AR, and the voltage change at the préamplifier
input is ’
Ry Ry + AR
D D
AV = V[g——g—p— - - ]
Ry F R~ Ry - AR R
RL AR

VIR TR Ry * Ry - AR)

In earlier field trips Ry << Rp., Also AR << Ry was

-generglly true even, for moon observations, because of
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Figure.2-11.. Basic detector bias and preamplifier

Preamp
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circuit.



30

relatively high background levels within the instrument

itself. Therefore the above expression reduced to

VR, AR
AV = ——
Ry
D
For photoconduciors, in this small signal limit

AGD = yAl

where y is a constant, and AG, is the conductance change of

the detectoer.

But
_ -AR
AGD = E—f.
D
and so
VA
AR = ryAIRD
and
AV = -VyATR

L

ﬁhich does not depend on the detector resistance, and there-

fore does not depend on the background.

However, in the system used during the March-April 1975
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field trip, Ry and Ry are of the same order of magnitude,
Furthermore, AR << RD was no longer true for moon observa-
tioné, sinc¢e better filter cooling and detector baffling
have decrecascd the normal buckgrsund on the detector. Hence
system sensitivity was different during lunar observatioﬂé
than during observations of other sources, particularly for
the short wavelength band from 40u't0 80u.

Laboratory measurements of the sensitivity as a func-
tion of background were made by clamping a soldering iron’
in front of a source of chopped infrared emissioﬁ so that
the background flux could be changed by ﬁeating up the
soldering iron, while maintaining a constant sigﬂal flux
from the infrared source. The signal level and the detector
resistance were recorded at the usual grating positions
covering the available bandpass, with the soldering iron
turned off. Then the Soldering iron was heated up and the
ﬁrocéss repeéted. The information derived was used to plot
Figures 2-12 .and 2-13. These figures a;é by no means accu-
rate, but give a genéral idea of the ﬁagnitu&e‘of the effect.

In the figures; a sensitivity of 1 corresponds to the
sensitivity of the detector per signal photon under the
lowest possible backpground flux. This lowest background
occurs when the spectrometer is set for a.wavelength far off
"the passband of the filters. As the grating is turned and
the detecior begins”to see light coming through the filters,

the background goes up and the signal outbut from the detector
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‘per signal photon goes down,- In the graphs of Figures 2-12
and 2-13, the sensitivity per signal photon is shown for the
cases where the instrument is looking at the sky and looklng
at the moon. There is a marked difference in the response
in the two cases.

In theory, it would be possible to calibrate out this
effect using measurements of the detector resistance to ﬁoni—
tor background changes. However, these are DC measurements,
and drifts introduced so much error that the calibration
with the moon was very inaccurate.

Fortunately,_durlng flight the background levels were
roughly the same from night to night, as shown by the fact
that signal 1evels were reproducible and spectra very siﬁilar.
Thus the data‘weré'still useful, as wili be shown in Chapter
V. However, it would be much better not to have to worry
about possibie baékgfound changes. Hence efforts will be
made in the future to get back to the perférmance typical of
the small load resistor case: A circuit using an operational
amplifier has been used successfully (Sbhéack, 1975) for this
ﬁurﬁose, while retaining the 1arée-bias resistor. However,
since AR << Rp no longer holds during lunar observations,
méon calibrations still may be unsatislactory. Tuture cali-
brations wiil probably have to be donec with observations of

Mars or other planets.

Scattered Light

Scattered light in the instrument has always been a
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- problem, Most of the interior of the instrument is painted
black in an attempt to absorb scattered light, but a base-
iine still appears as one cén see in Figurg 2-14 below 60y.
.This figure is [rom the November, 1974 field-trip, when the
scatter levels were quite high. The baseline in the other
field trips was always less than 10% of the average signal
for‘coafse resolution lunar obseryétions: In the reduction
of the data this baseliné must be subtracted from the raw
results.

ﬁortunately the scatter level appears to be independent
of the grating orientatién; so such a genefal subtraction
probably does not introduce any major errors. Evidence for
this lack of dependence on grating angle comes from the scans
of zero order, and from the scans of a line input from the
Perkin Elmer 301'monochromator during resolution tests,
In both cases onl} one peak is seen, with a flat baseline
on both sides form the scatter contributioﬁ. -

The scatter is still an irritating problem, however,
as the scatter level muSé be determined in order .to make the
subtraction correc£1y. During observations of H II regions
this level has in general not been well determined. For the
November 1974 results this is an important problem, as the
scatter contribution is quite large duc tb’ihe black spot
having fallen off the secondary mirror ofhtho spectrometer,
The spectrum shown in Figure 2—14 has-a high scatter level

partly for this reason, and partly because it is a high
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Figure 2-14. Uncorrected lunar spectrum of 1,45y bandpass from the November 1974
field trip. Features are due to atmospheric water vapor. Random
errors are too small to plot.
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resolution spectrum. The scatter signal level is pretty

much independent of the instrumental resolution; so for lower
~ resolution data (where signal levels are higher) the relative
scatter level ié lower, but still may be important at grating
‘'positions where signal is low. This is part of the reason
wﬁy_infqrmation from such grating positions has usually not
been used in the spectra shown in Chapter V. This will ‘be

discussed in the following subsection.

Sensivity as a Function of Wavelength

.The instrumenfal sensitivity as a function of wavelength
is shown in Figure 2-15. This has been determined from the
calibration corrections in the April 1975 flight series, and
hénce some atmospheric effects are present as well (sinée the
offset was used for that calibration) but should not be im-
portant because of the coarse resoiution, which tends to smear
them out.

The instrumental sensitivity decreases steadily toward
shorter wavelengths. This. is partly dué to the decrease in
detector sensitivity toward shorter wavelengths, as shown
by Moore and Shenker (1965) in the original paper-on Ge:Ga
detgctors. [lowever, other effects are present as well.,

For the long.wavelength detecteor, the fitter begins
to cut off below 85u. The efficiency of the grating also
decreases rapidly below 75u. The point at 63u has not been
used in the final results, because the signal 1§vel there

is very low, making this point subject to systematic errors
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in the scatter correction. At long wavelengths, points
above 115u have not been used in the March-April 1975 data
because of low signal levels and .possible conéamination from
seccond order. Points were taken in second order at 67.5u
and 71.5p (not shown in the figure)}, but again_signal wasﬁ
‘low and there ‘was a possibility of some contamination from
first order,

. The short wavelength detector was used mainly in secoﬁd
order, where the sensitivity decreases steadily toward shorter
wavelengths, partly due to the filter starting to cut off
below 50p. The point at 43,3u was not uée@,'because of io&
signal levels. In first order, only the point at 71.6u was
used. The gratiné efficiency decreases rqpidly after that,
and signal levels again are quite low. The grating position
at 63.3u suffers somewhat from contamination from-third order
at 42p. However, it was still used in the final results
since not much ig expected to come through from third order
because the filfér is cutting off and the grating efficiency
is probably quite low.

One of ;he‘major problems of the spectrometer in its
present form is illustrafed by this sensitivity graph, The
sensitivity is quite poor between 63y and 80u, and there is
not much overlap between the two detectors. Thus the results
depend on the calibration to make the fit between the spectral
ranges of the two detectors, and if the calibration is not

good, the spectrum cannot be tied together with much confi-

dence,
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In the future a grating hla;ed at -75n will 1;kely be
used, to increase the grating efficiency in the tréqblesome
65p ‘to 80u region. Also, a BaF, restrahlen filter will be
used on the long wavelength detector, for better transmission

below 80u, with the filter cut-off still at 60p,

Filter Tests

Filter tests were carried out to check for leaks outside
the desired passband of the filters. For the old filter sys-
tem ‘used in early field trips, leaks were not a problem.
Putting a filter in front of the, instrument which.blocke@:‘
radiation longward of 60p would reduce the signal to negli-
gible levels,

However, the new filter system used in the last flight
series in March-April 1975 had an optical leak. Fortunately
this leak was quite small, and ‘the gratingé are sufficiently
rough at optical wavelength® to be good scatter filters,

Thus the optical leak may have increased the scatter baseliﬁe
-slightly, but had no other effect. This was’ tested by put-
ting a bright optical lamp and a.chopper in front of the dewar
and using glass to block the far infrared signal. The re-
sulting signal followed fhé sensitivity dependenée of Figures
2-12 and 2-13, showing that a constant number of visible pho-
tons were reaching the detector, independent of the grating
orientation.

In the future, black polyethylene of some other short
wavelength filter will be used to block opticéi'photons com-

. pletely.



- CHAPTER . TI1
OBSERVING PROCEDURE AND DATA ANALYSIS

.In this chapter, 1 wili give a general description of
"the observations and data analysis., In the presentation of-
. the results in Chapters IV and V, ary special pfoblems or
divergences from the usual observing routine will be discussed

in the context of the observational data,

Field- Trips

The observations were carried out from the NASA Lear
Jet, which is based at Ames Research Center in Caiifornia.
As a result, each observing ;éries necessitated a field trip
of at least two weeks duration. There have been a total of
-six field trips in all, and these are summarized in Table
3-1.

The fecent field trips‘have all been during the period
between October 15th .and June 1lst, .since the tropopause is

often at altitudes above 14 km during the summer months, and

water vapor absorption becomes strong and variable.

The Lear Jet Telescope

In order to give a background for the discussion of

observing procedure and data analysis to follow, I will now

41



Table 3-1.

Field TripS.

’

. . Type of Available -
Date Duration Flights Detector Bandpass Observers Comments
September 3 weeks 3 Ge:Cu 18- 25w C. Frederick Telescope gyros failed,
1972 L. King no useful data was
D.. Ward obtained.’
January 2 weeks 5 Ge:Cu 18- 25y M. Jacobson Spectromeier problems- -
1973 D. Ward secondary mirror fell
- ’ off. No useful data,
August 2 weeks 9 Ge:Ga 70-120w M. Jacobson  Obtained sﬁecfra of
1973 ' M. Harwit Jupiter and moon. Lot
D. Ward of water vapor--could
not calibrate.
March 3 weeks 12 Ge:Ga 70-120u D. Briotta Obtained speéctra of M42
1974 M. Harwit and Venus. First use-
D. Ward ful data,
November 3 weeks 16 Ge:Ga 70-120u B. Dennison  Spectra of Jupiter and
1974 G. Gull M42." Searched for
M. Harwit (O IIT) 88.16p in M42Z.
D. Ward v
March-April 7 weeks 18 . Ge:Ga $5-115u B. ﬁennison LOATov svowawoelOn Spec-
1975 G. Gull tra of M42, ML17 and ,
M. Harwit Venus. Detected (0 ITII)
‘D. 88.16u in M17,

Ward

IGINAL PAGE I8
' POOR QUALITY

(44
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give a brief description of the Lear Jet telescope, which
has been built and‘is maintained by the infrared group at
NASA Ames (Erickson et al., 1974).

The telescope is a 30-cm aperture Casgegrain with Dall-,
Kirkham optics, and is very similar to the telescope described
by Low et al. (1970). It is shown in Figure  3-1 as seen from
the inside of the aircraft. The telescope is gyrostabilized,
but the pointing must still be controlled by the observer
who guides the telescope with a joystick while looking through
the finder telescope attached to the side.of the main tele-
scope. The.accufacy of_thg pointing is depéndent on a number
of factors, including the smoothness of the flight and the
weight oﬁvthe instrument. The spectrometer is relatively
heavy, and so guiding accuracy is limited to about one arc
minute under good conditiomns.

Chopping the input photon flux is necessary because of
the large atmospheric signal, many times the typical source.
strength. The source is chopped against_thé sky by an oscil-
lating secondary mirror, which was normally set to have a
throw of‘from téﬁ to fiftgen arc minutes. The  brightest por;
tions of sources wve ﬁave observed are much less than ten arc
minutes in extent; judging from published 100u maps (Fazio
et al., 1974; Werner et al., 1975; Harper et al., 1975), so
with a five minute beam one is c&nfident that one is indeed
‘chopping on and off the source.

The Lear telescope points out the side of the aircraft,
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239232
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Figure 3-1. The Lear telescope seen from the back, with the
spectrometer mounted. This photograph was taken
during the March 1974 field trip.- :
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and can be moved through 6 degrees of travel in the yaw and
roll directions. By jacking the teléscope up andA&own,
sources which lie between 15 and 27 degrees off the horizom
can be observed. The flight path is plotted by the navigator
so that the source is at the right altitude off the horizon
and the aircraft on the right heading when the observing period
begins. Observations are generally made with the source as
close to the upper limit of telescope travel as possible,

in order to reduce the air mass. Typical flight duration is
2.5 hours, with- from 40 minutes to an hour of observing time
available on a source. More than one source can be observed
on a' flight, but the sources which can be observed on the same
flight are restricted by the flight duration and the limited
rénge of telescope travel.

The telescope is mounted in a bearing, and moves smoothly
as' long as the differential pressure between the inside and
outside of the aircraft is less than about 5 1bs/sq.in. - Hence
the-cabin pressure must be maintained at roughiy 7 1bs/sq.in.
during observations, which is equivalent -to an altitude of
more than 6 km. As a result, oxygen masks must be worn at

all times during flight.

Obscrving Procedure

Data Acquisition Systen

The system employed during the March-April observing

series is shown in block form in Figure 3-3. On previous
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field trips, only one detector was used, but otherwise the
signal processing was similar. A photograph of the electronics
rack in the aircraff during the March 1974 field trip is shown
“in Figure 3-2. - ‘

On each flight two experimenters were aboard. One guided
the telescope while the other ran the electronics, monitored

the signal, and generally quarterbacked the operation,

Preflight Testing

- Before each flight the ‘instrument was ‘run with a test
source, to make certain that it was fuﬁctioﬁing properly.
‘The'ground spectra thus obtained were useful in data ‘analysis
as well,'since any day-to-day changes in instrumental perfor-
mance could be monitored. Such changes were small,'and can
probably be attributed more to changes in relative humidity

in the hangar than to changes in instrumént response,

Initial Flight Testing

The first cdﬁgle of flights in each series were used for
equipment testing as well as astronomical observations. The
equipment was generally substantially moﬁified between field
trips, and performance in the air could not be completely ‘
predicted from:ground tests. Also, a shakedown period always
secmced to be nccessary in order to become accustomed to work-
ing in the rather cramped quarters ol the Lear Jet, while
burdened with a flight helmet and an oxygén nask.

In the air, background flux on the detectors was much
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The electronics rack in the Lear Jet, from the
March 1974 field trip. The equipment mounted is,
from the top, the tapc rccorder, the VCO's, the
lock-in amplifier, the audio amplifier, the step-
ping motor drive electronics, a junction panel,
the counter and printer, and the chopping secon-
dary electronics.
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lower than on the. ground, due to reduced emissivity and tem-
perature of the atmosphere. This meant that the detectors,
became—more'sensitive,.hut'usqally also preferred somewhat
different biés-voltages than those which gave optimum signal

to noise ratio during ground tests. llence it.was necessary

to adjust bias once more to achieve reasoﬂablg noise levels.
Once the best bias level had been determined, the bias remained
unaltered throughout the rest of the observing sefies.

Extra noise due to microphonic pickup in preamplifier
"and detector leads was often a problen in early field trips,
and ‘progressive improvement usuqlly'occurred during the course
of a field trip with the addition of filters and copious quan-
tities of rubber sealant .to stop vibration. The MOSFET pre-
amplifiers seem to have -eliminated this problem.

Since the telescope guiding was performed using a sepa-
réte guide telescope, it was necessary at the start of each
observing series to establish where the object should appear
in the guide telescope in order to image on the spectrometer
slit. This was done by first observing the moon to get a
rough borésight, then moving on fo Jupiter, Venus.or M42, all
of which-are sufficiently bright to be easily detectable.

The boresight thus estabdished was used as first approximation
for: "peaking up' on the source during later [lights, and re-

mained relatively stable.

Procedure Dufing Data Flights

Each data flight consisted of three phases-:the climb
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to altitude, the observing period, and the descent to land.

During the climb period all the equipment was normally
turned on -and checked out, From about 10 km on up to peak
altitude, temperature and Mach number were recorded to give
" an indication if the aircraft had cleared the tropopause,

The cabin was brought to 7 1lbs/sq.in. pressure to free the
telescope, so its movement could be tested. If everything
was working well, time was also spent telling jokes and
singing over the intercom to a captive audience.

Once peak altitude (usually about 13.7 km) was reached,
there was often some dead time before we turned on course to
observe the astronomical source. During this time more system
checks -were nofmally made , and.often "offset spectra' were
taken, These’were.Spectra of the chopped emission from the
telescope, which was normally nonzero, and often much larger
than the éstronomical signal. This emission was also found
to be somewhat variable depending on the telescope orientation
with respect to the aircraft. This gave an extra source of .
noise on some flights when the aircraft‘oécillated slightly
in the roll direction due -to turbulence. |

When we turned on track, the'observer would try to 1lo-
cate the sourcc by identilying the ficld using the puide tele-
scope, moved manually. Once he felt that he had 1ocated the
source, he would turn on the gyros, and tell the pilot to
"fly the needlesl” The "needles” were meters which indicated

where the telescope was located with respect to its limits
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of-travel. The pilot would try to keep the telescoﬁe cen-
tered in the yaw direction by changing hcading, and the ob-
server would periodically jack the telescope up or down to
stay centercd in the roll dircction. .

On each flight, we "peaked up' on the source, with the
observer trying.to maximize the frequeﬁcy of the signal fed
back -into. the “intercom from the voltage controlled oscillators
(VCO's). On weak sources there was often sufficient noise so
that this was-.a difficult process, and the other experimenter
‘would monitor 'the signal level from the counter until it was
maximized.. Once the source signal had been maximized, the
observer would guide on the same position for the rest of the
flight, ignoring feedback from the signal over the intercom.

At this point, data recording would begin. During a
flight we would go through the bandpass to be sampled by
stepping the grating. Normally the steps &aken corresponded
to the resolution of the instrument, or somewhat smaller.
Spectra were taken by stepping the grating one way as far as
was desired, then going back to the start and repeating.

The procedure varied slightly, but'always data on the
source at one grating position would be followed‘fy a period
of observing on the sky., This was necessary to climinate
the offset signal previously mentioned, The 'sky'" observa-
tions wére made 15 or 20 afc minutes away from the source,
in the éirection perpendicular to the chopper motion. We

went directly from an "on" to an "off" at each grating
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position to minimize the effects of drifts which were some-
times noticed. These drifts may have been due to the lock-in
‘amplifiers, or perhaps due to the plane rolling slightly and
changing the offsct level.

Often more than one source was observed during a given
flight, with the second source usually being the moon, so that
an atmospheric calibration would be obtained on the same flight.
" During the last couple of flight series it has become evident
that the atmospheric transmission is quite consistent as lgng
as the aircraft is above the tropopause, so generally only
one source has been observed per flight.

. -The pilots would inform us when the'observing period was
over, although sometimes if fuel reserves were adequate and
the weather-was good a few extra minutes of observation beyond
the schedﬁled limits were possible. Once the observing time
~was finished, everything was turned off except the gyros, and
popping one's ears (to avoid a painful ear block) became the
méjor activity as the cabin pressure-was brought back up.

The telescope gyros were shut off only after the aircraft

had come to a stop on the ground.

Data Analysis

The initial steps of the data analysis were the same for .
all of the observations, so I will discuss these steps in this
section. The data analysis pertaining particularly to observa-

tions of a given object during a given field trip will be
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discussed in connection with presentation of the results in

later chapters.

Averaging and Normalization

The flight data were printed out in one-éecond integra-
tions, and typically about ten values were taken ''off"™ and then
ten 'on" at each érating position. The average value for
each "off" and "on' was determined, and the difference taken
to be the'signal level. The étapdard deviation was also cal-
culated to give a measure of the noise.

Thus for a flight in which we did n runs through m grat-
ing positions we had mn data points gij' However, systematic
trends with air mass were noted, with values being typically
lower for higher air mass. Hence a normalization was carried
out, multiplying aii‘the results from a givén spectral run by

a number k5 determined by the constraint that

m
k: = £ s:. =K
J i_z 1 lJ
where
K== = L S3-
ng=1 j=1 M

This correction was generally relatively small, of the order
of 10% over a flight. .
Often data for a given object were taken on several

nights, and Systematic differences were noted between the
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results, This seemed to be due to changes in how well ‘the
source was 'peaked up" on a given flight. The result was a
difference in‘overall signal levels, which was normalized out
in the same manncr as fof data from one night. Again the dif-
ferences were usually of the order of 10%.

A second systematic might-to-night change. was a systema-
tic- shift in the effective wavelength for a given grating
' position. This occurred because many of the sources were' -
smaller than-éur beam, and moving the image of the source in
the entrance slit along the dispersion direction would change
the effectiyezwavelength of the light reaching the detector.
Atmospheric transmission features were used to remove thi§
effect. The spectra from different nights were moved rela-
tive to each other until the transmissiqn features matched.
Slight changes in the zero of tﬁe grating drive produced a
similar effecé, which was corrected by using transmission
features in the ground tests to tell how much tovéhift the

results.

Lunar Calibrations

The moonéhas been the main calibration source for all
observations except those of the March-April 1975 field trip,
where the calibration procedure will be discussed in Chapter
V. It has been assumed that the moon radiates as a blackbody
‘throughout our passband, with the temperature variation with
_phase angle given by Linsky (1973).

Observations of the moon were generally made with a
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smaller step sizc over a wider bandpass than observations of
other objects, This was possible because the signal levels
were very high and it was not necessary to integrate very long
to gé; excellent signal to noise r#tios:_ The- of fset was much
less than the signal level, so only "on" spectra were taken.

A moon spectrum from the March 1974 flight series is
shown in Figure 3-4. This spectrum is typical of moon spectra
at 4.5y resolution. In general the moon spectra were vefy
consistent throughout all the field trips as long as the air-
~craft cleared the tropopause.

A steady baseline appears on all the moon spectra. “This
baseline comes from scatter and lock-in zero offset, and was
subtiacted off before using the spectrum for calibration pur-
poses, as is discussed in Chapter II. After this subtraction,
the moon spectrum was divideq by a blackbody spectrum of the
.appropriate temperature to get correction factors at each grat-
ing position for atmospheric transmission and instrumental
profile.

This procedure was successful for al].the-early flight
series, except for problems associ;ted with the instrumental
bandpéss, as mentioned in Chapter II. However, installation
of new filters and preamplifiers caused dynamic range prob-
lems to occur during the March-April 1955 field trip. In
the fﬁture, calibrations will probably have to be made using
‘planetary observations, with Mars being the most likely can-

didate since it has the fewest atmospheric complications.
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Error Analysis
The error bars given for the results in Chapters IV
and V are derived from the variance of the mean of the indi-
+vidual observations, after normalization to correct for air
mass changes and nightly variations, as described earlier in
.this chapter. It was found in all cases that the resulting
error bars were larger than would be expected from the signal
to noise ratio in a single observation at a given grating
position. Also, chi-squared fits to the results often gave
results at alvery high confidence level, suggesting that the
probable errors were substantially overestimated.
' The conclusion reached is that some sort of systematic.
error is present which greatly increases the variance of the
mean by causing a few bad points to be present. Gﬁiding errors
are one likely cause for this error. It has been-noted that
signal levels change dramatically for even a one arc minute
change in pointing, so if the abserver does not come back to
exactly the same guiding position every time, fairly large
erfors could be introduced.
A secoﬂd possible caﬁse is changes in the atmospheric.
transmission during a flighf. Water vapor mecasuring instru-
_ments on the C-141 which is also flown [rom NASA Ames often
ficcord-suddcn chahges in the atmospheric opacity. llowever,
this aircraft flies several thousand feet lower than the
Lear, so these fluctuations may occur because the C-141 is -

flying near the tropopause.



58

If pointing error is the source of the problem, one
solution may be to use a gﬁiding eyepiece with a longer focal
length, to expand the scale of the part of the sky being ob-
served. This would permit the observer to point.the teclescope

more accurately. Such an eyepiece is now available, and will

be tried in the future.



CHAPTER IV
HIGH RESOLUTION OBSERVATIONS OF H I1 REGIONS

The high ?egolution spectroscopy carried out from the
Lear Jet was almost completely devoted to a search for the
-(0 I11) 88.16p fine structure line, In the first section of
this chapter a brief discussion of the O III line énd other
fine structure lines will be given. . The next two sections
will present the results of dbservatians of the Orion Nebula
(M42) and the Omega Nebula (M17). The last section of the
chapter will compare observational results to theoretical
predictions, ahd discuss the applications of infrared fine
structure 1ine§ in determining the characteristics of.H 1I

regions.

Infrared Fine Structure Lines

Fine structure lines from ions are produced by transi-
tions between the fine structure levels of the ion. The levels
for various configurations of electrons are shown in Figure 4-1
taken from Simpsoﬁ (1975}. The 1inés are typicgllf in the
4infrared region of the spectrum, énd examples arc given in
Tabie 4-2 which is also taken from Simpson. Lines from the
ground states of the ions are most important, since for an
jon in an excited state the transition probability to emit an

optical or ultraviolet photon is much higher than the

59
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probability to undergo a fine structure transition, For this
reason ions of the p3 configuration which-have no ground state
splittiﬁg will emit only exceedingly weak fine structure lines.

Tons of the pz or p4 configurations héve.three ground_
state fine.strgcture levels. There‘are thus three possible
tranéitions, but 1 + 0 and 2 + 1 can go by means of magnetic
dipole interactions, and are much faster than 2 - 0 which is
ah electric quadrupole transition. (The direction of the

4.con3‘:'igur'ation has

arrows is for the p2 configuration--the p
the arrows going the opposite way.) The pl and p5 configura-
tions have two ground state fine stfucture levels and give
rise to only one line, again by a magnetic.dipole transition.
In H II regions the mogt imporfant mode of excitation
. for these lines is b& collision with electrons, According
to Petrosian (1970), forvthe typical electron density of
103 cm”3- and electron temperature of 10%°K of an H II region,
the collisional excitation probability is roughly 1074 §ec"1h
Petrosian goes on to point out that in order to reach this
excitation probability level, excitation by protons requires
far higher temperatures, and that direct photon excitation or
excitation by cascade after absorption of an ultraviolet
photon both require far higher densities of radiation than
are normally found in Il IT regions.
0 III is an example of an ion with a p2 configuration,

and has lines at 88,16y and 51.69u. These wavelengths must

be determined from optical measurements, since the lines
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have not been detected in the laboratory. The line positions
derived from these optical measurement are accurate to about
t 0,1n, fhe natural width of the line‘is exceedingly narrow
because of the small transition probability (2.5 x ;0“5 sec1
for (O‘IIIj 88.16ﬁ). Even after considering the effect of mo-
tions ﬁithiﬂ the nébulae, the line wi@;h is far narrower than

the 1.3up bandpass'of the spectrometer.

Observations of M42

"» The observations of M42 were carried out from the Lear
Jet in'Novembef 1974, using a beam roughly:S arc minutes
squatre and a-bandpaSs of- 1.3n full width at half maximum;
The procedure followed during observations was as described
in Chapter I¥I. The results of three flights are plotted *¢
in Figure 422, aftér calibration with moon spectra to rémove
instrumental profile and atmospheric-transmission features.
Eaeﬁ'pbint represents the average of data from one flight -
for a given gratihg pdsitionh but because of instrumental
changes between flights, measurements were taken at slightly
different wavelength settings on successive flights., The
points have been normalized to correct for air mass effects
and daily variations in scnsiti&jty. The crror bﬁrs arc one
standard deviation, the major source of error being guiding
noise.

The line drawn on Figure 4-2 is a 75°K blackbody func-

“tion diluted to fit all points'except those around the 0 III
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line position. The temperature used for the fit was not
critical, and'a straight line fit looked very similar over
this short’raﬂge of wavelengths. The absolute flux-level is
taken from Harper .(1974), who also used a 5 arc minute beam.

The only obvious features in the spectrum are the buﬁ§
at 91u and_thé dip af 90p due to atmospheric transmission
variations whﬁch have not been completely removed by lunar
calibrations. . However, the atmospheric iransmission spectrum
is quite smooéh around 88u, and no major calibration p;oﬁlems
- should exist there. The wavelength of the O III 1line is known
to within # 0.1py from observations of optical lines, and the
wavelength scale is in error by at most % 0.3u. Hence, in
the absence of.any feature around 88y, we must conclude that
it is not possible to detect the (0 III) 88.16u line in Orion
at our resolution and sensitivity.

In order to establish an uppef 1imit on the flux in the
line the instrumental respoﬁse to a narrow line was approxi-
mated by a sawtooth function of a half width corresponding to
the resolution of the spectrometer. This was run through the
spectrum betwéen 87y and 8%y, and no signifibaﬁt maximum ap-

'peared. At three standard deviations, the ﬁpper limit is

2 £ 0.5 x 10715 watts cm™? for the line intensity. The error

limits are deéivcd from the errors given by Harper (1974)

for the absoldte flux levels.
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Observations of M17

M17 was observed in April 1975 using a beam of roughly
4 x 5 arc minutes .and a bandpass of 1.3p., Again the observing
procedure was as described in Chapter III., . Observations were
made of Venus and the moon during the same flight series.

The results for these three sources are plotted in Figure 4-3,
along with the M42 results discussed in the previous séction.

- The spectra shown in Figure 4-3 are not corrected for at-
mospheric transmission or instrumental profile. However, in
order to make direct comparison simpler, the raw spectra have
been divided by black body functions of appropriﬁte tempera-
tures fo remove the overall slopes. Also, the spectra have
been normalized to ?he same scale. The blackbody temperatures
used were 390°K for the moon (Linsky, 1973), 245°K for Venus
(Chase et al., 1974), 75°K for M4Z from coarse resolution
data given‘in the next éhapter, and 80°K for M17 from Harper
{1974). Over this short range of wavelengths errors in the
temperatureé are not critical.

A number of spectra were taken during observations of.
cach object, and these were normalized to remove small air
mass‘offccts; then averaged to obtain the spcctfa shown, |
The error bars arc one standard deviation, derived from the
variance of .the mean of the data points at each grating posi-
tion, The major noise component was guiding noise. ‘

The M17 spectrum shows a strong feature at 88.1u, more
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“than 8 sigma above the neighboring points. This feature
appeared in all seven individual spectra. The atmospheric
transmission at this wave}enéth is ‘quite smooth, as can be
scen from the other spectra ploﬁtcd. We suggcst that this
feature is the (0 III) 88.16u line.

'The strong absorption feature seen at 90u 'is due to at
mospheric water vapor. This feature is broader and shallower
in the lunar spectrum because thée spectrometer has a slightly
wider bandpass for sources like the moon which uniformiy-fill
the entrance slit.

During the observations of M17 we guided on ‘a position
which gave the maximum contiﬁuum flux. To obtain the line
intensity Iy for this region, one can use
where S is the line signal, S_ is the continuum signal,.AA
is the spectrometer bandpass and FC is the continuum flux per
"unit wavelength interval. Using a continuum flux of 4.6 x
10_15 watts cm'zu'1 derived from the results of Harper (1974),
who used a beam of roughly the same width as ours, we get a

line intensity of Z.ZTé'g x 10713 2,

watts cm’
A major part of the uncertainty in the calculated value

is due to’the possible error in FC,_which_can be as much as

25% according to Harper (1974). Other important sources of

uncertainty are possible errors in'the wavelehgth calibration,
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the line and continuum signal levels, and the bandpass.

Comparison to Theoretical Predictions

The results obtained for the (0 III) 88.i6u line can"be
compared té theqreticgl predictions by Petrpsian {1970) and
Simpson (1975). ‘Both authors have que predictions for the
intensity of é number of infrared fine structure lines in M42.

_In_order'to.predict line intensities, éetrosian develops
a formula reldting the intensity of a given fine sfrqcture
line to the thermal rTadio flux density at a frequency VR

(where TR. << 1). This relation is

I. 4, - v )
L. @0 R 5001 5040y 3.7x1070

= (e
Ki7y Te 107 H, erg/cm“ -sec,

i
where I; is tHe intensity of the fine structure line, Yy X
10™% is, the abundance of the ion relative to the abundance of
"hydrogen, To s the electron temperature and S(uR) is the
radio flux in flux units from the H II region. For pl and p5
configurations,
Q] 10
= (2L u
K; = G295 x (9
i wy 1 X3
where ,; is the collision strength for the ion, g is the
statistical weight of the .lower state, and Ai is the wave-
length of .the-line. The temperature dependence of the colli-

sional excitation probabilities through.the Boltzmann factor
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has been ignored, since it is small for A > 10u.

Petrosian defines a parameter x, given by

where n, is the electron density. He also defines a critical

value x for this parameter

crit

. 10u,3 1,
Xerig = 89.6 (57 51

which determines when the fine structure levels become satur-

ated. The formula for K; is accurate in the low density

limit, where de-excitation by radiation dominates de-excita-

tion by collision. In the high density limit, x >> Xorit?

the relation for K; must be multiplied by x /x, as colli-

crit
sional de-excitation dominates.

For ions like O III with p2 or.p4 configurations

245 10
K.(21) = . .
01 = G Gy

K;(10) = K (21) Rpg

“where Rp is the ratio of the intensities of the two fine
structure lines, and is obtainable from the gencral expressions
for a three level system (e.g. Aller and Lillexr, 1968). Petro-

sian obtains values of 23 ;

j from published theoretical
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calculations, @nd the values for w; are determined for each
ion from wj = ZJi +.1. The wavelengths for the various lines
are derived from optical measurements. The  remaining para- .
meters are derived from ohservations., Values. for yj for
various ions are obtained from optical forbidden line obser-
vations. 'Thenvalués for Té, n, and S(vR) are taken from radio
continuum and .recombination line observations, in which spheri-
cal constant density models are assumed.

‘ Simpson (1975) derives emissivity values for various
ions as a function of electron temperature and density, using
values for gii frqm the literature and inclﬁding the Boltzmann
temperature dependence of the collisional excitation proba-
bility. An egample of her results is plotted in Figure 4-5.
She then uses these emissivity values to derive line inten-
sities from a model {Simpson, 1973) for the Orion Nebula,

This model was designéd to agree with the optical and
radio observations of the nebula. Her model is also spherical,
but has variations of electron temperature and density, with
both peaking strongly toward the center of the nebula. She
uses electron:temperatures, densities and ionic abundances
derived from torbidden line observations. In order to match’
these to the fadio continuum observations, her sphérical model
must have the‘O II (whose optical forbidden lines give a mea-
sure of the dénsity) be in clumps surraunded by a more tenuous
medium.

The predicted intensities for M42 are presented in
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Table 4-1, along with the observed upper limit. Simpson's
result has been scaled to the spcctromcter béam size. In
addition, approximate. intensities are given for M17,‘derived
by using the M42 predictions following a procedure given by
Petrosian (1970): These estimates have also been scaled to
our bean size.

The predictions obtained from the results of Petrosian
are substantially higher than the observed intensities for
‘both M17 and M42, while those of Simpson seem to agree fairly"
well, although there are large uncertainties. Simpson's values
~are lower than those of Petrosian bécause of the lower O III
abundance she.assumes, and the higher central density of-her
M42 model, which reduces (0 IlI)'88.16p emission through

collisional de-excitation.

Applications of Infrared Linc Mcasurcments

The (0O III) 88.16u Line

One obvious application of the (0 III) 88.16u line
measurements has been illustrated in the previous paragraph,
H II region-models can be tested by calculating the amount df.
line emission they predict, and then checking to see if this
matches observations. Howefer, the result of such a compari-
son may not bg particularly useful, since the (0 III} Sﬁ.lﬁp
line intensity depends strongly on the ionic abundance and
.the electron density and more weakly on electron temperature.

If disagreement exists between predicted and observed
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Table 4-1. Predicted and Observed Intensities for (0 III)

'88. 16 )
Predictions . Observations
Intensity . Intensity?®
Source “ (watts cm™4) Reference . (watts cm”2)
M42 3.9 x 10715 Petrosian <2t8'§ x 10715
: (1970) | .
1.4 x 1071 Simpson
(1975)
M17 n6 x 10715 Petrosian 2.24§-9 x 10715
. (1970) "
n2 x 10710 Simpson
(1975)

*The line intensity is more easily measured in M17 because the
continuum is wcaker.
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intensities, it may be difficult to assess which parameters
of the H II region model must be altered.

It would be much more satisfactory-to be able to isolate
onc parameter, and. usc the line information to give a value
for this parameter. A way to do this is to take a ratio be-
tween the 88y line intensity and the intensity of some other
line from 0 III. The result will not depend on the abundance’
of the O III ion. Bergeron (1975) suggests that the ratio of
the 88y 1line and the (0 III) SOOTR line intensities be em-

ployed in this fashion. The ratio that results is

A
I[88gg IR
T(5007K) ~ 3 (5007%‘ Cog ()

OPT

Here j(88p) and j(SOO?R) are emissivities for the 88u and

5007A Tines respectively, and C,,, is ‘a reddening correction

Hg
for the 5007A line. The last term is the ratio of the angular
area§ observed in the infrared and optical'measurements.

The emissivitj of (0 III) 5007A ngf(Tel, but T, is
determined fairly accurately by the ratio of 0 LII optical
forbidden lines. The emissivity of the 88y line is j(88u)

greater than 103, j(88u)

2 e
~ n, for low densities, but for n,

because collisional de-excitation cowpetes with radia-
tive de-excitation to depopulate the upper states. The varia-
tion of cmissivity with density is shown in Figure 4-4 taken

from Simpson (1975).
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Thus, for number densities greater than 103,
i(88w) . .t
j.(5007A) ¢

and the observed ratio can be used to determine the electron
density as long as the reddening correction and the ratio of
the regions sampled in the infrared and optical are known
accurateiy.

In actual practice, there are liable to be complications
when one attempts' to apply this method to learn the electron
‘density of a region. Infrared beam sizes ate often hard to
measure accurately, and are_in any case much larger than typi-
cal beam sizes forxoptical pbservations; Hence scaling the
optical data to the infrared beam size may icad to large un-
certainties, particularly if the surface brightness of the re-
gion in‘EO‘III) 5007ﬁ7is not uniform. ‘Also,‘in'many cases
infrared beam sizes are of the order of the size of the H II
region, at least for Lear Jet observatiﬁns,.and one can only
- determine average electron densities for a-whole source by
this method. It would be more interesting to be able to use
higher angular resolution and get electron density distribu-
tions across the source. Another problem occurs L the source
contains a lot qf dust. In this case, the neddening correc-
tion will be.difficult tp determine, and the ratio of the 88u

and 5007A intensities will be observed to be higher than the
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actual density would yield, because much, of the SOO?ﬁ emission
wiil have been absorbed inside the object.

However, despite these drawbacks, this.méthod-can be.
applied usefully to.some sources. For the Orion NeBula; ob-
servations of (0 II) 3726/3729 A indicate high electron den-
sities (Osterbrock and Flather, 1959; Simpson, 1973), high
enough that homogeneous spherical models would yield far t0o
much radio flukx. MHence any spherical model must-have high
density clumps containing the O II surrounded by a more ten-
uous medium (Simpébn, 1973).in brdetr to e;plain‘the'observa-
tioﬁé; This type of model is éﬁpp;r%ed“by the fact that 0 II
and 0 III forbidden lines give different temperatures, and
one’ might postulate-a region with dense élﬁmps'containing‘the
"0 II and a more tenuous medium containing mostly O III;'-Ap-
plying the method outlined above to détermine the electron
dehSity'in the O IIT line emitting regiﬁh, Bérgeron (1975)
finds that the ‘observed upper 1limit on the (0 III) 88.16n
line emiésion.meang that, in a sphérical modei; a major part
of the (0 III) 50074 emission must also'éohe from dense clumps,
which have to contain an important fraction of the ‘mass of
the nebula. Zuckerman (1973) has suggested that the Orion
Nebula may be a rolativﬁly thin, dense shecet across the front
of the Orion molecular cloud. This model agrces with the
results obtained using the 88y line, and is supported by re-
cent‘maps of the Orion region in thé'far infrared (Werner .

et .al., 1975).
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Future Applications ot lnirared Lines

The deteceiontof the (0 III) 88.16y line is only the
first step in utilization of thejfer infrared fiﬁe structure
lines as an astrophyéical'feol. There are a number of other
1lines which should be detectable with present sensitivity
from above the atmosphere. The -strongest lines in theé near
and far 1nfrared and their expected 1nten51tles in M42 are -
shown in Table 4-2, 'which is taken from Simpson (1975) Two
major appllcatlons of observations of these lines would be
in the determination of electron den51ty and ionic den51ty

The electron density would be best measured u51ng the
ratio of the intensities of different lines from the same ion.
Referring again to Flgure 4 4 from Simpson (1875), it can be
.seen that the ratio of intensities of (0 III) 88.16u and
(0 III) 51.69u is a sensitive measure of the electron density
for densities between 102 and 103em™3. Furthermore, this
ratio is relatlvely 1nsen51tlve to the temperature, as can be
" seen from the results given for temperatures between 5000°K
and 20,000°K in the same figure. Both lines are quite strong--
inqeed, the 51.69u line i5 expe¢ted to be stronger than the
88.16p line in M42. Other fairs of infrared lines wouid be
uscful at higher and lower densities, as has been shown by
the results‘of Simpson (197S5).

This approach would be particularly useful in regions

where visible obscuration precludes the measurement of elec-

tron density with the optigal forbidden lines of O II or S II.
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Table 4-2. Predicted Line Strengths for the Orion Nebula--
-~ Simpson (1975).

Wavelength -~ " Flux
Line (microns) (ergs cm 2sec1)
(Ar 11) 6.98 2.00-x 1079
(Na IIT) 7.33 " 7.00 x 10710
(Ar III) 8.99 '3.65 x 1079
fs V) 10.52 1.39 x 1077
(C1 Ivj ' 11.76 3.03 x 1010
(Ne II) 12.79 2.92 x 1078
(C1 1I) 14.35 2.21 x 10710
_(Ne ILI) 15.38 3.16 x 108
tp‘ I11) 17.9 0 6.20 x 10°10
ts III) 18.68 1.19 x 1077
(Cl-IV) , 20.37 “4.06 x 10j10
(Ar I1T). 214 2.62 x 1010
(c1 11): 33.4 . 1.62 x 10711
(S IIIj 33.65 i.12 x 10-7
(Si 11) 34.8 9.39 x 1072
(ﬁe 111) 36.10 2.35 x 1077
(0 III) - 5L.71 5.84 x 1078
w1 57.31 8.73 x 107°
(0 I1I) 88.18 2,71 x 1078
(N 11) 121:7 . 2.56 x 1079
(€ 1) 156.3 6.70 x 10°10

(N II) 203.7 ~8.17 x 10710
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Obscuration problems make the near and far infrared fine
structure 1ine§ perhaps the only source of information con-
cerning elemental abundances and ionization structure in many
rég?ons, examplés being the radio sources like W51, W49 or
Sgr A whicﬁ have no visible counterpart, In addition there
are many ions' with electron Eonfigurakions pl or p° which do
not have optical -forbidden lines and whose recombination lines
are usually tob weak to bé observed. For these ions, the infra-
red fine structure.lines may again be the'only means of de-
termining abuqdéncés.'-lntéﬁsities of some of the lines from’
p1 or p5 configurations can be measured from the ground through
atmospheric transmission windows, but the majority can only
be observed from airborne platforms.

Unfortunately, many of the more interesting fine struc-
ture lines in the far infrared are blocked at airplane-aiti-
_tudes by atmospheric water features. An example is (0 I11)
51.6§u which is vefy close to a strong atmospheric water
line: Full exploitation of the potential of the far infrared
“lines will-come only with balloon or satellite observations. .
With these obsérving platforms lack of atmospheric absorption,
low background fluxes and long integration times should pefmit
the detection of far infrared lines in a wide variety of

objects,



CHAPTER V
COARSE RESOLUTION OBSERVATIONS OF H II REGIONS

In this chapter aata obtained during coarse resolution
observations of M42 and M17 will be presented. The first
section will be devoted to the M42 data, with subsections{
describing the results obtaiﬁed during each of the last three
field trips. The‘sgtond section will describe the Mi7 resulfs,
and - the last part of the chapter will discuss the regults and

indicate possible future observations.

M42 Observatiops

The March 1974 Field Trip

Observations during this flight series were carried out
at foughly 4.5u Tesolution with a beam 5 arc minutes square.
The results are shown in Figure 5~i after division by the
moon speétrum to correct for instrumental‘profile and atmos-
pheric transmission features. The absolute flux calibrétion
is based on a temperature for Venu§.(289 ; 20°K) from Arm-
strong et al. (1973), and utilizes Venus observations made
“during the same weck. ‘

Superposed on the Orion daté are 60 and 100°K blackbody
curves diluted to give the right intensity. Better fits

. can be obtained by using grain emissivities of the form A%,

80
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Figure 5-1.
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Spectrum of M42 from March 1974 field trip,
calibrated with lunar spectra:. The error bars
are one standard deviation, and the 60°K and
100°K blackbody curves are diluted to fit the .
data,
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but the difference is not statistically significant, in view

of the rather low signal to noise ratio of the data.

The November 1974 Field Trip

Observations ﬁere made with the same banﬁpass'and beam
as in March, but considerably better sensitivity made detec-
tion of Orion relatively simple, and signal to naise ratios
became much better. The results are plotted in Figure 5-2,
again after division by lunar spectra. The absolute flux
calibration is derived from the results of Harper (1974},
who .used a beam of similar width to ours.

The results have been fitted with blackbody curves at
50, 75 and 100°K. The best fit is at 75°K, and';emperatutes'
below 60°K do not Fit well. Higher temperatures fit the curve
reasonably well, as may be seen for the 100° curve plotted.

‘ Some systematic error 1s possible,isince a relati?ély
large scatter correction had to be made for these observé—
tions. The central black spot fell off the secondary mirror
of the spectrometer, and light could bounce back directly
from the entrance slit into the detector. This effect could
raise the end points of the curve by perhaps 5%. This would

not greatly alter the results of the fit.-

"The March-April 1975 Field Trip

Coarse resolution observations were carried out at Sp
(second order) and 10p (first order) resolution during this

flight series, and the total available bandpass was expanded
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Figure 5-2.. Spcctrum of M42 from the November 1874 field
. trip, catibrated with lunar spcctra. Error bars
arc one standard deviation, and the 50°K, 75°K
and 100°K blackbody curves are diluted to fit
the data.’
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to the range between 45p and 115p. The beam size was roughly
4 x 5 arc minutes. Gonsiderably better sensitivity was
‘achieved using neﬁ filters-and a MOSFET preamplifier, but at
the-cbst of severe nonlinearity ol response for different
background levels, as described in Chapter II. As a result,
lunar calibrations were very inaccurate, and the results shown
in Figure 5-3 were calibrated using the offset signal from the
telescope. .Figure 5-3 also shows the data from the November
1974 field frip and Harper's broadband observations of M42
and M17.

The line drawn on the figure gorre;pondé to.-a diluted
105°K blackbody fit to.the March-April 1975 data. The -error
bars are one standard deV1at10n, and the absolute flux levels

.are agaln derlved form the1resu1ts of Harper (1974) at 91u-

M17 Observations--The March-April 1975 Field Trip

_ The M17 -observations were done with the same resolution
and beam as the Orion observations on the same field trip.
The ‘results ére also plotted in Figure 5-3.  The error bars
are one sigma, and the flux calibfation is fréh the 93u
point of Harper (1974). The data_plotted were obtained on
one flight, |

The M17 results show;a strong far infrared excess.
This excess showéd up in the data from thrce flights, and

its reality seems very probable.”  The data from the other
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two flights have not been used in.the.figure because of low
signal to noise ratio on one night and lack of a yay§1§ngth
'caligratibn on the other, due to a slippage in the grating
drive.

Efforfs were made to fit the M17 spectrum with'the sum
0f the emissions from grains at two different temperatures.
The warmer grains were assumed to be at 150°K, this being the
temperature suggested by preliminary results of 20p to 40y
spectroscopy of Ml? (Reed, 1975). This temperature is not
very critical, since éhe siope does not vary much with tem-
perature over the available bandpass of the spectrometer if
the temperature is higher than 100°K. Various temperatures
ranging ffom 25 to 40°K were tried for the cooler grains,
these 1imits being sugggstéd because grains warmer than 40°K
would have their emission peaking below 70u and would not fit
the spectrum wéll, and grains céqler than 25°K would not emit
enough to give the observed flux levels even if the source
were optically thick over all the region covered by the beam
of the spectrometer. Gray-body emissivities and emissivities
proportional to A"1 and A"% were tried for both the warm.
and cold components. None of these attempts gave a good fit
to the obscrved spéctrum.

.Thc curve plotted on Figure 5-3 was [it to the results
ignoring the poiﬂts between 70y and 80u. It pave about as
good a it as could be obtained by the approach outlined

above., The points between 70 and 80y were ignored because
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instrumental effects are more important in that region of the
spectrum, and because ‘those points _did not seem to fit the
general trend of the spectrum. This will be discussed further

in the following section.

Discussion of the M42 and M17. Spectra

Calibrations

The March-Apfil 1975 data are by far the most interesting,
simply because a wider bandpass is covered. Hbﬁever, the cali-
bration for this data is somewhat problematical, and should
perh;ps be examined in greater detail.

. As was mentioned eariief, overall calibration using moon
data was. not possible due to the ﬁonlineafity of response,
_so the offset spectrum was used iﬁstead. The offéet spectrum
is obtained from the "'sky" observations duriné observétibns
of a source, so it is autoﬁatically at the same backgroﬁnd as
. the Ebservations‘of the source, since the sources we observe
do‘n6t put out nearly enough flux to affect the background
levels in the instrument. The offset signal is of local
origin, probably coming from the inside of the telescope.

The spectrometer sees-alﬁost the whole primary, and if the
sccondary chops slightly off-center some cmission From thé
telesédpe‘bar%ef can reach the inétrument. Hence it was as-
sumed that the offset signal would have a color temperature
correspohéing to that of the inside of the telescope. This

temperature is not well known, but should be close to the
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temperature of the atmosphere outside the aircraft, which is

about 230°K at observing altitudes. Therefore, this tempera-

ture was chosen for making the calibration., Errors in the
temperature are not very critical, as blackbodies in this
temperature range are almost in the Rayleigh-Jeans limit over
the available bandpass of the spectrometer, and the slope
varies slowly with temperature.

It is by no means obvious that the offset signal should
have a blackbody spectrum, However, there are a'pumber of
facts which 1nd1cate that- this may be the case. These are:

1. The' inside of the telescope 15 coated W1th 3M Black
Velvet paint, which absorbs (and hence emlts) well
even in - .the far 1nfrared

2. The spectrum of M42 after callbratlon with, the offset
agrees reasonably well w1th carlier M42 data (cali-
brated with the moon) between 75u and 115p.

3. Lﬁnar calibrations are possible for the long wave-
length data, after eorrection for nonlinearities, and
these agfee well with the offset calibrations.

4. The Venus data shown in Fiéure 5-4 fits a 245°K black-
body quite well, and has been calibrated using the
offset. This is in agrcement with observations of
Venus by Chase ct -al. (19%4) and atﬁospheric calcula-
tions (Ward, 1975) fqr Venus using a model from Marcov
(1972) and assuming H,0 and o, to-be the most.impor-

tant sources of opacity in the far infrared.
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The local origin of the offset emission causes one prob-
lem.- Part-of th; purpose of a calibration source.is to re-
move the effects‘of atmospheric transmission features, and
the source emission passes through more water.vapor than the
offset emission does. However, many of the water vapor fea-

- tures are saturated even in the offset spectrum, S0 the dif-
ference is not as large as one might expect. Furthermofe;

the coarse resolution spectra are not very.sensitive to water
vapor features, simply Because the spac%ﬁg between water fea-
tures is typically much less than the. bandpass, and the water
féatures tend to average out.

The offset signal turns out to. be veiy stable from fiigﬁt
to flight, both in spectrum and in strengthl This is réassu}-
ing, since it suggests that the spectrometer and telescope
performance are the same from night to night.

. This reﬁegﬁéﬁility of performance is important when con-
fronting the second major problem of the new two detector
?ystem,‘ﬁﬁich is the lack of overlap between the ‘two detec-
to;s.l This was also discussed in Chapter II.

As can be seen from the Orion data, and from Venus data
blotted in Figure 5-4, the long and short wavelength data
mésﬁtvéfY'wolll This becomes important when the Mi7 data
are considercd,‘for'there‘the break in the spectrum occurs
in the 65u to 70y region, precisely where the overlaplbetween
deteéctors occurs, Only the fact that the Venus and M42 re-

sults mesh so well allows us to say with any confidence that
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Figure 5-4. Spectrum of Venus from March-Apray 1975 field
trip. BError bars are one standard deviation,

and the telescope offset has been .used for the-
calibration. The absolute flux scale assumes
Venus- to be a blackbody emitter at a temperature
of 245°K, '




the feature- in M17 is real. Fortunately, it appears in.data

from three flights on M17, which adds to its credibility.

Dust Models

1t is noﬁ fairly well accepted that the infrared cmission
from H II regions is thermal emission from dﬁst grains. How-
ever, models for infrared emission from H II reglons are still
qu1§e vague, _whlch is not surprising c0n51der1ng that the
composition.of the interstellar gralns is still largely unknown
The probable dominant constltuents are silicates, frozen
water, graphlte, iron, iron in compounds w1th sulphur, oxygen:
and silicates, and varlous 51mple and complex organlc com-
pounds (Harper et al. 1975). However, silicates and ice are
the only constituents so far jdentified in infrared observa;
tions (Gillet and Forrest, .1973; Merrill and Soifer, 1974;
Grasdalen, 1974). ‘

In the following two subsections, the results from our
observations will be compared to some of the models which

have been suggested for M42 and M17.

M42

"The M42 sﬁectrﬁm is very smooth, in .agreement with the

results published by other investigators (Erickson et al.,

1973: Bandshaft ct al., 1975) at lower signal to noisec ratio

. and comparable resolution. The best fit tﬁmpepature of 105°K
agrees well with the temperature of 100°K derived by Houck

et gl.} (1974) from spectral observations of M42 between
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20p and -40u. 'Results‘of photometry at 400 (Soifer and.Hudson,
1974; Harper, 1973) are also consistent with the séurce emit-
ting as a‘1005K gray body. ‘However, comparison of the results
of Soifer and-Hudson with the fluxes détecteduby Harve& gi gi.
(1974) at 1 mm indicates that beyond 400u the grain emissivity
ﬁas a A ? dependenée.

Houck et al. (1974) describe two isothermal models which
would yield- such a spectrum. One model envisious the source
as containing gréins whose emissifity varies as X2, Thgsg‘
grains are iﬁ_denSe clumps which are op{ically'thick out to
400pu. A yumber df these clumps bovefing roughiy 10% of the
. 2 arc minute area-surrounding the Kleinmann-Low'nebula would
give the observed spectrum and flux: The second médel employs
grains with impurities and structural dlslocatlons which yield
" enhanced emissiv1tf1at long wavelengths. Such grains have
been suggested by Hoyle and Wickramasinghe (1969). -If such
érhins had constént emissivity out to 400u, a 2 arc minute
cloud wiéh optical'deptﬁ}o.l would ﬁroduce the Abégrved spec-
trum and flux. . ‘

The real situation in.the source 1is almost_gertainly more
complicated tﬁan these models. Evidence for more complexity
comes from the maps of M42Z with 1 arc minute resélution at
20u, 50p and 100p which have becn made by Werper et al. (1975).
Their mapé cover roughly tﬁe same area surveyed by our beam,
and show ﬁariations in the 50u to 100w -color temperature

over this region, with emission at 100w being more extended.
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Thus the spectrum we observe is reaily a composite of the
spectra of a number of smaller regibns w{th differentltempera-
tures and poﬁsibly different dependence of emissivit§ on wave-
length.

From our results, it would appear that the distribution
of temperature and composition must be fairly smooth across
the gource,.simply because the ove;all specfrum is so smooth.
llowever, spéctral observations witﬁ a smaller Lcam arec neces-
sary in order to get more detailed information on the sourcé

structure,

M17

"The spectrum of M17 has a bump at about 70w and a general
far infrared excess, in contrast to the very smooth spectrum
of M42. A simple approach to explaining such a spectrum is
by means of-a distribution of grains of two different tempera-
tufés. The hot grains aré_responsible for the short wavelength
emission while the cooler grains emit at longer wavelengths. .
Such a distribution of grain temepraturés has been ‘suggested
bf Lemke -and Low (1972) anﬁ_Wright (1973) in order to explain
the very broad spectrum of M17, which is very bright at 10n '
and 20p as well as in the far infrared.

In Wright's model, thec ncar infrared radiation comes
'from'grainé inside the ionized region of the nebula, .while
the far infrared cmission comes from dust in ncutral rcgions

outside the ionized volume. Inside the H II region, dust has

been depleted, so that opacity is low for .photons of wavelength
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longer than 912A. These photons escape to the outside, where
they heat the dust in the neutral region, which supplies the
_far infrared emission. The dust inside tﬁe Aebuia is heated
by nebular Lywman « photons, and produces the -cmission in ‘the
"middle infrare&".at 10u-énd 20p. Wright's model ignores the
effectsiof'variations in size and composition of the grai@s,
and assumes that fhe'emissivity_is'proportionai to A" 1.

One result of his model is that the 100y emission should come
from.a shell surrounding the H II region.

Lemke and Low (1972) have éuggésted that two types of
grains exist within the ionized portion of the nebula. One
type:-of. grain has good emissivity in the far infraredr This
type of grain absorbs ultraviolet and optical photons well,
but’stays cold because it can get rid of the energy in the’
form of far infrared emission. The second type of_grain has
poorer infrared emissivity, and cannot cool itself as readily.
‘Hence 'it heats up and supplies ‘the near infrared emission.
Theztwo-types of grains are both inside the H II region, and
in this model the bu1k<of the far infrared and middle infrared,
eﬁission comes from the ionized portion of the ncbula.

As scen in the previous scction; a simple twWo tempera-
turc model .does not [it the ohseryed spcctrum_wcid. In par-
ticular, it is diﬁficult to produce the bump between 03p and
87u with such a model, which tends to yield a much smoother
speetrum.' Part of this feature may be due to instrumental

' effects, as the instrumental response hﬁs a steep slope in



this regién of the spectrum. It 1s hard to completely ex-

plain away the [lcature with instrumental effccts, but more

‘obgprqatiops with_bgtter system résponse over this‘spegprai
region are necessary to recally confirm it.

Even when ignoring the data betweep 63y and 87u, it is
difficplt to fit the remaining point& with the simple approach
described in_fhe last section. However, the large far infrared
excess. is probably real, since it showed up in data from three

.flights, while no long wave}eng;h excess appeared for either
Venus or M42. A two component model in which the wavglength
dependence of the emissivity varies with wavelength might fit
the obserggd spectrum better.

The most striking feature of the two component explana-
tion for the spectrum of M17 is the very cold temperature re-
quired for the component responsible for the far infrared emis-
sion. Even if it is assumed that the graiﬁs radiate as gray
bodies throughout the far infrared,. the temperature must be
less than_4Q°Kito give the spectruﬁ observed. Putting in
emissivity_effecps makes the grains have to be still colder
in gfder Foématch the spectrum, since the peak of their emis-
sion shifts to shorter wavelengths than in the gray body'case.

The temperature of these grains can be used to give some
idea of thgir_optigyl properties. If the ncbula is optically
thin in the far infrared, the optical depth‘at wavelength A -
is éiven by

F)

"A"‘W
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. where % is the solid-angle of the region observed, F, is
the flux density detected at wavelength i, and B, (T) is the
jntensity per steradian emitted by’ a blackbody at temperature
T.
< A rough value for the. optical depth can be obtained by
assuming that the émfssivity of the grains has a wavelength
dependence proportional to »"1. The temperature for the best.
fit is thén about 30°K, and if we take A = 95u, and use the
measured beam size of the instrument to get @, we obtain an
optical depth of 0.18.
If we now define Q, to be the ratio of the absorption
cross-section at wavelength A to the geometrical cross-
section, then the mass of grains in the region ﬁe observe

is

‘QA 41ra2_

where a is -the average grain radius (assuming spherical grains),
A is the area covered by the beam at the source, and p is the
average grain density. .Using the distance of 2.2 kp¢ for M17
from Schraml and Mezger (1969), and assuming p-= 2:3 éﬁ cm™ 3
and a = 0,05 as dbcs Panagia (1974), we gei_from the calcu-
lation of the optical depth that the dust mass in solar masscs

mo is

0.027 m
Qosy
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If we now assume that 'the far .infrared emission comes
from the ionized portion of the nebula, in agreement with
the suggestion of Lemke--and Low, we can~use‘thé'value of 334
solar masses derived by Schraml and Mezger (1909) for the
ionized mass of the nebula; and get for the dﬁst to gas ratio

Mg gx107°

My Qg

“This ignores the mass of the dust éhat is responsible
for thé middle infrared emission, but the optical depth re-
quired for this dust to produce the emission seen a£ 55y is
only about 0.001, so the mass involved is,ﬁuch smaller.

The 'interstellar average value for the dust to gas ratio‘
is roughly 0.01 {(Jenkins and Savage, 1972), and this is also
the average value derived by Panagia (1974) using his model
calculatidns and-the ‘infrared data of Emeréon,-Jennings and

Moorwood ' (1973). If we:assume this value, then
‘Qocy, = 0,008

This value is quite high, much higher than the predic-
tions for silicate grains, with or without ice mantlcs (Knacke
and Thompson, 1973; Leung, 1975).. However, if a A1 emis-
sivity law is assumed, there is rcasonable agrcement with the

value of 0.01 at 50y suggested by Panagia.
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If a large proportion of the emission is coming from
neutral clouds outside the H II region, the gas to dust ratio
iimitations are less stringent, since the molgcular clouds
‘surfbunding ML7 arc considcrablx more massive- than the H II
region (Lada and Chaisson, 1975; lLada et al., 1974). Howeﬁer}
from the map of Harper et al. (i975), it seems that the 100y
emissioﬂ is coming from the ionized region instead of the mole-
cular clouds seen by L;da et al. There are-soﬁe cold exten-
sions which radiate at 100p, but the majority of‘the emission
is in the same direction as the thermal radio emission at
1.95 cm seen bf Schraml and Mezger. Thé_map is at fairly
coarse spatial resolution (2.2 arc minutes), however, and a
shell structurc may still show up in maps made with a smaller

bean.

Futufe Obse;vations

The instrumental sensitivity at coarse resolution is
now good enough to make.possible detection of a wide variety
of objects, and some of thése sources are givem in Table 5-1.
In the future we hope to make obsefvations of és many of these

sources as possible.



Table 5-1. Some Observable #{ Il Regions.

Flﬁx (Harper, 1974) Signal/Noise

Source Wavelength (watts cm- 2 u- 1) in .one second
M42 91p 1.1 x 10714 w25
M17 93u 4.1 x 10713 ~10
NGC 2024 100} 1:7 x 10712 ~ 4
SGR A 91y 2.6 x 1018 ~ 7
SGR B 100 2:4 %1071 n 6
w3 94y 2.2 x 10715 N5

. (G133.7+1.2)
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