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FAR-INFRARED LINE EMXSSION FROM THE GALAXY

Gordon John Stacey, Ph.D.
COrne11-Univers1ﬁy 1985

We have sampled the diffuse 157.74 pm [CcII] emission from the
GaTaxy at several galactic Tongitudes near the galactic p1ané including
complete scans across the plane at 811 = 2,16° and 21 ='7,28°, The
observed [CII] emission profiles follow closely the nearby *2C0 (J=1+0)
emission'profiiés. The [GII] emission'probab1y arises in neutral photo-
dissociaﬁfon regions near thé adges of giant molaculap clouds (GMC's).
These regions have densities ~ 350 cm~3 and temperatures T ~ 300°K,
and amount to ~ 4x10% Mg of hydrogen in the inner Ga]axy.. We estimate
the total 157,74 pm 1um1no§ity of the Galaxy to be ~ 6x107 Lg. The
* volume Filling factor of the [CII1 emitting regions is ~ 10~%,

IWe have also made_estimates of the galactic emiséion in other far-
infrared (FIR) cooling Tines. We find the [CII] line to be the dominant
FIR emission line from the galaxy and the primary coolant for the warm
neutral gas near the galactic plana. . Other FIR cooling 1ines predicted
to be prominent in the galactic Spectrum include the 51,82 pm and 88,36
pm fine structure Tines of OIII and the 63.17 pm and 145.53 pm [0I] fine
stpucture 1ines. The OIII lines are principal coolants for the jonized
- gas while the 0L Tines are sianificant coolants for the warim neutral .
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We have also measured the 145,53 um [0I] emission line from the
Orion Nebula with both a 1717 beam centered on the Trapezium and a
7ix7t beam encompassing most of the Orfon Nebula. By comparing our
measured 145,53 pm intensity with previous measurements of the 63,17 pum
[0} and 157,74 pm [CII] intensities we determine that these three cool«
ing Tines all arise in the warm (T ~ 350°K) dense (ny ~ 2,3x10°
cm"s) carbon photodissociation region Just beyond the fonization front

separating the compact HII region from the moTecular cToud. We find the

63,17 um radiation %o be self-absorbed with line center optical depth

% ~ 2. and Doppler width (full-width-half-maxinum) ~ 3.2 km s~*,
We have made these measurements using both NASA's Lear Jet facility |
and Kuiper Airborne Qbservatory (KAO). The Lear observations were made

using a 1iquid helium cooled grating spectrometer which has been fitted

with stressed Ge:Ga photoconductive detectors. This instrument is sen-

sitive in the spéctral range 100 um $ A ¢ 195 pm with a spectral resolu-
tion R = A/aA ~ 200, For the KAO bbservations,_we use a modified
version of our grating Spectrometer as an order sorter for our lamellar

grating'interferometer; with which we have achieved spectral resolutions

1n excess of 2000.

The ana1y51s of the ECII] and [OIJ Tines presented 1n this thesis

is a more soph1st1cated treatment of prev1ous work which has appeared in -

the AStPOphVS1CET Journa1 (Stacay et al. 1983a,b and.1985).
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"We changed again, and yet again, and now it was too late
and too far to go back, and I went on. And the mists had
solemnly risen now, and the whole world Tay spread before me,"

Pip~ in Charles Dickens' Great Expectations
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CHAPTER 1,
INTRODUCTION

The far~infrared (FIR) may be Toosely defined as those wavelengths
in the electromagnetic spectrum lying between 20 and 300 wm. Spectroe
scopic work done at wave]engﬁhs beyond 300 pm, often termed "submiili-
meter®, is distinguishgd from FIR spectroscopy, in that submillimeter
radiation_is_usua11y detected with coherent'techniques, analogous to
heterodyne receivers in use in medern radio astronony. In contrast,
until very.recent1y; most spectroscopy done in the FIR has beeh done with
incoherent devices in combination with optical filtering techniques.
Instruments in current use for FIR spectroscopy include grating spectro~
_ meters,_Fabry—Perot interferometers, M1che1son interferometers and the
Tamellar grating interferometer disdussed in this thesis. The various
devices havé ﬁheir.advantagés and_disadv&ntages which we discuss in
Chapter 2. - | | -

. :There is a wealth of astronomical information to bg_gained through
studies in the FIR, The FIR is unique in several respects:. |

- 1) Objects as different as planets and quasars emit the bulk of -
their radiant enerqgy in the FIR, and show the peak of their spectral

emission at wavelengths Tongward of 20 pm.




2) The FIR is unhindered by the extinction problems which plague the
optical and near infrared astronomers. Typical grain sizes in the
géﬁera1 interstellar medium (ISM) are ~ . pm so the Galaxy 1s
virtually transparent to FIR radiation. Regions totally obscured fo
optical observers, such as the galactic center, are actessible to FIR
experimanters,

3) The FIR is f1Tled with emission Tines produced through col1ision=
al excitation of atoms, Tons and melecules with Tow=lying enerqgy states.
These 1ines are usually optically thin, and have excitation temperatupes
30° ¢ T ¢ 600°K. Thus, these Tines are sensitive temperature probas in
the intermediate temperature regimes associated with Tow-velocity shack
or 1onization fronts or warm neuteal gas. The optical 1ines are nat
excited in such iow temperature reaimes, while the radio emitting levels
are Targely populated according to their statistical weights and are
therefore insensitive to temﬁeraﬁure. |

4) In high temperature jonized gas regions, the FIR emitting Tevel
populations are temperatUre 1nsensitfve and'determfned primarily by the
densities in the emitting regidns (Chapter 3), The FIR Tines provide
exceTient density probes for these reg1ons» |

Unfortunate]y, the Earth's atmosphere 15 1arge1y opaque in the FIR
due to the omnipresent mo1ecu1e, Ha0. _prever,_thg column density of
water vapnr declines dramat1¢a11y_w1th increasing altitude, decreasing by
a fadﬁor.of ~ Soo.as-ﬁne ascends fpom-mauntaintop altitudes (4,2 km) to

. afreraft aTtitqus (14:km) (Traub and'Stieb 1976)4 Thus, one is.gb1e to
pursue SensitiVE gbsehvatians in thE'FIR from NASA's two airborne obser-

. vatories, the Lear dJet fac111ty and Kuipes Alfeorne Dbservatory (KAQ),

I



Tne Lear Jet is the smaller of these two observatories, containing a
30 cm ¥/6.,5 telescope mounted in an open port in the airplane's fuse~
lage. The power incident on detectors from an infrarad source whose
angular extent, Qs, 1s greater than the telescope beam, QT,'is
proportional to AQT where A 1s the surface area of the telescope
primary mirrop, The second law of thermodynamics requires that this
product be a constant for any diffrackion limited telescope regardless of
aperture size.- Thus, for diffuse emission régions, the Tight gathering
power of the Lear Jet telescope is the same as thab for the much Targer
telescope aboard the KAO, Furthermore, the larger chopper throw of the
Lear Jet permits observations of more extended regions (see Secﬁion
2.1). Thus, for observations of extended sources of emission (e.g.
galactic plane observations =~ see Chapter 4) we use the Lear dJet |
fact11ty, o -

For souprces of angular extent, Qgs Sma11er than the'tejescape .
beam size, Res the hower incident oh bur detectors is,proportfonal to
Adg, Thus, for sources which do not'fi]llthe 4?x7?_beam of the Lgab _
Jet, the 91 cm'te1esc0pe aboard the KAdlhas up to ten times the Tight
gathering power of the Lear te1é§;qpe}_ Thé.KAOJis a_ much ]argen‘fééi11ty
(being a modjfied 0141A.sfébiiftér) and.thus'may;aéébmmodate_auhbst_pf
| expehfmentébs”and érew'iﬁ addftipn_to']argerginstbument packages on the

te1éscopé; Therefqre;_for hfgh spatialtra§o1u£{nn(;_1?#1?)_measure~

. ment§,.or fqr measurements of pgint_scurces,:we_ﬁse-thg_KAO facility.
| |  .0bsgr9atipn5 fepopﬁed_in this WOrk,comé_frqm both the Lear Jet and
_KAO facfiitjes. lLegE Jet.bbsgryathns were made With a Tiquid helium

'coo]ed grating spectrometer, which is essentially an improved vérsion of -
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the spéctrometer Tipst described by Houck and Ward (1979)., We have
installed stressed Ge:Ga detectors 1n this system which gives us sensi~
tivity in the spectral range 100 pm $ A S 195 pm. We have also improved

- system sensitivity through the implementation of new detector designs and
manufacturing techniques and the installation of low noise J-FETs in the
first stage electronics.

The additional space available aboard the KAO allows us to employ a
Tamellar grating interferometer for our KAO observations. We use the |
grating spectrometer as an order sorter for the resolution achieving
interferometric stage. The spectrometer used for KAO observations is
identical to that used Tor Lear observations except that the /6.5 Léar
optics have been replaced with /17 optics to match the beam of the KAO
(Melnick 1981). Our instruments are described in detail in Chapter 2,

“The first astronomical detection of a FIR Fine structure Tine was
the observation of the 88 wm [0III] 1ine emanating from the M17 (Ward et
;al.s 1975), Since then, a.host of FIR fine—structure and moTecular
rotaﬁionaT'transitidhs have'beén observed in emission and absorption from
intérsfé?Tar'cTouﬁs.' A'compend1Um of FIR Fine structure Tines is
presented in_the Apﬁendfx; |
The FIR_fineIStruéturé Tines arise in atoms with 1, Z, 4, or 5 equi-

valent p e1ectrqﬁs; The spin~orbit (LeS) intgpaction splits terms of

‘tota] spin, S, and total orbital angular momentum, L, into a set of fine

structufe 1eve15,'each of which represents a different value for the

'totaf anguiar momentum Vector_J,;detenmined by the vector addition of L -

| _andfs. Since transitions among states of different J involve no change

in the eiectrohi¢'spin,ongorb1Fﬂ1 angular. momentum, they ara forbidden to
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~alectric dipole radiation. Magnetic dipole transitions, however, are
allowed, and as such the excited states are metastable with 1ifetimes of
the order of days. The excited'1eve1s may thus be cd111s1ona11y dépopu~
“Tated in dense (nyp > 10° cm“3) regions. We discuss the physics of %
fine structure Tine emission and radiative transport in interstellar f |
ciouds in Chapter 3. | | | | ;
Since the FIR fine~structure 1ines are genera11y optically thin and }
collisionally excited at Tow densities, they serve as excellent coolants
fob the general ISt (see Section 3.3), The dominant cooTénts for warm (T
70°K) Tow density (ny $ 105 em=3) neutral clouds are the fine struce
ture lines of the astrophysica]Ty abundant species CII and OI. As col~
lapsing clouds must go through these temperature and density ranges when
.fqrﬁihg_protostaps, studies of the [CII] and [01] 1ines in star formation ,
regions should Tead to 2 better understanding of how stars are formed
from interstellar gés. We have measured the 3Pg ~ 3Py (145,53 pm) [01]
‘transition in the Orion Nebula, believed o be a region of active star
formation. In Chapter 5, we incorporate this measurement with previous
measurements of the 393/2 - 391/2 (157,74 wm) [CII] fine structure
Tine to build a model for the warm heutral regions just outside the
tonization front in Orion.
The primary thrust of this work, the measurement of the 157 pm [CI1]
emission from the Galaxy is contained fn'Chapter'4. Most of the mass in

the ga]actic interstallar medium is contained within atom1c or mo?ecu1ar .,

" hydrogen clouds. Neutral clouds near the gaTact1c p1ane are probab]y
enve1oped in- warm (T ~'300°K) 1ow dens1ty (“HI 103 cm*a) ”CIIﬁ
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regions generated by the fonizing effects of the interstellar radiation

field (see Section 4.3). The dominant cooling transition for these warm

neutral regions is the ECIIJ fine structure Tina at 167.74 pm, with a
lessep contvibutfon from'the 63,17 um [OI] Tine., We have sampled diffuse
[CI1] Emiésibn_fram the Ga1axy at several galactic longitudes Including
complete seans at 417 = 2,15° and 311 = 7,28% These measurements
allow us to daduce ﬁhat the [CI1] emission arises predominantly from the
edges of giant moiacu1ar clouds within the solar circle and that there
are knat11ke~feaﬁures jn the [C11] emissfon. We are able to estimate

temperatures and densities in the emitting regions and estimate the [CI1]

': 1uij6$ity and the total [CI1] emitting mass of the Galaxy. We also
| pradict the gaTactic'luminqsity of other FIR and submitlimater emiss{cn

lihes. He coﬁ¢1ude that the [CII] Vine is the dominant FIR emfssien 1ne

in the Galaxy and the primary coolant for the warm neutral gas.
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CHAPTER 2

'INSTRUHENTS

2,1, Introduction.

The primary design consideration for any FIR spectrometer is the
detaction of the maximum number of astrophysically ihteresfingjépectrai
1ines in the minimum time. Détect1oh of these Tines is hampered by the
fact that the atmosphere, being a good absorber of Infrared photons, is
also a copious emitter of infrared'phqtnhs; In additibn to this Igky!
backaround the teIeséope_éhd telescope cavities are also good fnfrared
ehittérs, adding to the backgbound fluxs Let us 1nvg§tigate the ﬁature
of this background. |

- If wé assume'thg background gmittevs'behave Tike a yraybody of
emissjvfty ey at temperature, T, then the total numbeg of background
"phpfphs at frequencies, v, absbbpad by the detector per unit time, in
frequency interval dv ist B -

) Ny = ryngByeyAR dv/he
where | o o
- Bur= Planck blackbody function;
'qvf#'quantumleffiﬁiénqy“cf the detactor, 1:e.s
. # photons absorbed + # photons incident on the

detactor;

[




Ty = transmission of helium cooled opticss

Ar = aperture - solid angle product of the optical
system {in the ideal, diffraction limited case
o= 3.7 A% en® sp)p

‘h = Planck's constant.

In terma_of the system resolution, R 2 v/dv we have
Ny = TI\)T\;B\)B\)AQ/hR

For the present calculation, we assume ey 1s given rnughly ny the
emissivity of the sky at 150 wm and at alrcraft altdtude of 41,0001 ;
Ey = +20 {Traub and Stier 1976). Taking a "typical" transmission for
a grating spectrometer vy * o3, detector duantum efficiency ny =
215, and.arsky temperature T ~ 259°K we have:

. (4x1011)/R phntons/sec

If we let R = 200 we will have Nu ~ 2x10% photons/sec, In cone
trast, from an sspecidlly strong continuum source at 150 um we might

detect = 10° photons/sec at this resolution, and from a strong line at

this wavelength we might detect %107 photons/sec. Thuss we are Taced

with the problem of detecting source radiation which is at least a

factor of 50 weaker than the background rad1at1on. The procedures

'genera]Ty emplqyed to compensate for this 1arge thermaT background are -

calied "chopping" and "nodd1ng" The Cassegrain te1escope secondary

"'m1rrors on both the Lear th and KAO are des1gned to wobble in a square:

|
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~above, then the RMS f]udtuaﬁions"in'%he-phoﬁon'fluk'ié'giﬁeh by (Boyd :”

wave pattern thus causing the beam aTternafeTy to Took at two portions
of the sky. If one places the FIR source in one of the two beams, the
result wi11 be an oseillating photon flux at the detector due to the
source, on top of a large 0.C. offset dug to the thermal backgrounds '
This procedure is called “"chopping” and the two beams are often referred
to as “"plus" beam and "minus" beams Unfortunate1y,_1t 1s'neab1y always
the case thak one side of the teleScope daviﬁy is warmepr than thé
other. Thus, the thermal background'ma? be targer in one beam than
in the other. There might also be a gradient.fn the sky background.-
These gradients fn the thermal background will then give rise to an
A4 signals To compenSate'for this sécond order effecf, one uses the
procedure cg11ed ”nodding", .84y Tirst Integrating with the source in L
the plus baam for a certain iﬁtegn;tfon time (usually * & seconds) and
then integrating again with the source 1n the minus beams The differ=-
ence between thesa integrations will then give twice the signal due to
the éource and effectively eliminate first order thermal gradients.

The above procedﬁres enable us to distinguish a small source signal
in the presence of a large thermal background. Unfortunately, these -

prdcadures do not eliminate the noise associated with this background

In the most optimistic case, the noise in the background flux fis K

“due to the statistical fluctuations in photon arrival pates. If we Tet

N, = number of background photons absorbed by our iifrared detector as

1982) -

o B 9 Ay A A e
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ANy = [, ZNufl*nuﬁb)/At NI

where 7, 8 3/{eV/KT.1) 1s the photon occupancy and At 1s the inte=
gration time. The first teerm in parentheses 1s the classical "shot
noisa" due to the discrete arrival rate of photons. The second pupely
quantum mechanical term 15 often referred to as "excess noise" and is
due to phobort bunching, Due to the Base«Efnsteln nature of the radias
tion field the mean number of photons per Field mode is greater than
unity. For T ~ 250K at 150 yms it ~ 2.1,

In terms of the system pahameﬁers'reSQTution, Ry and throughput
Ty & myny the fluctuakions seen by the system at 150 um are

Ally = Bx108 (T,/R)}/2

Thus, ong may reduce the background fluctuations by inereasing
system resolution, or dacreasing system throughput. Obviously one does
not wish to minimize the fluctuations by decreasing system throughput as

‘the signal strength is proportional te Ty and fhe photon noise is only

_prqurtfona] to Tz/a. Therefore, the way to decrease system noise, when

the system noise 1s dominated by photon noise, is to Tncrease system

resolution.

With recent deve1opments_fn erystal growth and electrical contacte
implantation techiiques, infrared detectors are now availahTe whose

Intrinsie noise is much -less than the photon-n01se~abdve.._dohnson noise
- may be reduced through suitable seTection of load resistors and ampli=

fiers are a1so-avai1ab]e Who5¢,1ntr1nsié'nofsa-is mitch-Tess than the

phaton noise. One should, then; be able to achieve photon-noise-limited

performance in an aircraft environment. Generally, however, it is Found

i— ::.'?3' ]w_--—«-.—-.—.._ n..f,:__.a._
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‘that background fluciuations ara a factor of 5 or 10 larger than those

due to photon noise. The cause of this excess noise 1s probably a
combination of changing alrmasses, fluctuating shy emissivity and
temperature, or atmospheric turbulence inside and outside of the telew
scope cavity. However, the conclusion remains: higher system resolus
tion should result in smaller background noise. For discussions of
backaround-1imited performance in the FIR, see Keyes and Quist (1870),
6i11ett, Dereniak and Joyce (1977), and Boyd (1962). |
Increasing system resolutien s beneficial 1n other respects also.
1) Hany FIR spectral Iines are formed 1n regions which also have |
high continuum flux Tevels due to thermal emission from interstellar
dust. Until one actﬁally resolves a 11né, higher spectral resolution
wi1l enhance the presence of a 11he'at the expense qf_the continuume
This s important as the system response 1s a convolution of many
functions_which vary from one wavelength to another. Included are the

 spectromster response function, filter transmission functions, atmoe

spheric transmission and beam profile, Much of this problem is allevia-

“téd thruﬁgﬁ;d1v1ding the source spectrum by a suitable calibrator spec-

trum which s presumed to emit 1ike 2 blackbody (sce Section 2.6)s

However, false spectral features may still persist. These may be caused

- by different solid angles being subtended by the source and calibrator

tending to alter the instrumental profile; wavelength calibration:
errors due to pointing errors; different airmasses through which the
source and calibrator were observed or even spectral features in the

- calibrator spectrum 1tself. These problems are. minimized through the

use of a high resolution spectrometer which. need only observe the =

continuum immediately adjacent to the interstellap spectral feature.. -

——
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A good example of calibration brob]ems is the 63,17 um [0I] tine
which 1s located on the wing of a very deep teliuriq water vapor absorpe
tion feaﬁure only ~ o15 um away. If the resolution of the spectro~
meter used to measure the OI feature 1s only moderate (A/ar » 200},
the water vapor and [01] features are not distinguished by the spectros
meters Hénce, it 1s necessary to obtain a calibration spectrum whose
wnvelength.sca1e is precisely that of the source spectrum and in which
the water vapor feature 1s saturated to the same degree as the source
spectrums In practice, this 1s not easy to do and large calibration
grrors may remaine If the saturation of the water feature 1s higher in
the calibrator, the divided spectprum might show an emission feature to
appear at 63,17 um even if the source had no such featurel Higher
- spectral resolution eliminates much of this problem.

2y A seﬁond~reason that high resolution 1s desirable is that when
an interstellar Tine 1s actually resolvad, one may infer from the 1ine
width bulk physical properties of the emitiing region such as turbulent
velocitiess or 17 the broadening 1s'therma1; kinétic témpErature.'_

 3) Lastly, the FIR spectrum ~f many regions is so thick with spec-
tral 11nes, that one needs high reso1ut10n to separate and correctly
“{dentify spectral features. A good exampTe of thisiis the BN-KL region
in Orion where We have receﬁtly diédbvered the 153'124 ﬁm and 163;397 um
em1551on ]1nes of exc1ted OH (Viscuso et al. 1985) These 11nes are
| 1mmad1ate1y adaacent to thp previously measured 162 812 yum, Jd = 16-15
_rotationa] transition of shocked 0. If the. reso1ut1on of oup 1nstru~
_'ment had been Iess than " 500, it wou1d have bean 1mpossib1e to dis~
.t1ngu1sh these features.._
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In some cases,_aétrophysica11y interasting species have transition
wavelengths which are not precfsely knqwn. Such species may be diffi-
cult to producé in the Tab, or may have excited levels from which radia-
tive_transitions are preempted by collisional de~excitabion. Furthere
more, the Tevel energles may be difficult to precisely calculate quantum
mechanigal1y, hence, the most accurate energy Tavel diagrams for such a
species may be drawn from astrophysical measurements of the ransition
frequencies, .

There are two categories qf high resolution incoherent detection
techniques in current uée in the FIR. The first group, referred to as

monochromators, sampies one spectral resolution element at a time and

1nc1udes sﬂch instruments- as grating spectrometers and Fabry-Perot {FP)

-spectrometers, The second group includes myltiplexing spectrometers

such as Michelson interfarometers or Tamellar grating spectrometers,
These {nstruments sample a number of independent spectral elements
simultaneously and recover the power spectrum through Fourier transform
techiiques. We. refer to these as FTS (Fourfer transfaorm spectro-
. L
.jeal spectrometer would have variable resolution so that one
a5 resolve Tines when one wishes to measure line intensities or

ovse=resolve a Tine when one wishes to obtain Doppler width or Doppler

shift informations Narrow FIR 1ines have 1ine widths Tess than 1

 km/sec, corresponding to a resolution > 3x10%, so one might consider

construction’ of an instrument with such resolution, In practice, such

an instrument is quite difficult to constrict. A more reasonable design




1

| goal would be R ~ 10* at which transitions such as the lines due to

shocked €O 1n the BN~KL region of the Orion Nebula would be just resol

ved and diffuse emission 1ines from extragalactic sources would be
. over-resolved. |

| The most straightforward technique for achieving high resolution is

‘the construction of a grating spectrometer. The first FIR Tines from
astronomical sources were discovered with such devices. Given back~
ground 1imited detection and plenty of work space, such an instrument is
probably more useful than a FP or FTS. A well~designed grating spectro-
- meter may have a throughput approaching 40%, while our own FTS is only

~ 17% efficient and good FP systems pass only 10-15% of the_radiatioh
incident upon them {Watsen 1982). Furthermore, a grating instrument 1is
often readily tunable over a cdntinuous range of wavelengths. For
example, our medium resolution spectroﬁeter is continuously tunable

from ~» 100 to 200 um in first order, and may be used from ~ 55 um =~

200 um if one of the two detéctors operates in the second order of the
grating, Finally, a gréting mono¢hromator permits_the use of many
detectors in the focal plane along the direction.of the dispersion of
the-gbating. It 1s_not.unusua1 for a grating spectrometer to have 10
detéctprs Tn_the_foca] plane leading to a net sensitivity gain of /10
:oveb a FP_instrument of the same resolution which typically may i1lumin-
ate Just dng detedtor._ However, a sjmpie_grating instrument with R ~
- IQ“Iwbu1d_réquiﬁé 2 gratihg.~ 75 cm”1ong.J_Sugh an instrument would be -
_'-diffi;uit.fp 1nsta1T on.thg_kAO.nuch-Jess_ba kept helium cooled. (On
| _tﬁe Léaﬁ Jet ;yCh.augrdtinngould protrude.through .the fuselaga.)

o Reaﬁonab1g,a]tennatiyes_forrhigh resb]utipn work in-airborne astronony

R e s g i i
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are folded 1ight path instruments such as Fabry~Perots or interferow
metric instruments whose Tight path may alse be folded and whose reso~
1u£ion achieving drive stage may be keplt at ambient temperatures.

Much of the data presented in this thesis were taken with a Foupier
transform spectrometers The actual description of the apparatus awaits
Section 2,3, but suffice it to say that the FTS system is a beam~split=
ting device which acts 11ke a lameliar grating spectrometer with just
two lamellae. o | |

This system has several advantages over a comparable FP system plus

- some disadvantages. The most telling point for such a comparison is the

source of system noise. Under electronic, or detector noise limited

- conditions, a FTS has a clear advantage over a FP system of the same

resalving power. This is because the FTS sampTes many resolution ela-
merits at once, resulting in the "Feligett, or multiplexing advantage,
first pointed out by Fellgett (1951). Individual re501dtion elements
are encoded in a Fourier series which is recovered using FT techniques.
The resuTﬁ (see Section 2.3.2, below) fs a gain of /n/8 in the final

signal/noise ratio over a simi]ar_monochromator'making the same measupre-

ments, where m = number of measurements (resolution elements}. Typical-

1y we make 32 opr 64-measurement$, pesulting'in a ﬁuItiplexing_a¢Vantage

of 2 or 7 if the system is electronic~detector noise limited.

| ”'He:must,stress,_howeyen, that the Fellgett advantage does not held

under babkground Timited conditions. In fact, at the inception of our

FTS_jn,presentyqse,_our grating spectrometer was clearly not:background .
.Timited,b&t_rather_e?ectronic_noise_Timited.":Consaquent1y, in the early « -

__,Spectra obtained with our interferometer the multiplexing advantage -

fe,
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resulted in FT spectra whose sensitivity was two times that which the

zere path (no 1nterference) signa1~t0~noise ratios would 1nd1cate.

Since then, with improvements in detector des1gn and processing, filter-
1ng_and electronics we have seen our sensitivity improve by over a
tactor of six, The Fellgett advantage is now not so evident and it 1s
Tikely that we are approaching background limited performance.

It should be noted thet.if_the.background Timit is due to changes
in emlissivity, transmission or turbulence along the light path, it
should be possible to regain much of the Fellgett advantage through use
of a reference detector which monitors these changes. If, however,
photon noise dominates, no such deconvelution is possible and the
Fellgebt advantage vanishes,

1t §s also true that the Fellgett advantage is only useful i one
wishes to sample all of the m points in the FT spectrum; In-the pre~
sence of a continuum one many typically wish to sample eight continuum
pdints in addition to the epectra1 line of'iﬁterest. Thus, our samp1fng
of 32 or 34 points correspond1ng to 16 or 32 reso]ution e1ements -0
quires that there be two or four spectral 1ines of interest in the band-
pass of our instrument. In the FIR this is not an unusual situation,
the case where there are not th.or_more'intereéting 11nes:in our gre»

ting bandpass of 2.2 pm is the exception rather than the rule (see the

Appendix).

Tn the absence of the Fe11gett advantage, the FTS system has

__seveva1 other features wh1ch make 1t a des1rab]e system. :

) ‘The interferometer is.a ready extens1on of our grat1ng spectro~

...meter which acts as an order sorter for the interferometer, We presently . - . . -

o S—————
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use our order sorter with 44 mm entrance slits which results in a

resolution R ~ 200,
2) The FTS has advantages of a grating insirument that a FP system
doesn’t have. Our FTS system is Fully as tunable as our grating spec~

trometer, 100-200 um continuous coverage in first order of our gratiug.

FP systems often do not supply full tunability, requiring preflight

selection of which order sorting fixed FP plates will be useds This may
Hmit the instrument to about four spectral regions of interest during a
flight. A third characteristic our FTS shares with a grating instrument
is the ability to illuminate miltiple detectors. Oup grating spectro-
meter at present contains two detectors working in adjacent wavelength

regimes. This is a great boon for "search” cababiTitieS, i.e., if the

pest frequenqy of the species in question is Unknown. or if we wish to

sample 1ines which are close]y spaced in the FIR spectrum.

' '8) An advantage unique to the FTS_is absolute wavelength calibpa-
tion. The wavelength scale of our FT spactra are detebmﬁned solely by
the step and burst sizes with which a mirror s advanced (see Section

-”2;3_beldw). Thus'we require no'"in—flight? wavelength calibration. If

the Step size is known to re]ative'accuraqy A, then the abSoluté,wave~

Tength scale of the FT spactrum must also be precise to A,

4) The FTS shares an advantage w1th the FP 1nstrument over a gra-
ting spectromeLer 1n that the spectral reso1ution may. be continuously
varledZW1thout Iosses in system throughput. ,Eurthgbmqre, only minopr

medifications are required to increase the trave] of the drive stage.

Qur initial drive stage had:-a 5 cm travel corresponding to-a maximum-

-spectral resolution of .1 em~l. Since then, we have increased the drive
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stage travel to 16 cm corrasponding to a factor of 3.2 increase in
spectral resolution. The design modifications were minor, and the new
drive stage performed quite well on 1ts first flight =~ confirming the
existence of the 2myy, (J=3/2 + J=1/2) OH emission features in the
BN-KL pegion of the Orion Nebula.{Viscuso et al. 1985),

5) A final ca]ling card for the FTS instrument 1s cost and ease of
cohstruction. The interferometer was concelved, designed and flown in a
period of just seven weeks in March-April 1981, The total cost was
under $2000,

2.8, Interforometer.

Z2edala _ Them‘yo

Before giving a detailed deseription of the design and operation of
the interferometer used for data in this thesis, let us first digress to

give a simpie description of how a Fourier encoding spectrometer works,

We follow the notation of Harwit and SToane (1979).

In the simplest of FTS systems, a collimated coherent beam is split
evenly across two reflecting mirrors, one of which is movable, call it
mirror M3 the other, being fixed, call it mirror F. Imagine a monochro-
matic wavefront of frequency, v, and electric Field amplitude A incident
on this system. As mirror M moves a physical displacement, &, the
optical path Tength 6f the béam from M is varied by a distance Z2e.

Thus, the return beam from M Tags the return beam from F by a phase ¢ =

fave wheré v now is the wave number. At zero path (e = 0), the returned.
| amplitude from either mirbor is Ag = A/2. At path difference e, the

| : Eeturn amp1itude from M+F is given by

§ B N
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Ale) = A72 T1 + exp{4nive)]
Thus, the intensity at the detector {afier the beams have been recom-
bined) is

nig) = A(e)*A(a) = A%/2 [1 + cos(4nve)] [2,1]

If the ineident wavefront is the superposition of many Wavenums
bers, v, each with its own intensity, then the total intensity in the ?
frequency interval v » vidv may be written ¢(v)dv so that

I

nle) = 172  w(v) [1 + cos(4rve)] dv
0 .

1/2 4y + 1/2 [ w(v) cos(drve) dv [2.2]
u .

where ¢ = f 9{v) dv is the intensity at zero path. The
1nterferogram thus cons1sts of a modulated part (the integral) superu
posed on a fixed D.C, offset., The physicaily interesting part is the
integral: -

i]

n'(e}) = 1/2 T P(v) cos(4rve) dv R
0

Since ¢(v) and cosine are symmetric functions, we may write:

ni(e) = 174 T wtv) Jive

Arive

where We haVe rep]aced cos(4nvs) by c] as the anti-symmetric.

-fSTne.term-w11]_yanish. Thus def1n1ng X = q— have:

n'(e) = 1/16w j'w(x/4w) alX8 gy
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We récognize the integral as the Fourier transform of w(v) = ¥(4re),
thus:

n'(c) = 4n/i€n ?(4né) or,
¥(4ne) = dn'(e)

Thus the signal at the detector, n'(e), 1is proportional to the
Fourier transform of the incident waveform ¢(v)

1/4n !:W(4ne) e Ariey 4 e
77 . wlriey
= 4’4; n'(e) e de
» 2rp(v) = 16-nj n'(e) e"4TIEY 4o
or again appealing to symmetry:.

w(ﬁ) = 16 Z n'(e) cos(drev) de

To precisely recover ¢{v}, we must sample n{e) continuocusly from

'zéro~pafh to infinity and perform the cosine transform of n'(e). In

practice, of course, it is impossible to sample the entire Interfero=

gram. Instead, we sample n(e) at n discrete, evenly spaced points a

distance A apart along our total travel of (n=1)A, The step size, &, is
chosen such that & = 1/[4(Vgay = vpin)ls where vy is the maximum:
frequency to be sampled and vpin is the minimum sampled frequency (see

Section 2,33 for-comments on choosing step size and 1ts relation to the

S P TP
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Nyquist sampling rate). From this point on, we drop the superscript

from n'(e).
The interferogram thus sampled may be diseretely transformed to

form an estimate §3(v) of the true spectrum y(v),

' nel
fu(v) = 16 Xgn(rd)ﬁcos(4ﬁrAv)
P

We wish to evaluate G(v) at the n discrete frequencies vg given by
\-’s = Vm-in + 8§ for s L 0}1,0003“"'1 and 6 & (Vmax"\,mfn)/(n"‘l)o
The true estimator of ¢(v) in the frequency range vpin $ Vs $ Vmay

is given by:

B{v) = gy (v)8 = H;(v)/4{n-1)A or,

» | nﬂl

Blv) = 4/(0?1)'zéh("5) cos(durav) - [2.3]
p:

We formally rewrite this as the matrix equation:

F=An




" el

'where % and n are the column veetors defined by:

apply:

| %(Vm{n) n(g)-
Blopints) n(A)
i " . »
) | | oltae1)al

and A {s an nxn matrix whose elements agp are defined by
p & &7 (1) cosldnra(vyyptss)]

for s,r = 0;l;iﬁo;n“ln

2.3.2. The Fellgett Advantage.

The factor of 4/(n~1) in equat1on 2.3 above 15 very. important.
was 15 the term which Ieads to the Fellgett advantage.
The Fellgett advantage is realized if the following criter1a

i) The dominant source of noise is detéctonne]ectronic

noise, 1.e.; the noise is indepethnt of photon f1uxg'
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2) The noise of each measurament, ej, has zaro means

<ey> w § (where < » indicates a time average
expedtation value).
3) The noise betwaen Qarious measurements
n(eq), nleg) 1s uncorrelated, 1.e4y <ejey> =
4) The noise has a variance defined by <(ej)%> = o?,
Under these circumstances, the expectation value of the estimator g
is given bys

&> = ¥(v)
and we may write!
Yevmhe r ¥y wiy=ag,0 8 *oeet g el Enal

where e 1s the noise column vector.
We define by ey, the variance of the spectral estimator for
frequency Vs W(vs)

e <£w(v5) = Plvg) 12> = Ua(a$ 0 * oes 28, n1)

| | the average mean square epror, £, 15 given by:

o
m

. (lzn) X Byg ® 02/11 (aﬁ,o * a%,l * al%"'l.zn“i).

= g2/n Trace (A«AT)

H |

562/En "1)2] Zg X cos E4nrA(vm1n+ss)J
pe |

=.Bnaz/fn~103”+;Bca/En(nﬁi)zjeX:Z'costB#rA{vmfﬁ#sa)J |
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~» 8a%/n Tor large n.

Thus, 1f we measure a varfance o for each a(c), then we will measure a
variance in the transform spectrum which is smaller by a factor of
(8/n)1/2. This Fellgett advantégé 15 quite powerful when & detece

tion system 1s detector-electronic noise limited. For a discussion of
the relative merits of muitiplexing instruments, see Harwit and Sloane
(1879). | o
| Prior to the introduction of J«FET# and better detector processing
techniques, our FTS system was clearly detector-electronié noise 1imi-
teds Figure 2.1 shows the Fourier transform spectrum representing the

- First astronomical detection of the J = 16+15 potational Lransition of

highly excited CO (Stacey et al. 1983), This speckrum is the average of
three spectra taken in January 1982, while observing the BN-KL region of
the Orion nebula. For each spectrum, we sampled the interferogram 33

times and integrated 10 seconds at each point. Thus, we expect to see a

factor of two (= (n/8)1/2) increase in sensitivity in the Fourier

- transform domain relative to raw data. At zero path we measure a system

NEP,} including all Tosses, of ~ 3,6¥107%% w Hz* 2, The grating
bandpass ' 1s- roughly Gaussian-in shape for an extended source such as -
BN-KL, The dashed Tine represents a Teast squares Gaussian fit to the

data,” ignoring the telluric water vapor absorption features at 161,90 pm

K Hdise_quivalgnt_Pgﬁep (NEP)_is_tha power {nc1dent_on the telescope
~which produces a signal/noise ratio of one, in one second of integra~

tion.
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Figure 2.1 Fourier transform spectrum of the BN-KL region of the.

Orion - Nebula showing the first astrohomicaT measurement'of the
- J = 16415 (162 Blnm)roﬁational transition of high1y excited CO

(Stacey et al. 1983) The spectrum has been fit w1th a least squares

“Gaussian centered at 152 55um wh1ch accurate1y m1m1cs our grating
'_profiTe. The CO feature and nearby Hao features at 161 90um and
'"163.a3pm have been 1gnored in the f1tting process.
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and 163,53 um, and the 162,81 pm CO feature. I one measures the
deviations of the data from this best f4t, one caleulates a system NEP
« 1,9x30"13 127172 wu o factor of two better than the NEP of the
1nterfebogram = 35 predicted, .

Recent advances in electronics and detector processing have
{ncreased our sensitivity so that our interferometer « spectrometer
system 1§ now typically characterized by system HEP's ~ Bx10=14 W
H,z."”2 at zero path. Recent spestra show that the Fellgett advanw
tage 1s mtch smaller than predicted == resulting in less than 20%
improvement in the Fourier transform domain. We take this as good
ind{cation that our system is no longer detectar-electronic noise
dominated and approaches the sensitivity 1imit imposed by random
background fluctuations.

2.3.3. Choosing Burst Size: The Nyquist Rate.

If we wish to sample all the frequencies, v, of ¢(u) from.the v .
@, D,C. verm to some maximum Frequency, vpays we must sample n(e) at

the so~called Myquist rate to aveid aliasing.? The Nyquist, or samp~

- 1ing theorem (see, for example, Papoulis 1877), simpTy states that to
obtain an unaliased spectrum in the frequency domain, we must sample the

intapferogram at & rate equal to twice the highesﬁ-unaliased'frequehcy.

2 A11as1ng refers to uncertainty concerning the spectra1 ordar of the

interferogram, or transfar from- one -order to anothep.

. Yo bt g =t
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For the interferogram, this means we must sample n(e) every 1/4vpay
¢ms (Remember, every physical displacement e corresponds to an optical
path Tength fncrement 2e.) For a drive stage 5 cm Tong at a frequency
vmax = 67 em*! (150 um) this means we must sample n'(e) over 1000
times for Just one spectrums Clearly this would be prohibitive in terms
of both integration time and the computer time needed to perform a 1000
point Fourier transform. To both circumvent this problem, and especiale
1y to reduce the background flux incident on the detectors, we employ
our high reéolution'spebtPOmeter (éeé Section 2.4, below) to act as an
order sorter and greatly reduce the number of frequencies tn be sampled,
At 150 um, our two-detector spectrometer samples a total bandpass of
roughly 2 um corresponding to Avgpeet * +9 cm™l. Thus we need only
sample Tast enough such that e sample all frequencies between vpip
and vpay where vpip is determined by Qmin $ Wgpact S.Vmax-
This may be ensured by choosing the burst size, & such that A =
1/L4V paxvmin) 1s | -

| In practice, we choose 4 by the fg?louing copvention*_ Fipst,
choose the central waveiength, vey of the Fourier spectrum, Typically
this wavelength is choéen.such_that it falls halfway between Zhe peak
spectral response of the two channe1s in the spectrometear. The ¢antral

wavelength is determined by ve = (m+1/2)/44, where m = interferometer

- order, usually ~ 30-40 for our 5 cm travel stages Intuitively, m

denotes the number of interfering wavefronts skipped with every bupst.

~The infrared frequency v¢ 18 aliaSEd:through~this-fechnique_to;a.nuch o

Tower frequency v'c = ve/m.  The factor of 1/2 above, then, ensures

vie ‘sample each. aliasad frequency twice per wavefront. MNow Ads
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physically constrained by the drive stage travel such that if we
choose to use n bursts to sample our spectrum, we must have na £ 5 em,
Typically n = 32, so that A ~ 1500 ums The free spectral range of the
resultant spectrum is given by the difference between adjacent inteprs
ferometric orders o, Avpgp = vePl4a(l/m » 1/(m1)]. Having

chosen the step size, A, one may assign frequencies to the Fourier
transform spectrum using the reverse of the above transformations.

2.3,4. Functional Description.

Qur interferometer was Tirst described in a paper by Harwit et al,
(1981). The interferometer dcks Tike an all~reflecting Tameliar grating
spectrometer with Jjust two lTamellae (see Figure 2.2). The infrared
radiation from the KAQ's £/17 beam 1s reflected off a dichroic and
brought to a focus at piane mirror A. The visible Tight passes through

the dichroic and is Tmaged within the offset guider reticles. (Designed

by Prof. Jaies R. Houck.) At mirror A is a 4 mm wide entrance s1i%
“which ensures our sampTing within the primary d1ffract1on lobe of the
~ telescope (~ 6 my From 15t nu11 to 15t il at 150 pm) and thus

'samp11ng a coherent beam. Mirror A diverts the diverging beam to plane

mirror B which reflects the Hght into C. Cisa 45 cm focal iength
off—axis parabo1o1d wh1ch ce]11mates the f/17 beam into a beam ~ 2.5

cm in d1ameter. The c0111mabed beam then strlkes pTane mirror D which

is. aligned 50 that the czrcu1ar beam 1s sp11t even]y acr0as m1rrurs E
: and,F. Wirror E 1s,the plane mirror whose movement re]etive torp1ane_

mirror F causes the interference. These mirrors have been aligned so

o it A e o et




‘waisAs ayy ybnoayy yaed qybLp sy smoys aui paysep 2yl -(wox30q) 3m? .
apts pue {doj} merA doy Jsisuioastasiul Buijeab Jejjsui] Jang *z-z aanbry
i1
|
©H3
o”.nm _, 5 R J o \o [+ [+ o
(1 N -\.4
1. \
e
o I /p
: i ~
g% m /_.// _
maag ,n_. mﬁl—y S - N
H et M, ey et A A1
Qr £ . J...ll.r. llufv :Pu%h&mﬁu_ubu&
. 7
N S
4 {3 0 | o o o_ 0. . © o) o [-]
ﬂunnuuw_uh
oLy




30

that at zero path there 1s Just a fractidn of a millimeter between the
two, thus minimizing the effects due to diffraction. As E moves, the
'path length, 2, of the return beam is variud., Figure 2.2 shows that
the path of the cql1imated beam 1s paraliel to the directjon of movement
of the drive stage and above mirrors C and.G. Thus.'thére is no
blockage df the light from F.as'E moves to full path diffarenbe. The
beams from mirrors E and F ape recombined at P before striking G, 2
second 45 cm focal lehgth paraboloid which refocﬁses the beam to /17
and images it on the entrance s1it of the spectrometer.

Note that when mirrors E and F are coplanar, the spectrometer
receives exactly (minus losses due to the seven reflections » 30%) the
same radiation it would receive from the telescope in the absence of the
interferometer.

A 5.cm travel drive stage was used for all of the interferometer .
data presented in this thesis. The drive stage is commercially
“available (Aerctech, Inc., Allison Park, PA 15101) with an acouracy
bettér than 1 part in 10% and with somewhat better peproducibiiity. The
stage is driven by a stepper motor and geared in such a way that one:
step of the stepper motor corresponds to a 2 um translation of the drive
stage. We were able to accurately calibrate the step size through our
detections of the J = 17+16 and ¢ = 16+15 rotational transitions of
h1gh1y exc1ted co found 1n the BN~KL reg1on of the Orion nebulae. The
wavelengths of %hesé trans1u1ons are known to veny high accuracy (Todd
et a]. 1976) These detections deternnned uhat our step $ize was actu~

7a11y 1. 998 um —— w1th1n tﬁe advert1sed accuracy ‘of the dr1ve stage.
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The spectral resolution of our drive stage is determined by the
Tongest optical path length difference introduced into our interfero-
gram, - For a 5 ci traval, the optica] path difference is 10 cm corre~
sponding to & spectral resolution of .l em~t, At 157 um, this correw
sponds to & resquﬁ1on R s A/AA ~ G650,

- This resoiution estimnte 15 based on the standard Rayieigh criter=
fon. That 1s, we will reso1ve two Tines of equal intensity as indepen~
dent: spectral elements if they are separated by av ~ .1 emts The
full width half maximum (FWHH) of any unresolved spectral line may be
made a factob of two narrower than fh1s through proper choice of burst
size. We define our spectral definition, D, as D = A/AMpyHy = 2R,
Thus, we may measure Tine widths and wavelengths a factor of two betier
than the resb1ution. The definition of our 5 cm travel stage is D ~
1300; or Ay = 230 km/sec,

To fully achieve this resolution, one must sample the interferogram
at both positive and negative path lengths. However, if one a priori

know: that the interferogram has begun with a sample at zero path, then

‘one may mathematically reflect the data about zero path, as we are
- assured by symmetry that signals measured at a positive path différénce,
€, St be the %ame (within the noise) ‘as those measured at negative'

~ path difference, ~e. -In practice, determ1nat1on of zero path has been a

Straightforward process. One First eyeba]]s ‘the movabTe m1rror, E, to

within a- fract1on of a m1111meter of zero path on the negat1ve side, '

. Then, with the grat1ng spectrometer set at a su1tab1e wave1ength,_

typ1ca]1y 118 um, one s1ng1e steps the movab]e m1rror through zero path

-Fpraducing a s1nus01da1 fr1nge pattern. If ong“then_repgats the pracesg
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at two additional widely separated wavelengths, say 140 um and 163 um,
avoiding ratfonal relations between wavelengths, one may then unambige
uously determine which fringe peak is common to all wavelengths. This
frihge peak must then be zero path and zerd mirror-position is then
redefined 4s a convenient number, usually as step 1000, and used as the

__'reference point throughout the f1ight.

2.3.5. Dasign Limitations.

The efficiency of our intarferdmeter 1% strict]y governed by the
modulation depth, 1.e,, the fringe visibility near zero path. As can be
séen from equat1on 2. 2, for a suff1c1enﬁ1y narrow bandpass, as one steps
the movabTe mirror about zero path, the fwo beams Will interfere to form

a s1nusoida11y_vany1ng 1nterrerogram_of maximum power P = ¢g and minimum

power @, Tﬁis is the ideal system; let us denote its efficiency by e =

1. In bea1fty, various diffraction effects Tower the coherence of the-
recombining_beamﬁ; _Thié rasults in both a lowering of the peak inter~
ferencé signal, P;.and_an increase in the valley signal, V. The effi~
ciency, e, may then be defined as e & (P<V)/P. MWe can see that if there
iS no mddulation, ieey ne interference of beams, P =Vande =@. For

coherent lab sources, we have obtained fringe visibiTity ratios PiV.as

_high as 6:1 resulting in an. 83% efficient interferogram. Typical tin-
flight fringe~visfb111tyjis;f:4€l'resu1ting'in;aj75%;efficiEnt”scan;

It has been.found_fhatqthe-fringe'visibilfty-iS;extremé1y sensitive to

the gap between mirrors'E'and“F at zero path., Fringé5vf§ibi115185”as

o high as 6:1 with a QaP of .1 my are. degraded to ~ 2:1 if the gap 45

:allowed to- grow as - Targe as o8 mm..
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An unfortunate consequence of the original design for the infers
ferometer is that mipror E had to be aligned such that its reflecting
surface was not perpendicular to its direction of travel. Thus, the
collimated beam walks across mirror G as E travels and consequently also
moves across the secondary of the spectrometer. Portions of the bean

eventually walk off the secondary resulting in a loss of Tight from E at

long path Tengths, hence a loss of both modulation depth and absolute™

signal level. An interferogram of a strong continuum oooroe {BN-KL in
Orion) then has the characteristic "droopy shoulder" appearance of
Figure 2,32, The Fourfer transform of such an interferogram nvariably

shows a huge first cosine term, The data may be mathematically correc~

~ ted by fitting a least squares line to the interferogram and_removiog__
this baseline from the data (Figﬂke 2.3b). 'Recent1y, this problem has_ _

been a11ev1ated entire1y through introduction of corner mlrrors. The
return beams from corner mirrors E and F are then both para11e1 to the _
direction of travel of E resulting in the e11m1nation.of walk~off

problems.

2.4,1. Layout and Functional Description.

~ The speotrometpr used for the observations presented in this thes1s N
is a fu]Ty 11qu1d he11um cooTed gratqng spectrometer operated 1n a
) L1ttrow mode. Essent1a11y, 1t 1s an 1mproved vers1on of the spectro—

. meter oo1g1na11y descr1bed by Houck and Ward (1979) and 1ater Tmproved

haraltisad
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Figure 2.3 adb. Apodfzation of an_interferogram. Figure 2.3a shows
the average of four interferograms taken of_the_BN-KL region of the
Orion Nebula of September 23, 1981. Zero path is the high point on
_the Teft and. the point 33 on the far right is data taken at largest

travel (5cm) of our drive stage. Error bars are one standard devi-

ation from the mean. Figure 2.3b shows the same. interferogram
following droopy,shoglder removal and apodization with a triangle
(Bartlett) window., The D.C. offset has been subtracted out.
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Figure 2.4,  Fourier transform spectrum of the BN-KL region of
Orion. This spectrum s tha Fourier transform of Figure 2.3b,
- following reflection about zere path, The fitted Gaussian
represents the grating instrumental profile, The feature at
© 153.30m is the First astronomical detection of the J = 17416
“yotational transition of ‘shocked *2C0- (Stacey et al. 1982).
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and reconfigured for the /17 beam of the KAO by Melnick (1981). As can
be seen in Figure 2.5 the collimator is a Cassegrain system. Light
entering the spectrdmétep"at A passes through the far infrared filtgr at

B before being deflected to the secondary by a 45° plane mirror at C.

Just 1n front of C Is the entrance slit. C 1s set slightly off-axis so
that the return diffracted beam misses the mirror. The secondary 11lu-

minates the 3% primary, D, which then sends the collimated hgam to the

diffraction grating at £. The diffracted beam then is denchTimated and
exits the collimator at F. The collimstor bolts directly onto the
tHe~cooled work surface,.whfch 1s the bbttom“of the gHe can. The beam
at F 15 deflected by two 45° miprops displaced ~ 4 mm along the
direction of dispersion on the work surfaces These mirrors send the
beam_oﬁto the exit slits located at the entrance to the 1ight cones of -
the two detectors. A1l of the structural parts of the collimator are
constructed of stress-relieved aluminum.

2.4.2. Optics.

The effective focaT:ratio-of thé col]imatqr may be adjusted from
/6,6 (to match the Lear telescope) to f/17 (to match the KAO telescope)

QYJchahging:opti¢s. 'Tha_f/6.5 optics were made of low thermal expansion

Pyrex glass by 3-B Optical Co. (Gibsonia, PA). Both the concave primary
_ (radiusdfﬁcurQature, Rg_; 38,9_cm) and the convex secondary {(Rg =
24,15 cm).haﬁe_spheﬁjan figures as the diffraction Tobe of both the
_.1.LeénTand,KAQ_te]escop&s_is.Targe.enough,at:150 um o make spherical

abepration neg]igib]e,_ G1assjmirr0ﬂs,ha9e;two inherenﬁfprobTems. They -

u L T e ————
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have a Targe thermal mass and time constant and shpink differentially |
relative to the aluminum collimator walls. Thus, the focal length of
the instrument must be adjusted at room temperature so that the focus of
the 1nstrument shifts the correct amount as the collimator cools to
Tiquid helium temperatures. This differential contraction results in a
shift in the focus » 8 mm. The advent of high surface quality pure

atuminum mirvors has eliminated both of these problems. Oup F/17 opties

are all aluminum, primary Re = 27.06 cm, secondary Rg = 5.76 cmy
machined by a diamond tool at Aeroresearch Corporation, Great Nack, NY.

Essentially all of the /17 coliimator s then aluminum, which means the

unit shrinks uniformly and therefore the focus does not shift as the
collimator cools. -The aluminum mirrors have the fupther advantage that
they may be directly heat-strapped to the collimator walls through
copper braiding. . These straps are attached.ﬁith epoxy or-screws..

The all-aluminum grating (Bausch and Lomb, Rochester, NY) has been
blazed at 26.75° and ruled at 6 Jines/mm for first ordar work at 150

-ume The grating also has been heat-stprapped %o the co]iimator'wa1is. A

stepper motor, external to the helium dewar positions the grating. The

- stepper motor's motion is geared to a fiberglass rod which feeds through
an'OHPing in the dewar bottom. The fiberglass rod minimizes the heat

1oad_int0'the-dewah;' The grating is coupled to the motor through a sef
of bevel gears and a worm-wheel assembly. The stepper motor steps-
through=7000-steps to provide & 30° rotation of the grating. This

| correSponds to grat1ng tunab111ty from'~ 100 ym ¢4 & 200 ym, each -

-'f step coPrESpond1ng to ~ .019 um at 150 wite  The two channels are

'separated 1n ana1engnh space by ‘one reso1ut10n element or ~ «7um in

””__the f/l? conf1gurat1on. ::"
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Wavelength calibration of the grating spectrometer is achieved
through matching observed watep vapor features in the spectra of
1aboratory continuum sources with the known wavelengths of these
features (Traub and Stier 1976). Qup stressed GeiGa detedtors are
sensitive from 200 um $ A < 195 um and we generally 1dent1ﬁy a dozen
dozen or so water.vapor features within this regime with which we calfn
brate wavelength as a'function of grat1ng steps Theoretically one
should use the grating equation to make the calibrations which, for
Littrpw systems readss

m/d = 2 sin(g)

where m = order, d = groove spacing, and 8 = £11ting angle of the

- grating with respect to the normal. Converting tilt angle to grating -

step is somewhat tedious, and it Is found that in practice, a simple
1inear interpolation procedure between water vapor features is suffie
cient. The accuracy of our grating calibrations, as verified with the

- interferometer, is typically betier fhan .2 um or 1/4 resolution

element. - S
For Lear data, these grating calibrations, as verified by in-Flight

spectra of calibrators, are used for the actual wavelength calibrations

© of the final spectrum (see Section 2.6.1 below). As the interferometer

is'se]f#caTTbbat?ng-(SEe saction 2.3:3), we generally take interfero-
grams of laboratory cont1nuum sources before take off on kAO f1ights to

~overity our grat1ng ‘ealibrations and make any necessany adaustments. We
thus ensure that the grat1ng bandpass 15 centered on the expected 1ine _

'“'p051tion and we11 W1th1n the free specha] range of the 1nterferometer.
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As long as the stepper motor ¢oils are energized, the spectromater
15 reproducible from scan to scan, to within a step. Between T11ghts,
the grating is ra=zeroed (set to the short waveleagbh mechanical stop)
by hands a process which introduces a flight to Tlight reproducibiiity
epror of & few steps, or = «04 ums - As the spectromeber resolution 1s
~ o7 umy this error 1$ negligible.

Diffraction determines the smallest logifcal s¥it size to use for
astronomical observations, hence maximum spectromster resolutions The
30 cm /6,5 telescope aboard the Lear Jet fagility 4s diffraction
Timited at 150 um to an Afry disk » 2.2 mu 1n diameter (11 to
null)e This then is the optimaI §14E width along the direet1on of dis~
persion. For a 2.2 mi 511t, we have measured system reso1ubione for
point sources of Rz A/AA " 200. The 91 em f/17 te1escope aboard the
KAO has a diffracbion Tobe ~ 642 mm in diamebers In flight, we |
genera11y have used a 4 mu wide sTit, which resu1ts in a small ( ~ 7%)
1oss in luminosity. The spectrometer 1in this configuration a]so shows a
pesolution of about 200,

2:4.3. Dewar,

The spectrometer and helium can are contained'withip a o" diameter
.quindriceT dewar. The he?ium cooled spectrometer and helium can are
"sh1e1ded from externu1 rad1at10n with an 1nterna1 heat shie1d whih fits
neany over the spectrometer he11Um can assembly and is attached tc ‘the
top of the helium can. The heat shield 15 wrapped With 20 Tayers '

o of super1nsu1at1on (a]um1n1zed my1ar) and ma1nta1ns a temperature
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- somewhat Tower than 50°K, The hold time of the 3.5 Titer helium can is

~ 28 hours unpumped and ~ 20 houps when the helium coolant is pumped

‘down to 2°%. The dewar is sidelooking and the vacuum seal 1s preserved

through the 1ight port by a 010" thick pieee of clear polyethylene,
The polyethylene 1s rugged and traﬁsmits over 90% of the FIR radiation.

2.4u4,_FiTters.

As oup te:Ga detectors are sensitive to neab'infrared radiation,
especially « 2 um where the germandum is an intrinsic photoconductor,

- he collimator heat shield asSembTy contains a serieé of filters to

block unwanted rad1ation. The visibTé and near infrared are quita |
effectively blocked by a 5 il thmck piece of b]ack po]yethy]ene, Tes
polyethylene Which has been 1mpregnated with garbon. Since the biack
po1yethy1ene scatters as we11 as abqorbs the short wavelength rad1ation
(MeCarthy 1967), the Tilter is placed on the ins1de of the heat shield,
we11 away from the detectors. Virtually no light is transm1tted from

205 = <7 um, wheré'thé hlack polyethylene siowly begins to pass,

reachzng a transm1as1on of ~ 8% at -~ 50 s At 150 wiy the poly- .
ethy1ene transmits ~ 70%. o

To b]ock unwanted rad1at1on 10ngward of ~ 32 um, we-employ two

:‘he11um coo]ed reststrah]en f11ters._ The term reststrah]en (residual

rays) 15 app11ed to. certa1n salt cnyftals wh1ch d1sp1ay a high déegree of -

ref1ect1on (z 90%) at anE1engths corresponding to-the fonic vibrational

'_;energy bands An the unystaT lattice. In the entrance cone of the spec-

| .?FUmgteP We have a 1 mm thick piece of BaFy, wWhich effectively blocks

et s i

_-+‘.V_..*1.um....;

S



.

- 42

from 18 » 58 um (Armstrong and Low 1973). The BaFp has been antireflec
tion overcoated (IR Labs, Tucson, AZ) for work at 157 um at which
wavelength it transmits = 90%, At the exit slits, directly in front

of the detectors we have installed a second restsirahien filter, a .5 mm
thick piece of AgCl. AgCl passes » 80% at 167 um and effectively

blocks 42 um £ A ¢ 100 um (Armstrong and Low 1973), An altermative

fap~infrared reststrahlen filter would be a combination of CsBr and KBp

filters in place of the AgCl (Watson 1982), These Filters block 52 < A
£ 130 um and also transmit ~ 80% at 157 um. However, these filters

are much more delicate than the AgCl. They both are highly hygroscopic
and KBr 1s quite susceptible to the thermal shock of cooling down the

spectrometers AgCl has the distinet disadvantage of possessing a deep

absorption feature near 152 um which the CsBr and ¥Br do not possess
(Figure 2.6). Fuprthermore, AgCl filters are sensitive to UV radiation -

and they slowly oxidize on extended contact with the brass Tight cones.

- The former problem is. alleviated through care to minimize UV exposure,

while the latter is eliminated by isolating the filters from any metal-
lic contact, with Teflon shim stock. For a description of the manufac-
ture and implementation of reststrahlen filters, see Watson (1982),

The total transmxss1on of our spectrometer, 1nc1ud1ng Tosses due to

"1mperfect ref1ect1on off ‘the co]11mator mirrors (10%), grat1ng eff101en-

cy, and filter transmission efficiency is roughly 20%.
Stray 11ght can be a masor prob]em 1n a L1ttrow mode speotrometer,
as baff11ng is d1ff1cu1t when the entrance beam is so c1ose to the ex1t

beam The "channﬂ1 i dntector 1s part1cu1ar1y suscept1b1e to stray

'11ght ref]ected d1rect1y back from the secondary, as th1s detector is on'
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Figurs 2.6, Laboratory grating calibration spectrum of Tiquid N,
cooled glass beads through two different sets of reststrahlen Filters.
- Most of the absorption features in these continuum spectra are due to
atmoSpheric_water'vapor absorption in the 5Gcm. 1ight path from the
spectrometer to the glass beads. The first panel shows the spectrum
obtained when CsBr and KBy are used as cut on filtars to pass beyond
~135mm, The second spectrum is taken with AgCl which passes Tongward
~of ~100um., Note the-AgCl absorption feature near 152um. No effort
"'has been made to deconvolve relative detector or filter response, The
:varyfingl'd'Ep’chs: of H,0 features from the first to the second spectrum
are due to changes’in Jaboratory relative humidity from day to day.
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the optical axis. This problem has baen minimized through placing a
cone of black carborundum sandbaper in the center spot of the secon~-
~dary, Baffles have been p]aced wherever possible in the spectrometer,

| including an entrance baffie, a baffle at the.primany and one about the
secondény. _The entire inside of the spectrometer has been painted black
with Nextel brand black veivet spray paint mixed with carborundum. This
~ combination reflects roughly 10% of the FIR. Residual stray Tight in

our system is of the order 5-10%.

~

2.4.5. E1ectronfcs;'

Changes_in reéistante of oup Ge:Ga'photoconductors.are converted to
changes in curfent through a standard tranéimbedance amp1ifier (TIA) as
shown in Figure 2.7, :Thé primary ad#antége_of a TIA ié that it main-
tains a constant yoltage_drdp; Vbet,_g¢ross the detector which ensures
~ linearity of system résponse. The¢e1ectrdnics may be broken finto three
| temperature stages: the detector-resistance; Rp, and -Toad resistance,
.RL;.at 29K;_the_§reamp1iﬁy1ng J-FETs at 70°K; and the room temparature
Operational Amplifier (OpAmp). The matched J-FETs (gain = 1) first

. stage of the amplifier is Kept as close as possible to the detector and

~load resistor. This minimizes the length of the high impedance wire to
“the input stage, gate Gy, and hence, minimizes microphonics.
L Thetgate}Gi is kept at ground, so the action of the OpAnp is-to

‘keep the gate 6, at ground. In‘operatioh, bias applied across the .

. detector, Vg, acts to move free carriars through the detector resuls

‘ting7¥n'a'current7flow;7in. To keépri;ﬁat vibtua]JQrounH'then, the

T
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. Figure 2.7. Circuit diagram for our transimpedance amplifier

“described in the text. -

g g = paponpeejns




| i

46

OpAmp supplies a voltage Yoy across the load resistor such that
Vout = ~IpRL = ~VpRL/Rps The output voltage from the OpAmp

1s the measured signal. Changes in detector resistance thus result in

changes in Voyts One may define a gain from the TIA as G =
A Vou"t/AVB 2 R L/ARD.
_ Sources of noise in the TIA circuit are the Johnson noise due to

the load resistor, detector-electronic noise, and microphonic pickup;

Johnson noise; die to random thermal motions of electrons is given by

aVy = (8KTRLAF)2 yolts

~ where k = Boltzmann's constant, T = temperature (°K) and af is the

electrical bandwidth. Taking T = 2°K, and Af = 1 Hz, we have AV =

6107 (RL/20°)}/2 yolts. As Johnson noise scales as R1/2

" and the gain, G, (hence the signal) scales as R, a suitably large

gain will e1fminate dohnson noise. In practice, a gain of 1 is suffi-

| ciént to make Johnson noise an opder. of magnitude smaller.than back-

‘ground noise, Oup stressed detectors have a resistance = 10% @ under.

operating background conditions, hence we use a 109 ¢ Victoreen load
besistor, At zero bias, we measurs Johnson noise. _
The switch-over from MOSFET. preamplifiers to.J-FETs and fmprove-

ments in detector manufacturing techniques has.effectively-e]imfnaﬁed

~detector electronic noise as the primary source of noise for our sys-

tems As work space is saverely limited in our dewar, and MOSFETs run at

2°K right on the work surface, the changeover to J~FETs was_a:sTdW”and'

painful process. Paul Viscuso was instrumenta) in7impTemen£ing“th15“"'

change-over. ‘Much of the data taken for this thesis were taken with

Tl e
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MOSFETs which effectively Timited our minimum NEP to ~ 2x10713
Hz*}/2, O-FETs need to operate at temperatures above 50°K, and: as oup
dewar has no availahle &N, surface, the J-FET must be thermally isolated
from the gHe surface and heated extarnaltly. At George Gull's sugges» L
tion, we stand the J-FETs off the work surface with a 1" .Tong "L"wshaped

piece of thin walled 1/4" diameter fibergiass tubing. This required

some modification of the spectrometer - helium can interfaces The dual

J-FETs are fit into the end of the "L" section with a brass ring and

héated'hy a 1.1 ka Allen-Bradley reéistor. Thermal contact between the'.

heater resistor and the J-FET 1s assured as the wire running between

the drains of the two J«FETs is whéppéd several times around the resis-

tor and insulated in a “cocoon” of rubber cement. Care must be taken at '
all tines not to thermally ground the J-FETs. The fiberglass tubes have |
been nbﬁched to minimize heat conducti#ity and only fine (2 miT) Formvab |

wire is used to make electrical contacts. The wires to the J~FETs and

heaters are tied together to minimize micropionics and wdﬁnd sevapal
times about the fiberglass tube to lengthen the thermal path. The wire

bundle is tacked in several places along its travel with rubber cement ;

between D; and the detector is the most susceptibie to microphonics.
Consequently, thicker wire (3 mi1) is used for this lead and care is .
- taken to minimize its length,

Whenever possible, all wires are isolated from the work surface

- with Kim-Wipes paper tissue and tacked with rubber cement. The - = e
Victoreen Toad resistor is mounted on a Kim-Wipe with rubber cement as - ‘
- close 'as possible to the detector and -FETs. The entire system, as .

~such, is usually insensitive to microphonic pickup.
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 2.4.6. Stressed'neteququ

The best detecﬁors.1n cdrrent'use for work in the FIR are extrinsic
photoconductors made by low-level doping of germanium with various
1mpubi£ies from,columﬁs ITTA and VA of the periodic table. Gallium
doped.germanium (Ge:Ga) was the material used fbr the first astronomical
detection of a FIR fine structure line, the 88 wm [OIII] Tine detected
by Ward et al. in 1975.

The spectra presented in the present work were obtained with
stressed Ge:Ga photoconductops. High purity dermanium is doped with Tow
Tevels (* 10" cy3) of gallfum during crystal growth, Germanium has
four valence electrons and thus forms covalent bonds with four
nefghboring germanium atoms by sharing an electron. Gallium has three
valence elactrons, so at an impurity site there is a deficiency of one
electron per atom in forming the crystalline bonds. The result is a
hole which behaves 11ke a positive charge loosely bound to the
negatively charged ‘gallium atom. In effect, thefimpurity introduces
vacant diserete Tevels, often termed impurity acceptop 1eve1s;'§119hﬁiy
“above the valence band. Photons of °uff1c1ent energy may then exc1te
'e]ectrons into the 1mpur1ty 1eve1s Teaving free ho]es 1n the top of the
valence bands. In the presence of a b1as field, the hole may c1rcu1ate
”through ‘the e]ectrnn1c circu1t a]ToW1ng current f1ow until the hoTe
. evenuua11y recomb1nes at an 1mpur1ty site. The photoconduct1ve ga1n,
@ pc’ is def1ned as the number of passes a ho1e makes through the .

:": detéctor before recomb1nat1on. A second 1mportant quant1ty 1n our -

o +
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‘photoconductor is the quantum efficiency, n, defined as the ratio of the

number of incident photons which free a charge carrier, to the total
number of incident photons, In good detector material, impurity levels
are kept-quite Tow to avoid impurity banding effects and maximize free
carrier lifetimes, i.e., photoconductive gain. Howevér, Towering the
dopant concentrations effectively increases the mean free path for an
impurity site ionizing photon, hence Towering the quantum efficiency. A
solution is to increase the detector’'s physical size. For typical
dopant levels the mean free path of an impupity-site fonizing photon is
~ 5,0 mm, hence the detectors would need to be roughly 5 m cubes.
Unfortunaﬁe]y, this also increases the detectors.cross section fbr
tonizing radiation such as cosmic rays. At aircraft altitudes this can
be a sarious problem (see Houck and Briotta 1982), so detector dimen-

sions are genera11y kept small (lxle_mm), The detector then must be

~placed 1n an 1ntegrating'chamber to keep the absorption probability

high. | .
Germaniun doped with ~ 2x10* em 3 of ga111um produces acceptor

impurity Tevels ~ 10“2 eY above the valence band. Hence, these detec~

tors are sensitive to FIR shortward of A ~ 130 pm, The application of
'a uniaxial stress along the [100] crystallographic axis splits the four
. fold degenepacy at the valence edge in the germanium into fwo doubly
| ~degenerate Tevels (Price 1961, Hall 1962), The splitting is propor- -

~tional to the strain amplitude, so that a stress of ~ 60 kgf/mm2 will

bring the upper valence level ‘to within ,006 eV of the acceptor Teve].
The result s photodetective response out to ~ 205 ym (Kazanskii,

- Richards. and Ha]Ter 19773 Haller, Hueschen and R1chards 1979) .,
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Stressed GeiGa detectors must be kept at very Tow temperatures to
prevent phonon excitation of holes into the acceptor impurity levels.
Typical operating temperatures are T ~ 2.5%K,

Experience has shown that most of the Stress on a stressed detector
i5 due to the differential contraction between the detector housing and
the germanium crystal, Thus, the housing should be constructed of a
material with a large cneff{cient of thermsl expansion. Aluminum fmmes
diately comes to mind, However, housings made of Al have shown a high
degree of susceptibility to cold flow, and it may téke many thermal
cyclings for such a hdusing_to reach a state of equilibrium (Hatson
1982), Hard brass appears to be a hetter candidate for housing material
as it_shrinks neériy as nuch:as aluminum with decreasing temperature,
but is less susceptible to cold Flow. L

Figure 2.8 shows our design for the detector housing, To minimize
cold flow and relaxation of the housing, care has been taken to maximize
the cross section of the brass housing through its weakest points: The

detector 1s compressed between two polished stainless steel plugs by a

- 1/4-28 set screw ~ ball bearing wechanisme The ball bearing serves to

deéoupTe the torque due to the set screw. The integrating cavity is

highly polished and is a snug Fit for the stainless plugs insuring that
the faces of the plugs are perpendicular to the cavity walls and, hence
the faces of the-Gé'Ga crystal. Stainless stee] was chosen as the plug

material since it is both very hard and has a small therma1 expansion

~coefficient. Th1s ‘then maximizes the: different1a1 cuntract1on between

the housing wa11s and the stee1 plugs, hence, max1m1z1ng the mechan1caI

| “'stress on the cooTed detector.

B
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“Fgure 2.8. Stressed detector hous1ng and cutaway of f1n1shed

detector, With the 11ght eone removed detectors are 1nserted through

“the cavity behInd the 11ght cone. AT1 parts are made of brass save the
- sta1n1ess steel pTugs at e1ther end of the detector and the stee] ba11

” bear1ng and set screw.
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Detector mterial was purchased from Eagle-Picher in the form of a
2 3/4 1inch diameter wafer cut 3 mm thick along the [100] axis. The
, gérmanium:had been doped with 2,1x10** em® of gallium with Tess than
1013 em3 of pesidual impurities. Ohmic contacts were created as
described by Haller, Hueschen and Richards (1979). Both faces of the

~germanium wafer were successively bombarded with B* fons at doses of

20t Jonssem® at 25 keV and 2x10%* fons/em® at 50 keV. The wafers were

next annealed at 200°C in an argon atmosphere to remove fmplantation
damage and to activate the boron. The faces were then sputtered with
500 A of palladium to serve as a wetting agent and finally a 1 um Tayer
of gold was sputtered on the faces fnr electrical éontacﬁ.

Individual detectors are sliced in 1 mm square sections from the
wafer with a diamond wafer saw. The final crystals are 1 mm Square by 3
" mm long along the [100] axis, The crystals are then etched in a solu=~
tion of HNOz, CHsCOOH, HF and HBr 1n the proportion 30:18:18:1 %o remove
‘damage done by the diamdnd saw and any oxidized surface layers. Buring
the etching process, the gon detector contacts mist be protected with
an overcoat of na11 palish which is later removed with acetone. SN

E1ectv1ca1 contacts ﬁo the stressed detector are made through ,002"
.”thick soft copper pads which have fine insulated copper wires indium

| _soldered to one corner. These pads -are electrically isolated from the

| detector hnusings hy two layers of cigarette paper. ' The papers and

'coppeh pads.are.centereq, one each, on the stainTess steel plugs and
heid_1n3p1ace with fingernail polish, After the polish sets, excess
~_ paper may. be .scraped away with a razor blade leaving the integrating

“cavity free of any non-metallic substances (save the detector). |

s
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- To construct a detector, the stainless steel plugs are first
inserted into the integrating cavity via the hole threaded for the set

ture. MNext, the germanium chip s inserted into the housing through the .
entrance apebture and centered with a Teflon=restraining jige Stress is

then applied through the set screw » ball bearing assembly. Application

of enough stress to Tower the detector resistance by 10-15% at room

tempepature is adequate to produce significant besponse out to ~ 195

ume After application of the stress, the Teflon Jig may be removed and

the 11ght cone mounteds. The lead wires are cargfully threaded out of

the cavity through two tiny (#80 dri11) holes. The detector will-need

to be restressed within a few hours of the initial stressing as the : '

~ coppep pads will cold Tlow somewhat, After this Tirst restressing,

howaver, the detector will maintain a high-Tevel of stress throughout
its useful 1ifes (For some as yet unexplained reason, our stressed 8
detectors seem to lose overall response on time scales of the order 6
months = 1 year.) An-advantage of these housings is that once detector | |

crystals are cut and etched, & detector may be manufactured within an |

hour with a minimum of tools. This is an 1mportant po1nt When one con~

siders the rigors of shipping our spectrometer across tha continent to
NASA Ames Research Center. In fact, detectors have been madg in the

f#ield and Flown within a week of manu¥actUPé:~~ thcugh'fhis was an emep-

gency procedure not general1y recommended. The manufacture of stressed _

detectors has been prev1ously described by watson (1982) and Ha11er, o
Hueschen and R1chards (1979) L - .

For a more compTete discuss1on on phoLoconductive devices see Bratt |



Data presenied in this thesis were taken from two of NASA's aipw
borne observatories, the Lear Jet Tacility and the Kuiper Airborne
Observatory (KAD).,

2.5.1.__Lear_Jét.

The Lear Jet 1s by far the smaller of the two facilities, It
carrias a 30 cm £/6.5 Dall Kirklam Cassegrain telescope mounted in a

side port. Due {o space considerations, we are nob able to mount

our interferometer on the Lear dJet telescope and instead T1y with just
our grating spectrometers The side looking dewar 1s mounted dirsctly to
the backplate of the telescope which is isolated from aircraft vibra-
tions by an air-bearing and gyroscopically stabilized in f1ight to an
RHS. ‘stability of » .57 on smooth flights. The air bearing requires

that the cabin pressure -be only = 6 1b/4n® highet than ambient pres~
sure. Hence, the cabin altitude 1s maintained at ~ 14,000 feet and

the experimenters and pilots must waar oxygen masks. The-te1escopé'

Tooks out of a side port of the: airplane at a relative bearing of 270°

~ to the aireraft motion, The air bearing allows ~ 6° play in the tale~

scope pointing in yaw and rol1 and the te1escope nmy be mechan1ca11y

-cranked to center its window from 14° w 28% 1in azimuth.

e e oo st e b et S s
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There 1s room for one experimenter on the aircraft. Unfortunately,

data a;quisition requires two expepimenters. One experimenter, the

tracker, sits in the back near the telescope. He operates the tracker
rack and performs such tasks as balancing the telescope and cranking the

'elewation setting screw. He also has the héartnrending task of acquipe

ing the Teld to be observed with the ald of\afboreésighted guide'ﬁe1e~
scope. This telescope 1s Tinked to a video display on the tracker rack

~ through a photomultiplier tube and fiber optics bundie. The z0omed-in
tracker field s roughly 1% in azimuth by .6° in elevation, and the

faintest discarnible stars are generally ~ 9th magnitude on a
moonless night. The zoomed out Tield 1is apprdximate1y'ten't1mes larger,
and consequently 1t 1s difficult to See stars fainter than 4Eh magni-

tude zoomed out, The Lear Jet has automatic tracking ability facilita-

“ted by an on-board trécking computer. This computer senses the Tmage of

a guide star on the tracking screen and stabilizes that image through

feedback to torguer motors:qn the gyroscopes. 'If there are no guide
stars bright enough to be tracked autqmatibally (2 ﬁth or 7Eh magni-
tude), the observeb_mqy manually track with a joystick down to the -

dimmest visible stars.' The chopper throw of -the telescope. (produced by

_the,ogcillating se;ondahy) is variable up to 147, We-typically use as.

1argé7§_thrDW-as possible as our beam sizes are always greater than.
4?x5?5 6?_q10ng.the_dirgct1on;of;the_chOpper.throwf_'We;genera11y chop’

at a frequency which gives the best waveform and noise measurements:

"_typicg11y,_wE_chopeat 35 Hz.  Chopper throw and beam size are datermined

. through observations of point sources such as the planets.
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The second observer spends his time running the experimenter's
rack, primarily running the data acquisition program on oup IMSAI 8080

microcomputers The data acquisition program was written by Seott D,

Smyers and recently revised and updated by Charles E. Fuller at Cornell
Through 15 use, the IMSAI sends pulses to the drive box which bupsts
the stepper motor contho1ling the grating and samples the signals input
to the A-D board., The oscillating signals from the spectrometer are
synchronously demodulated by a pair of Ithaco lock~in amplifierss The
analog output from the Ithaco's also goes to a strip chart on which the
rack operator noﬁes_any unusual events (loss of track, high turbulence,
gte.) in the data acquisition process. | |
The optimal data acquisition technique is to make a measurement of
a point in the plus beam, then in the minus beam, burst the grating'and
repeat the process.untiT the entire number of points has been sampled in
both beams. This mode, called plus-minus pode, wauld minimize the
effects of temporal Fluctuations in 5Ky emissivfty.' Howaver, nodding
the telescope from plus beam to minus beam takes time_and frequent1y )

results in Toss of track on the Lear Jet. In addition, each single beam

spectrum generally takes only - 90 seconds, so we usually decide to

take single beam’ spectra, alternat1ng ﬂnnus and p1us beams in successive
- spectra. That 15, f1rst a spectra1 eun s taken with the source in the
plus beam, then the grating is burst back to the start1ng pos1ﬁ1on and &

'spectra1 run 15 taken W1th Lhe source in the m1nus beam, Spectra gane-

" rally consist of - 12 pulnts samp1ed, pach pu1nt separated from the

next by ~l/3 resolut1on a1ement, In th1s manner, we sampie suff1c1ent a

Lﬁcontlnuum Po1nts about the exPECtEd 11“3 P°5‘t‘°” to obtaln. good

o e —————
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ca11bration,'and oversample the line position. The final spectrum, as
discussed in Section 2.1 is the difference between the plus and minus
beam spectral runse Each run is recorded onto a floppy disk to . be-
reduced post-f1ight.

On the best Tlights up to 39 single beam spectra nave been taken «-
even while mapping a region, Lear Jet flights are limited to roughly |
2h10M in duration of which 65-70 minutes are available for astro- ‘
nomical observations. Whenever possible, we take a shart (~10 min)

Teg on a calibrator and the rest of the available time on & source.

This- both verifies the position of the beams relative to the trackepr

screen and ensures similar atmospheric¢ conditions for spectra taken on

both objects. . '

The Lear Jet, though a mich smaller facility than the KAO offars -
several advantages that the KAO does not. For extended sources, the
smaller telescope size of the Lear Jet does not matter as teiescope
aperture ~ solid angle product A2 (telescope aperture area x beam size)
is a constant., Furthermore, the Lear chopper throw is significantly
]akger than the KAD chopper throw, thus it is much eaéief to find a
~ blank sky_reference when observing extended sources from the_Lear Jet,
o The Lear'teiescupe_may obsehvé closer:to thé horizon (14° vs, 35°)
~ than thé KAQ, Thus,'é-larger ﬁortion of the sky 15 availab1e to the |

Lear observer. Qne_may_observe_the_ga]a;ﬁic_qenter from the Lear from | : g,,
the Téﬁitﬁde of,Ames with no special.f1ighﬁ planning. .Léar T1ight |
-:fserjeshgenepq]]y_gonsistgof_%Zﬁ}ﬁ.Short.(ZhIUW),f1ights.whi]e;KAO___
 _{§eries-ér§.gehéfa1iy 274310ng {zhsom) flightswhgThus,-azLeapasgvjesﬂ

allows one much more flexibility in f1ight'p1anning -~ an important
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consideratioh when timing is important as in occultation events {see
Chapter 4). _

Finally, the Lear Jet typfcaTTy_f1ies ab a somewhat higher altitude
than the KAQ. Most of the data taking leg of a Lear flight is flown at
altitudes between 43,000 and 45,000 feet, While it is frUe that the KAO
may reach 45,000 feet, this flight Tevel may be achieved only after ~
5 1/2 hours of the flight and 41,000 feet may not be achieved until ~

2 hrs into a flight. Thus, the Lear Jet will have advantages if the

troposphere is high.

2.5.2. KAO.

The KAQ is a Lockheed C141A Starlifter which has been modified to
carry a 91.5 cm bent Cassegrain telescope. The telescope is isolated
from the experimenter area in a cavity located just forward of the wing
on the port side of the fuselage. As on the Lear Jet, the telescope is
floated on an air bearing and gyrostabilized. However, as the telescope
is isolated from the experimenters' area by an ambient pressure cavity,
the experimenters may work in a shirt sleeve environment with no oxygen

masks. The cavity and telescope are usually pre~cooled prior to takeoff

‘to Tower the thermal background.

The KAO contains three on-board computers to control telescope

pointing, data acquisition and data-proéessing.3 NASA f1ight personnel

~ typically consists of an.ADAMS*(ATrborne Data Acquisition and Managgment

System) 0peb§tor5whO'ovébseés KAO COmputer'operatipns, a tracker_qpeha-'

top, Who acquires the star field, one or two telescope bperatcps and the

e et o s Rbm i
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flight director whose primary task is to keep commnication channels
open between ekbérimenters and all other personnel, especially pi]bts.
There 1s ample space on board foh upwards of six experimenters, though
we have generally flown with four or five, Generally, one person runs
the data acquisition program, one writes notes on thé_strip chart and
dpdates the rotation angle, a third reduces data on the EXEC computer,
and the fourth.“guidesﬁ which is to say tweaks the telescope beam to
Keep it centered in the spectrometer entrance aperture,

The data acquisition program written by Charles Fuller tuns on our

IMSAL microcomputer which is 1inked to the ADAMS system through a serial

port., The IMSAL controls the pertinent data acquisition commands:
bursting the grating and interferometer, sampling the detector signals
which have been synchronously demodulated by Ithaco Tack~in amplifiers,

commanding the tracker computer to nod the telescope through the DATA

computer and receiving error flags from the EXEC through the DATA compu~

ter. Data sampled by the IMSAI is written on'a floppy disk and trans~

ferred- over to the ADAMS system where it is written on hard disk and

magnetic tape. Data reduction is possible in flight using the3program
M4YAY, ‘written by Scott Smyers. The program runs on the EXEC computer
and performs fast Fourier transfopmss B

. KAO flights generally last 77142 hours, of which = 6 1/2 hours

are avajlable for obsepvations. This is suffibienﬁ'time to allow obsep=

vations of ~ six objects incTuding a caiibratoﬁ. Ubjeéﬁs to be obser=

ved mist be within the 350.72° W1ndow (1n e1evat1on) of the te1e§¢bpe.

“ " To enstre proper funct1on of the 1nterferometer, We usua11y observe a

"source WTth a strong cont1nuum such as M42 or a p]anet on our f1rst :
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Tegs With a strong continuum source we single step oupr interferometer
through zero path at two or three different grating positions to verify
our preflight zero path position. Actual interferograms generally cone
sist of 2™2 data points (n = 4,5,6) baginning with a sample one

burst negative of zero path. For our b em travel stage we have genepral-
ly used 34 data points which Fi11 a free spectral range large enough to
encompass the bandbasses of both detectors. On the KAQ, nodding is
usually a trivial procedure controlled by the IMSAL through the tracker
cnmputer. The nodding procedure employed generally cons1§ts of taking
the integration at the first interferometer position in the plus beam,

nodding and ‘integrating in thé minus beam, burst the interferometer to

- -position two, take a minus integration, nod to take a plus. integration, .

. burst. and so on until we have completed the 34 integrations. Each.data

point typically consists of the difference between five seconds integra-

ting in the plus beam and five seconds integrating in the minus beam.

Including time spent in nodding {~ 1 sec), pausing for telescope and
electronic stabilization (~ 1 sec) and bupsting. the interferometer -

(~ 1 sec) each 34 point interferogram takes ~ 8 minutes, Upon com~

~pletion of a forward interferogram, we take a reverse interferogram,-

beginning at largest travel and bursting back to zero path. Duping an

entire flight over forty interferograms are often taken.

. Tracking on.a"guide-stab“is'édcnmplishéd by a tracking computer-

operated by NASA personnel. The tracker is similar to that on the Leap

"Jet, but much more sensitive, being able to track stars of visual magni-

tude, my = 10.5 to a few arcseconds stabi1ity, Use of a dichroic to

split the infrared beam from the visible enables us to guide on the

p R ————
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focal plane image. We have made use of an excellent offset gquider
developed by Prof. James R. Houck to guide on stars as dim as 12th
magnitude in the focal plane. The offset guider is a twin reticle
davice which corrects for field potation by actuaT rotation'of one of
the reticles, This'movab1e.ret1c1e is blaced over a guide stap while
the fixed reticle denotes the Tocation of the 30ubce,"The fixed reticle
is a]ignéd'with the teléscope " spectrometer bpresight through a pre-
flight procedure with a choppedﬁc6111mated infrared source. (Referred
to as Erickson’s source'after 1ts inventor, Dr. Edwin F. Erickson of
NASA Ames Research Center.) Offsats to the guide star are calciilated
preflight and dialed into the movable reticle for each object. Keeping

“the IR source in the entrance aperture is then just a-matter of keeping

the oquide star 1ﬁ the rotating movable reticle. Rotation angles are
provided from the housekeeping utilities of the ADAMS system. Focal
plane guidihg may be practiced on sources as far as o1 from their guide
étars. Pointing accuracy may be quite high with such a system, as
small as % 5", while guiding stability is probably of the same order
RMS. The plate scale at the focal plane 1s ~ 14"/mm which means the

4x4 mn s1its 1n our spectromater define a- square beam roughly 11x11,

The chopper throw of the KAQ is variable'up-torg?.' GeneraTTy‘we
use a throw just larger than the source extent as nodding takes longer

with ‘larger chopper throws (it a1so takes Tonger with fainter guide

-stars) and the chopper is Tess efficient withITargér throws (thé time

_spent between beams is Tlarger for Targer throws) The KAO chopper 1s

eas11y rotated. up to 90°, and the centro1d of the chopper duty qyc1e may

be varied to minimize the 1nfrared signal from the te1escope. As 1n_the_'

RN RN S A
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Lear dJet, choppar frequency 1s chosen to minimize system noise.
Generally chopper frequencies of 25 Hz have been usad.

Data saimpling EatES and plus~minus reductidn are éésent1a11y
equiva19nt'foh the two observatories. We usually integrate for five
seconds in each beam for each interferometer or'grating position.
These five sacond jntegrations, called points, Pq, are subdivided into
35 separate integrations, sy, ,143 seconds each, each of which is

stored on floppy disk. A postflight de-glitching program written by C.

Fuller, may be used to r&mdve-spikes in the data presumably c¢aused by

cqsmic'rayé. They are easily recognized as spikes as they typically

' 1ast'pne or two Ithaco time constants (usually set at 125 ms or ~ 1 Hz
bandwidth). Generally data is automatically de-glitched by throwing out
the Five integrations which deviate the most from the mean. This usual~

1y results in ~ 20% increase in the signal/noise ratio. The data
point for each beam Pi4,.. 15 then given by the average of the N re-

maining data points
p 1 ;‘E‘ 3
T el "
with noise, (standard daviation from the méan),'giVEn by

N e %i['lxﬂnglt.(Pi #ym 5")?/(Nfl),]1{? .

T capmY
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 ~The finaT sfonal for each grating or interferometer pos1t10n is the

difference Detween tke plus and minus beam measurements, so
Py S FpemPr. 3 omp o= (e w2y, PR

From th!S [oint forward, due to the Fourder tranéform routine required
for the K data, data reduetion takes d1fferent routes far the o
'F!..ﬁ'ﬁ hh'i ESI |

"ratfc spectra are averaded with the program AVRG. AVRG presants
%he > wi%h three £ptions for data reduction, The common denominator
for tho thrae 1s the final noise calculations In all cases, two noise
estTmates dre made, and the larger of the two is chosen as the noise in
the tveraded file. If we average N files, each of which contains a
measurement Py of the source flux at wavelength A4, then we define

two error estimators

1) Relative mean error -- also known as the standard deyiation from

the mean:
, o T /
arms = (1] [ (= Py /() 3) 212

2) Mean error -~ often termed "intarnal error':

Ums ”‘ ( I/NZ niz )1/2 o

I the number of spectra is sufficiently high, { 2 5 ) then the two

error estimates should converge.
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These two error estimates apply to a "straight" average of the
data, 1.0 where each data point 1s given equal weight (= 1)

i
Ps = 1/N ] Py
s = L0
If one feels that the errors associated with each data point Py
are reasonable, it is desirable to perform a "weighted” average of the

data files, where each data point is weighted by the 1nverse of the

variahee:
N N
P =¥ Pa/ma? & ¥ 1/na?
W =L Pt 1

In this caSé, the mean error 1s giveh by:

=(7 1/n12 J1/2

" The relative mean error is:

o * [ /M) ] (5@»Pi)2/n12 s ) 1/ni2']1/2

If alT of the ni are equal, Justifying the use of a straight average,
then Fw = pg, O = Upe and Do = Fprms» .

External errors due to gu1d1ng; sky f1u¢tuations or'instrumental

fluctuations may be compensated for through use of the third option of

AVRG; maximum'1ike1ihood aVeraging of f11es 5'Th1§‘tééhnique Was. suéges~- |
“ted by Stephen B Schne1der and has been 1mp1emented for much of the _'
Lear data reduct1on. The essence of the techanue 15 that 1t acknow~ f i

- Tedges the ex1stence of externa1 systematwc no1se 1n aur data, and tr1es:”

i .
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to maximize the probability that the final average 1s the correct one
through adding a common external epror, in quadrature to each data
file, : _

Assuming the N data points Py, for each wavelength Aj abe

normally distributed with variance h12 + 5% yhere ny 1s our measured
noise and s is the external nolse, to be determined, then the 1kelihood

function is given by:

Lis) = 1//(2w)ﬂ1§11/(n12 + 52)1/2 '
N :
exp [“1/2i§18i2/(n12 + 521,

where e; 2 Py ~ P, and F = Pys as above. Maximizing with respect

to 5% we have

- (oL/es?)] =-9=~1/2§1/(n1-2+s2) #1/2 } 61/ (ny*4s?)?
max | 1

1If we et

*

{REPORIUEIREED 1/ng2452) = 9

then of(s2)/0s? = =2 } e3%/(nj%4s?)? +_§'1/(n12+52)2
. , R R -

‘We may use the Newton-Raphson method tb solve for s

(81 s o H(seDor(s2)/0s ]

and iterate uhtiT',s‘fq'sl_E_an aécgptabie:erpor,: .
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The mazimum ¥1kelihood option of AVRG makes these calculations to
find s Tor each wavelength Ay The new error Tor cach file is then
gt = (g2 s2)1/2 ang averages are calculated as in the weighted

- average options, The resulting average spectra differ 1ittTe from

weighted averages; means shift a few percant and the final errors are
usually slightly smaller, as the relative mean error approaches the.mean
8rrors

As mentioned in Section 2.1, spectra are divided by spectra of

standard calibrators to remove as much as possible the convolved pres

sance of telluric water vapor features, detector and fiTter response

functions, and beam profile from the source spectrum. Standard calibra-
tors used on Lear Jet Flights are the planets Venus, Mars, Saturn and
Jupiter, and the Moon. OF the pianets, Jupiter and Venus provide the
most power, hence the best signéi/noise ratios. However, the atmosphere
of Jupiter is known to contain deep NHg features, and one must constante
1y ha aware of éuch features when using Jupiter as a calibrator (see
Figure 2.9). The J = 2 and 4 = 3 rotation~inversion bands of NH3 occur
1n.the bandpass of our spectrometer at « 125 and 170 um (see Encrenaz

et als, 1971 for details). Venus would be a more sujtable candidate, but

proximity to the sun prohibits its use much of -fhe time. The Moon might

_appear‘to]be an ideal calibrator, however its larger angular size means

it f111s the beam quite differently from the average astronomical
source, Which diminishes its value as a calibrator.

Calibrator spectra, Ci, are taken at the same grating position,

hence wavelength, Ay, as the source spectra, Pi. The resulting

- spectrum '$; 1s ‘then

8§ = Pi/Gy

e
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Figurs 2,9, Theoretical far~infrared Spectrum of JupitEr_from Encrenaz
‘et al, 1971, The d =2 (»170um) and J =3 (~125mm) pure rotational

bands of NH; are within the spectra1 range of our spectrcmeter and

st be avoided when using Jupiter as a ca11brator.
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with assaciated noise of = sq (og3/Cy2+ ny2/Pi2)M2,  mbsolute flux

- calibration Follows Trom the known physical parameters of the cali-

brator. |

- Dividing of spectra is accomplished by the program LINFIT. LINFIT
also allows one to caleulate the flux 4n an emission or absarption
feature by fitting a welghted Teast squares Gaussian plus polynomial to
the divided spectrum. Baseline curvature is usually entirely removed
through the dividihg of spectra, so the polynomial s usually first
arder, _
~If one knows the precise jocation of an expected 1ine in Jow

signal/noise ratio data, one may recover some Information fram the data
 through the binning option of LINFIT, Since we oversample our data,

data; usua11y three samplés/resa1ution-element, We may average, op bin,
these three elements into one number. This Final number generally has &

S/ rdtio Y38 times bebter than tha Individual samples, resulting in the

recovery of useful data from a nofsy spectrume Binning may be achieved
through a straight or weighted average, as above.

2 - G u'2.§ K«AO -

The data acquisition program written by Charles £. Fuller performs

in~flight pThs?minﬁs péduptinﬁ on tha KAQ.  Tq1s_p1us~minus reduced: file
s thanbfabrad ﬁdrtﬁefEXEC vfa'the_DATA.computer. The data file s

éCcéésibIe to fheiﬁrngad,'M4YAY;_wr1ttan;by‘S..Smyers which allows the

© experimenter to perform a Pirst cut data reduction in flight. The fast

L e Vhopro b el B s o b it G oL e YT e AT S S 5
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Fourier tr:nsform routine for M4YAY_was developed by B, Langdon and S,
Sande at Princeton_Univer$1ty, from the approach of Cooley and_Tukey'
(1965) + In-Flight data reduct1oh 1s an invaluable aid, as it enables
us to estimate when we have integrated sufficiently on a 1ine and may
move on to the next feature.

The KAO data is de-glitched prior to post-flight plus-minus reduc~
tion, using the individual integrations stored on floppy disks during
f1ight+ The Fourier transform program which runs on the IMSAI, again
wpitten by S. Snyers, 1s similar to the in-f1ight program. The program
reconstructs wavelengths from the burst size, step size and grating
central wavelength as in-Sectien 2.3.3 above. The Fourier transform
poutine calculates Loth the cosine and sine transforms. As reflected
data are symmetric abouf zero path, all the sine components are zero.
Averages are performed in the standard way, with each interferogram
being transformed first and resultant spectra averaged with equal |

WE'i ghﬁ, ieee

" N o
55 = 1/N1£1513 3 nd.=[ 1/N1§1(5H_”S.J’)2/(N"1)']'_1/2 |

~ where sj = average of the N data points 513 each with ebror nige

The noise nJ is Just the standard deviat1on from the mean.

A1th oup 5 cm trave1 tage, wa1koff has been 2 chron1c prob]em. As

'menb1oned in section 2 3 5 above, th1s "droopy shcu1der" appearance may

be m1n1m1zed hy f1tt1ng a 11ne to the data and rawszng the wings.,  $n__

. add1t1on, our Four1er transform programs a11ow one. to apod1ze the data
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with spectral Tag windowss These windows smqoth1y apodize the data from
‘a weight of one at zero path to a weight of zero at largest path., This

effectively eliminates the discontinuity at largest path and results in
a higher siQna] fo noise ratio 1n thé transformed spectrum at the
expense of system resolutions When apodization 1s necassary we have
generally used the Bartlett (triangle) window which weights the data
according to:

| Wy = 1w I/

where i denotes the data point as measured from the zénoth data point
(zero path) and N is the total number of bursts (= # data points = 1),
The CO spectra'of Figupes 2.1 and 2.4 are apodized data with droopy .

shouldeps removede For a combIete-discussiqn_of spectral Tag windows,.

* see Jenkins and Watts (1968), For a comp1ete_dis¢ussion of thg fast

Fourier transform see Bérgland.(1969), A discussion of Fourier trans-
form spectrometers and interferogram sampling error correction tech=

niques may be found in MG1ler and Rothshild (1971),

-
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- CHAPTER 3

FINE STRUCTURE LINES AND RADIATIVE TRANSFER

3.1 ntroduction.

| This.chapter is split into two secktions. The first section dis~
cusses the physics of fine shructure transitions and radiative transfer,
while the second saction briefly discusses some of the processes which
competa with fine structure 1ines to cool the interstellar medium.
Fine structure levels occur in any atomic or ionic species with

valence electrons. The two species of concern in this work, CII and OI,

“have one and four equivalent 2p electrons respectively. The resulting

2p} and 2p* configuraticns are ordered by the residual électrostatic

irteraction into terms which differ in total orbital angular momentum

L=} 15 and total spin angular momentum of the electrons S = Z'si.

- We have denoted by 1; the orbital angular momentum, R l = 1),

and by si the spin angular momentum (I i l 1/2) of each 2p elec~

tron. For CI1 there 15 only- one 2p e?ectron resu1t1ng 1n the s1ngTe
2p

| 15 composed, and equa1s 25+1. ‘The 1etter P denotes the total orh1ta1

angu1ar momentum of the term and fo11ows the usua1 convent1on S P, D oFs

”'"‘... refer1ng to terms of L = 0, 1 2, 3,... . “The 2P term is further sp|1t

The superscr1pt denotes the number of 1eve1s of wh1ch the term |
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by the spin-orbit (L+S coupling) interaction into the Tevels 2Py a3
2Py /5 where the subscript denotes J = L+ S. Each Tevel, J, has a
degeneracy gg given by gy = 20+l. The 157 um [CII] fine struc~
ture 1ine results from radiative transitions from the 2Pg/, level %o
the 2P1/2 ground state,

The 2p* configuration of 0I is split into the three terms S, D,
and 3P, The Towest iying term is that with the highest spin (Hund's
rute), the °P term. This triplet is split into the levals 3Py, 3P, and
3Py« As the 2p shell is more than half full, the levels are jnverted,
with the level of largest J, 3P2, being the ground state. Figure 3.1
shows the O level diagrame The 'S and 0 levels are metastable, the
forbidden transitions to the 3P_tevm resulting in the familiar nebular
lines at ~ 6300 A and ~ 2972 A. These levels have excitation tem-
peratures 2'20,000°K and are thus negligibly excited in the Jow tempera-
ture (T ~ a few hundred °K) regions where the FIR fine structure Tines
dominate the cooling, The 145,53 um Tine arises from radiative transi-
tions from the 3Py ~ 3Py Tevel while the 63.17 um line occurs through
transitions from the 3P; Tevel to the P, ground state.

Fine structure Tines occur hetween levels in a configuration. The
fine structure lines of concern in this work occur between levels within

‘a tepm and as such involve no change in the spatial wavefunction of the
electronic state, but rather changes in J, 1.e., the vector addition of
‘the $ and L vectors, As $Uch5-thesé transitions are forbiddeﬁ to

' é1e¢1r1¢ dipoTE“radiafﬁoﬁi Magnat1c d1po]e tran51t1ons are a11owed and
hence the exc1ted f1ne structure Teve1s are metastab]e w1th 11fet1mes |

—_— days. i
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" Figure 3.1, Energy levels for the (1s)%(25)%(2p)* configuration of
neutral oxygén. 'wavé1engths f°f,the visible and ultraviolet Tines are

takén,from'gngrbrdck,_1974.' .
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Huch miy he Tearned from the study of FIR fine structure Tines. As
we show in seckion 3.3 below, fine structure Tines, particularly the 1567
um [CII] Tine dominate the cooling of gas ab temperatures below a few
thousand degrees. In seebion 3.2, we show that the measurement of one
FIR fine structure 1ine together with a prieri Knowledge of the number
density of exciting particles, ng (such as from radio measurements)
allows one to determine the relative abundance of the emitting species.
The ratio of the two [0I] fine structure Tine intensities enables one to
determine ng 1n & model-independent way, The fmportance of far
infrared and submillimetee fine structure lines has been the subject of
saveral reviews in the recent literature ineluding: Simpson (1975},
Kafatos and Lynch {1980), Watson and Storey (1980), and Harwit (1984).

3.2 jakive T

3.2.1. Equation of Transfer.

The fundamental equation governing macroscopic radiative processes
in regions as diverse as stellap interiors and diffuse interstellar

clouds is the equation of transfer:

dly/ds = ~ayly + Jy S [3.1]

where Iy [erg s°* am™? spt Hz=1] is the specific intensity of the
beam along a pathlength s [eml, and ay [em=!] and jy Lerg s™t sp™

en*d Hz=!] are the monochromatic absorption and emission coefficients.

- This equaﬁion_fu]ly'descpihes the macroscopic behavior of radiation in a

:médium which both &bsorbs and emits radiations The-measuhed7quantiﬁy3

Ig, aljows us to determine the physicai_propentias oy and Jy of

- .
(7 et
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the medium. The primary task for this section is to determine forms for
these two coefficients, and hence selve 3,1, Much of the formalism we
use in this discussion follows Rybicki and Lightman (1979) and Spitzer

(1978).

In principle, when ay and Jy are known it 1s easy to solve the
equation of transfer. Unfortunately, scattering is also present in 2
real medium thus complicating the analysis. He postpone the discussion
of scattering to section 3.2.4,

Equation 3,1 is readily sofved 1n two 11m1f1ng cases:

1 =~ Emission only, o = @, If I,(¥) is the background 1ntens1ty
incident upon an emitting slab of thickness s, then the emergent.
intensity Iy is given by '

5 | L
Iy = [ du(s') ds' + Iy(@)
0
2 ~~ Absorption only, Jy = @ Let I,(#) again be the intersity
incident upon our absorbing slab of thickness s, then the intensity will
be attenuated fn the medium so that the emergent intensity is given by:

v = Iv(g) exp( lu? a-(g,') ds? )
0 o

One defines the optical dépth, Tys by

Gy =y ds v owy(s) <[ oylst) st [32]
| e SIS o

Hence, in case 2, :

X

4
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From the exponential form of the above eqUation,_it 15 clear that
the average photon'wi11 travel to (at 1easf) én optical depth =y, with
probabf1iﬁy e"™, Thus, the average optica1 depth traversed by a
photon, <ty”s 1S unity.

<Ty® = ? 7y2"TV dry = 1
o0
We may define the mean free pdth of a photon, 4y, in a homogeneous.
medium by <wy> = <ayly? & 1 eer gy = Vay, A medium s said
to be optically thih if the.aﬁerage.photnn escapes the medium without
absorption, fsev, Ty € Lo If 7y > 1, the nedium is optically
thick, Dividing 3.1 by @y we may rewrite the equation of transfer in

terms of the source function, Sg-s Jyfay and optical depth vys -

I,
4 v v

Ty

This 1aads_us to the formal solution .of the equation of transfer:

i) = @™o eV sy ) anyt

If the source function is constant in the medium, we may integrate
to yield o | - |

Tyley) = 8 + e‘“”v(r\,( 8)-5y)

“Note: As 1y + @, Iy + Sye Also note that in thermcdynamic

equ111br1um, we must have jv:~ ava (K1P0h0ff s 1aW) whare Bv 15 __'::

 the PTanck b]ackbody funct1on g1ven hy | -

T T T I T T I e e e e e e
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 2ny? "
B\} = . ( eh“/kT_'l )ﬂl
_ c . ®

Thus if a'system is thermalized at some temperature T, the source !

function reduces to the Planck functiong_

b AL e s i AL et

3.2.2. Einstein Coefficients and Detailed Balance.

Einstein first realized that Kirchoff's law impiies a relationship
between the emission and absorption of radiation on the atomic 1éve1.
This relationship_is Expressam shrough the_Einstein coefficientss | .
| Let us bagin by limiting our atfenﬁion to a:two.TgveT quanﬁum
system, denoted by u (upper) and 1 (loweb). The difference in enebgy
between the levels is AEy1 = hwyye. He define Ayy as the sponta-
neous decay rate through emission of a photon when the system makes a
spontaneous trahsition from lével u to 1. In additions a paésing photon
of epwrgy hvyy may be absorbed by the system in the ground state T and
excite the atom tq_the.excited 1eve1 u;_ If we denote dy = 1/4xw £ﬂ1u_
de as the mean intensity of the photon field, then the probability,

Pa> of a photon. being absorbed per unit time is given by

:Jv¢(v) dv =

o 8

where Byy is the Einstein coefficient for absorption and ¢(v) is the
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- 1ine profile, which in general s strongly peaked about vy) and is

normalized by | ¢(v) dv = 1,

If the sygtem is in the excited state, then the photon field may
stimilate emfssion of a photons The Einstein cosfficient for stimulated
emission Byp 18 defined such that the probabiTity, Pg, per unit time
of the emission of a photon through stimelabed emissjon is:

o
Byy/ dyb(v) v
0
For indiyidual atoms, the 1ine profiles may be apprqximaﬁed by a |

Lorentz profiles

1 14n?

Hv) = (vevg))? + (y/hn)?

where vy is the natura] Tine width, related by the uncertainty princ1p1e
to the Einstein A coeff1c1ent for the transition by v = Ays For

the 1ines of interest in this work, Ayy = 1071076 s*t, At reason-

ab1e'éstrophy§iﬁa1 temperatures (T 2 10°K),*Dopp1er Tine widths are .

'A“an > 105~107 Hz for these 11nes =~ mtch greater than the,natura] line

widths. Therefore, the mean 1nuens1ty Jv is constant over the patural -

ine profile, and we may take dy out,p;_thg_1n#egna1 above. Evalua-

ting Jy at the Tine center, we have:

S_ Vu‘l

The E1nste1n cueff1c1ents are. rﬂ]ated at the atomic Tevel (the*

-~ system need not be in tharmodynam1c equi11br1um) by

P < B 0 J ; '[:'3‘431 |

i ——_e e
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Biy = 9/91 By | - [3.5]
' ¢ 4 [3.6]
ul 2“”31 "l .

- The absorption and emission coefficients may thus be written in
terms of the Einstein coefficients:
o o, = /b ( By =By ) 8(v) £3.7]

By =/ {nAg ) o) 3.8

Stimulated emission has been included as negative absorption since stim-
ulated emission and absorption both are dependent on the Io¢a1'photon
field. | _ _

Rewritiné the eqﬁétion'af'trénsfer 3.1 in ﬁebms of'thé Einsﬁein
coefficients we have:

dly _ v | N o
E§3-= 7 (mBy - nyBy1)e(v)ly + 7 Muy19(v) [3.9]

We divide 3.9 by oy, and integrate to obtain:

T e N
Ty = [ o= e(v) nyhyre™Vds £3.10]
- |

" Most far-infrared fine structure Tines are optica11y'thin,(rv € 1),

- For these Tines, we may immediately integrate 3,10 to yield:

h.\J N 7 hv ng -

o I=f d\_’r.-""‘- —MAy1 % — o Np Ay [3.41]

L
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Thus our masured parameter, the intensity in the 1ine fintegrated over

the 1ine profile, I, determines the column density My = nys of the
emitbing specles in the excited state ue To determine the total column

~density, Np of the emitting species, we mist determine the relative

level populations ny/nz. MHe furn our -attention to an atomic system
with arbitrary number of energy 1evels m. |

In Jocatl thermodynamic-equilibeium (LTE), Tevels are populated
according to the Boltzmann distribution:

'DJ/nI-- = gj/f:eﬂsj/kT : .. .[3.123

- Where gy is ﬁhe'statistical weight of level j which has an excitation

energy Ey above the J=@ ground state. nj/ng is the ratio of the
numbcr density of 1eve1 J to the total number dénsity of the species

s f is the partition function defined by

'y =z gk o ER/KT

LTE 1s maintained only when collisional processes dominate radiative

~processes in determining the Tevel populations. In the interstellar

medium, where number densfties are quite sma11,'6011151onél”e2citatibn

pates for fine structure levels arernfﬁen'cbmparablé to Padiative tpan~
sition rates. Thuss the fine structure levels are hare1y Po?ulated in |
| accurdance_with.the'Boltzmanﬁ:distvibutidn.'.Fob a'steaQy étaté system,
o We ﬁmy'détermine'the*reiative 1éVeT’PoPﬂ1ations'ﬁﬁrough the p51n6ipie of
“detaiTed balances the Aumber of transitions 1nto a 1eve1 J per unit |
”' t1me st equa1 the number of trans1t1ons out of that 1eve1 per un1t

Lima.

s Tk e T
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Levels are populated and depopulated through both collisjonal and

radiative processes. For a steady stale, the net change 1n the populae

tion of a level J per unit time 1s zero, dny/dt = §. Equating transi-
tions into a jevel J to those out of the level J we have: |

| ' + B 0.  + Y mA
kEJNK(ndij kj “kJ). k;ﬂink kd
o=yl Badyy ) + J A  [3.13
. ﬂd(kgdfnc?dk Jkdvgs) k%u 3k £3.13]

Equation 3.13 1s subje;t_to.the constraint that § ng = ny =

| the sum of the populaﬁions df the levels equals the total population of
~ the emitting species. In 3.13 above, ngApy (njAjk) are the

spontaneous decay rates fnto (out of} the Tevel J, andrnkBijUkj
(nJBjkdqu)_ara.the absorption and stimulated emission rates

into (out of) the level J. Jvkj is the mean intensity of-the
radiation field at the line center frequency vgj. The collisional

_excitation rate into the lavel § 1s defined by nevyy [sec~!] where

again ng = number density of collisionally exciting particles

‘(eTectrons, protons, hydrogen atoms ar hydrogen molectles), andsvkj

is the rate coefficient for collisfonal excitation of level J. The rate

“goefficient Tor collisional -de=population of level j,.1jk'1s related

tQ--'Tkj- by | o
| g * 89y g &N

'.Ekri'Ejo |

. Rate coefficients are defined as the mean valde of the transition

*probabTity per unit tire for excitation of a Tevel averaged over a_

PR Sh




82

Haxwellian velocity distribution Tor exciting particles. The collisonal
excitation rate 1s given by Ty * Veoik? where oy is the

excitation cross section, v, 1s the velocity of the exciting partic¢les
and the brackets denote the velocity average. For electronic excitation
of fonic spreies, the cross section may be written in a particularly
useful form by defining a "collison strength” 2{J,k):

ogx = n/oy [h/(2nmava)1? ald,k)

where me = electron mass» Collisfon strengths are calculated quantum
mechanically and are fairly constant with temperature above the
threshold energy for collisional excitation of the ion. Fopr the
finesstructure transitions of interest in this thesis, the electron
temperaﬁure'in ionized regions 1s always much greater than the
excitation threshold. Collision strengths may be shown to be symmetric,
a(ksd) = a(jsk) and are related to the rate coefficients by:

N ol (1))
kI  oe(2rma) 372 (kT)172

Thus above threshold, the rate coelfieiants for elactrgnic excitation of
jonic species are proportional to 12,

~ Collisional eross sections, ogj, tend to be constant for Tow
energy cq!lisidné between ﬁeutréT pébticles; suéh as HI - QI
coltisions. Collisfon strengths thus vary as T resulting in rate

éoefficients proportional to TH/2, page coefficients mist thus be

‘tabulated as a function of temperature.

R B
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TabTe 5.2

Chservations

Region Transition Intensity Comments
B T (erg s7remRsrtty
Broadbeam [01] ®Pg~Py  2,220,4%10"  This work normalized
(47x61) (145,53 pm) from 71x71 beam,
" ro1] 3py-3p, 3,0¢10"%  Estimate from contour map
(63.17 um) of Furniss et al. (1983),
[CII] 2Pgpa~2Pyyp  3,8:1.1x10"%  Kurtz et al. (1983),
(157.73um)
Trapezium [0I] 3Pg-3Py §,7:1,7x10"%  This work,
(1%%1%y (145,53 um)
[011 %py-Py 6.220,6x107%  Werner et al. (1982)

(63,17 pm)

(457 cireular beam).
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S5.4.1. lonization Fronts.

The 63 um intensity expected from an fonizabion front of thickness
D and number density of electrons,-ne-is given by equation 3,19:

Jss N ny
I & e (ng? D) eOI 2
e Mo1- "y

In this equation, and for the discussion which follows we use gaseous
Orygen and’carbcn'abundances as détebmined for the inner regions {(within
21 of the Trapezium) by Peimbert (1982). eonolnH = 4.7x10 ~hy |

| acnc/nH = 3, 7x10”“

The th1ckness of the 1on12ation front 1is 11keiy to be of the order

'of the mean free path of a Lyman « photon, D~ 1017/nH cm. If we

_assune pressupe equ111br1um batween the D~type 1on1zat1on front (cf.

Spitzer 1978) and the inner regions of the Orion Nebula Lng ~ 4500
ey T ~ 8900°K (Peimbert 1982)1, 50% 1on1zat1on and an electron |

- temperature Te ~ 6000°K in the fonization front, thent

1~ 4x10%6 erg 5t e ? gpml

where we haye used Figure 3.7 for Jss/(nangy)s This is four

- orders of magnitude smaller than the observed [UI] intensities. We

conclude that the observed {011 emission does not arise in the ioniza-~

~ovkfon front.

R

R I T A S
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504.2. Warm Neutral Regions.

[OI] transitions may also be excited through collisions with neuw
tral hydrogen atoms in the dense CII regions just beyond fhe ifonization
front, (See Chapter 4 for a discussion of CII regions.) We begin our
discussion by first restricting ourselves o our broad~beam (4?x5? emite

ting region) measurements.

. ..59492919 Brﬂadbeam MOdEIS; _

~ CII regions typically have temperatures of the orderzauu?K. In
pressure eQuilibrium, the CII region would thus have a numbar density of
-+ HL-atoms nyp = 310° cm~3, For such temperatures and pressures, we
wWould expecﬁ a 1ine ratio, Igg/lyug ~ 40 (Fig. 3.8). 'However, the
- observed intensity ratio for our broadbeam measurements i5 ~ 18+ This
means the 63 um radiation must be self-absorbed.

To reproduce the observed 63 um intensity, the minimum column denw
sity of neutral oxygen Tn_én emitting ragion of temperature T ~ 300°K

' and density nH'~'3x105'dm“3 is ‘given by EQUafion73.19}

gy et 416008 o2
o 7 (jBE/nHHOI)nH o

. 63 laAsa

Ty s i
"y B

92
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where Np and My are the column densities of oxygen atoms in levels J=2
and J=1, egy is the probability per absorption of collisional
de~excitation of the d=l level, g; are the statistical weights of
Tevel J, end Avn”fs the Dopp1er.wfdth of the 63 um tine. For T =

300°%K and nyp 35105 cn3, cgq * .38 (equations 3,26 and 3.27),
Using Figure 3.4 we estimate the relative level populations: ny/ng ~

052, ng/np = +019, Thus Mp = 493 Mo, My ~ 052 Ny, and we have:

- 3108

o

T63
Avp
~ Jdaffe and Pankonin (1978) have measured the C109% and C137g radio
recombination 1ines from carbon atoms in the dense CII regions just
beyond the jonization front. They measure.a Tine width (FHHM) ~ 4 Km
s*}, correspanding to a Doppier width, -avp (see equation 3.23}, of
2.4 km s*t. If we assume that this is the width of FIR lines emerging
from the dense CII ﬁeéidﬂs; the 63 ym Tine must have, an optical depth

s > 1.2, We construct models for the [OI] emitting CIT regions with

self-absorption of the 63 pm radiation in mind.

Radial Vedeﬁtiesrof the'cerboh”recombinatfbn'Tﬁnés Ted daffe and-

" Pankonin to model ﬁhé'emfseﬁon as aris#hg'ffoh three distinct dense CII
_reg1ons, dv*;1ngu1shed by the1r radial ve10c1t1es. The 10w velocity

| (VLSR ~ 6 km s“l) eI req1on lies in front of the HII region in the

dark bej._ The m1dd1e ve]oc1ty region (VLSR - 8, 5 km 5”1) is thought

”:i_to be 2 shest of mater1a1 viened edge-OH which 1795 at the interface

between the HII reg1on and M43 to ﬁhe northeast The h1ghest ve10c1ty
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viep * 11 km s7') CII region lies behind the Trapezium at the inter-
face between the HII region and the molecular cloude The half-power

distribution of these CII pregions is ~ 7 (ReAL) % 5 {Dec.) in extent

-+ centered roughly 27 north of the Trapezium, Thus the CIi regions
cofneided reasonably well with the observed [OI] emission,

Ruptz et ale (1983) have observed fhe 157 wym [CII] Tine emission
from these CII regions using an earlier version of our grating spectro-
meter. In their 47x7? beam centered on the FIR continuum peak, they
measure a line intensity Iysy = 3.8¢10°% epg s~! cm*? sp~l, Assuming
the 145 um [01] 1ine and the 157 um [CII] Tines arise in the same
regions, we may use the ratio of the Tine intensities (assuming both
Tines are optically thin) to determine the temperature of the emitting
regions. Figure 5.3 displays the ratio of the reduced emissivities of
the two lines:

Jis  ng
fot THr MW

=
[H

sy ne )
o1yt

(

as a funct1on of dens1ty for var1ous temperatures of interest. The

cosmic abundance terms above (nO/nH-- 4.5x10 ' nc/nH = 37 xlO"")

_ norma11ze the em1ss1V1t1es to em1ss1V1ty per hydrogen atom.

A1so p]otted 1n F1gure 5.3 .s the 1ocus or pounts determIned hy the

requ1rement that there be pressure equ11ibr1um between the compact HII

reg1on and the CII fronts. It can be seen that the 145 Hm to 157 um

,11ne ratio is a sens1t1ve temperature indicator in the den51ty reg1ons

- of interest. ~The ratio of the measured 145 pm. intensity to the 157 wym. ... .. . .

O

-
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Lel v T T inooek

i ot 700
ngz® 4.5 210"ny,

1.0~ ™ 3.7 %10™ Ny

O
w
1

My T#40 % 10" et °K

o o o
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L%

1

log (nyg)

Figure 5.3, The ratio of the 145,53un [0I] to 157.74um [CIT] Tine -
7 1ntens1t1es as a function of "HI' We have assumed abundances of

oxygen and jonized carbon as given by Pejmbert, 1982. The dotted
1ine crossing the temperature contours depicts soTutions Which

- correspond to pressure- equﬂ'lbmum for the CII regmn and the -

ionjzed gas.
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intensity 1is:
R = 215 .58

Iys7
Using Figure 5.3 we determine T = 360°K, n, = 2.,3x10% em™® for the
emitting regions,
From equation 3,19, we calculate the average Tine of sight column
density of [0I1 emitting materfals

My = Iius = 7,3%1020 e
(aus/ngriyg) ng/ny (nyy) |

where we have used Figure 3.6 tb determine_d145/nOInHI for T =

350°K and myy = 2,3x10% en3, This column density is within the

range of models for CII reg1pn§ (see section 4,3.2.1),

Using equation 3,22 in equation 3.24, we calculate the line canter

optical depth of the 145 um Tine:

1/2, 3
Ty = E14502A1s ( g0 Nl ) Nu )
_ Av 8y 37—

“eqys mAY be calculated from equations 3;23'1n equation 3.29, evaluating

dy with equation 3.44:

El“s.; 076.

Using Figure 3.4 to obtain the relative Tevel populations we have:

¥ g b
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In a completely analogous manner, we calculate ey57 ~ +98, ns/zlnl/g

» 1,55, Nyyp = 1.62¢10%8 em2, Nysp ~ 1,08x1018 em"2, so that 1357

~ .34, Thus both 19nes are optically thin, and we are Justified in

using their ratio to determine the temperature of the emitting regions.
As argued above, the 63 pm radiation must be self-absorbed. To

estimate the 63 um intensity from the CIl regions, we must refer.ﬁo the

“analysis of optically thick 1ines given 1n Section 3.2.5 above.

The intensity of the 63 um 1ine as related to the Planck blackbody

function, B, is given by equation 3.43:

(1~B) o1 (1-e7®)
(eBogB) (B ~a+B)

IBS = Tydy = Buﬁ\’ [ 1 +q ] : E5.2]

‘where B, s the Planck b1a¢kboqy_formu1a, ¢ 5 (1/€)/(1+/E) and B =

/3 g3, and av [Hz] 1s the Tine width, full width half maximum. Having

~solved for T and nyy above, egz is determined. Using equations 3.27

and 3.44 in 3,26, for Igz = .030 erg 57t cm"? sp™!, we obtain eg3 =
;38; The only free parameter in 5.2 above is tg3, the line center opti=-
kcal'depth,,given by equation .5.1. . Using Figure. 3.4 to find the relative

~ level populations at T = 350°K, my; = 2.3x10% en~3 we have:

~ where Avy is expressed in km s*! and We“ﬁhve-used’ﬂox'ﬁ 4 5210‘“
MRS Myro= 7. 3x1021 en 2, To produce the observed 63 um 1ntens1ty N
e =-,030.erg s le sr~1) we. reqU1re 153 = 2 G. Tha Dopp1er W1dth _;i' s

of the 1ine is theh AvD = 1.9 ks, or a 11ne w1dth (FHHM) -
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ay = 3,2 kn s

- This Tine width 1s somewhat smaller than, but consistent with the C109%

recombination Tine widths measured by Jaffe and Pankonin. Their meaé
sured 1ine widths range from 1. 7n7 6 km s“1 with an ayerage Tine width

~of 3,91.2 km s*}, Thus, the [0I] Tines most probably arise from HI

impact excitation of O in the carbon recombination line emitting C1I
region, |

5;4%2;2» Trapezium region models

To model the enhanced emission from the Trapezium region; we must
first subtract the contribution due to the broadbeam model. This leaves

us with [01] intensities:

~ The optical sodium D Tine work“df Isobe (1980) and the bidimen~

'sionei phetometny'Of LaqUES ahd Vide1 (1979) revea1 the presence of

gTobules, .e. neutraT gas condensatwons embedded within the Trapezium

c1uster. These g?obu]es could be remnants of the orig1na1 melecular

| c1oud from which the TrapeZ1um stars formed [evaporat1on timescales ~

a1t years, cons1stent with the age of the cluster (Vidal, 1982)1or -

| "d_mfght have formed from e1ephant trunk intrusions of neutral gas into the

HII regwn, a Ia Pottasch (1965).

N Each g]obu1e (typ1ca1 diameters $ .002 pc) will have an associated

et s

g b S
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CII front enveloping 1t, in much the same way CII regions envelop GHC's

~in the galactic plane (Chapter 4)s In many cases the carbon will be -

ionized throughout the globule =~ then the entire neutral region becomes
a good source of [0I] emission.

If we assume tha conditions in these CII regions to be similar to
those from which our broadbeam emission arises (T ~ 350°K, My *
2,3:10% cn?) and take a 1ine width of ~ 4 km s*}, then the measured

63 um intensity requires a line center optical depth 7g3 ~ 2.0, This

corresponds to a column density of atomic hydrogen 1n the [0I7 emitting
regions of the order Ny ~ 10%% cm2, The optically thin 145 ym
intensity 1s then: o '

Ius = 3.0¢10°% ppg s~ en2 st

| This is sma11er'than the observed.inten51ty but well within the

measurement errors.

He $hqs require roughly one globule along a typical line of sight

~in the Trapezium to explain the observed emission. This is consistent.

with the conclusions of Isqbe (1980), The extra CII region in the

- Trapezium would -also-give rise to enhanced5carbqn-recombinatioanine-:

emissions which 1s also measured. Our results are summarized in Table

5434
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| Heihave made the first astronomical detections of the 145,53 um
[01] 1ine through observations of the Orion Nebula. By comparing
observaﬁians bf the_3P1 « 3Py (157,74 um) transition of CII we are able
~to deduce that these three emission lines all arise in dense CII regions
'at the interfaces between the fonized gas and molecular cloud in Orion,
_ Using.the,i45.53 um to 157,73 um 1ine intensity ratios, we are able to
determine that these reglons are at a temperature T ~ 350°K with
number density of hydrogen atoms nyp = 2.3x105 ¢m=3, He show that
the 63,17 um [0I] ¥ine is selfw~absorbed with 1ine center optical depth
63 ~ 2.0, This is the first such determination of an optically thick
FIR fine structure Tine. ' '

e i R s i e
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APPENDIX

Selected Far Infrared Fine Structure Transitions (b 2 20 )
{(After Schaid-Burgk, 1982)

Transition|Species|Excitation|Ionization| Yavelength First
Potentiald|Potentiald| ~Astronomical
(eV) T {eY) (microns) | Observation
Zpgu?py | B oo 8,298 655,57 e
S % | e | 1o | 20,388 157,757,000 Russel et al. (1980)
NIII | 20,601 | 47.448 | 57,342,003 |Moorvood et als (1980b)
oty | 54,934 | 77412 | 25,87 £.02 [Forrest, MeCarthy, and
' ' Houck (1980}
| NI | w= | 5,985 | 89,237:,0025 .-
CHII| 851 | 16,345 | 34,814 e
PUI | 19.725 | 208 | 17.885:.007 s
2p,.2%, | FI e | 17422 | 2,7452,001 | e
192
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Transition|Species Excitation|lonization Wavelength First”

Potentiala|Potentiald Astronomical o
(eV) (e¥) (microns) | Observation
3p,e3py, | C1 - 11,260 |370,4145.0005|0afre ot al. (1084)
*1-*Po - . 509,133,001 [PhiTl4ps et al. (1980).
nr | ows.m3 | 29,600 121,77 2027 s
. 203. 5 ﬁlB nrm

§1,816%,003 (MeTnick et al. (1978)
88,355,008 |Ward et al, (1975)

FIy | 62.707 | 87,138 [ 25.83 = -

ortr | 35,116 | 54,93

. | 44,25 s
My | eral |ee2n | 1432 R

24,28 +,02 {Forrest, McCarthy, and
Houck (1980)

si1 s 8,151 | 68.473 e _ o
o [129.68 s
PIT 1 10.486 | 10,725 | 32.87 —
. ’ 500 58 - - b indnd
sip| 23,38 | 3483 18;71%304- Baluteau et al. (1976)
b 33.456%.001 |Moorwood et al. (1980a) - °

C1IV | 29.61 | 53,46 | 11,76 £.01 i
o Co R 20138&.02 :. ainlo T
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Transition Spe’cies Exeitation|lonizatTon| Wavelength Flpst
Potentiald|Potentiald| Astronomi ¢al
(eV} (eV) (microns) Observation
3?0-3P 01 - 13.618 145.52547 | Stac . et al, (1983a)
3py-3pp zo000es |
o 63,17000 Melnick et al. (1979}
+,00003
FI1 17,422 34,970 | 6/.16 o
29!33 Ll
“MaIIT| 40,962 °| 63,45 | 36,02 ~ |Shure et al. (1984)
| : 15,55 Pottasch et al. (1984)
. NaIV . 71064 98091 21029 ] e
S ’ . . . . 9.039 BT T
' SI o 101350 56¢30%u01 e
_ 25,2490 s
' %,0003
C111 | 12,967 23,81 33,281 v
ArIII| 27.629 40,74 21,84%,1 Shupe et al, (1984a)¢
8,9910 GiTlett, Forrest, and
%,0002 Merrill (1973)
Sp.80, | Fel | ~e | 7,870 | 24,04
FelIl| 16,18 30,661 | 22,92 e
- 9pyeDy | Fel 34,7 -
Fellil 33,04 o
5DySD | Fel 54,31, e
Spg-opy | Fel 111,18 —
- CRemnn| |isa
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Transition|Species|Excitation|Ionization| Wevelength First
Potentiald|Potentiald Astronomical
(a¥) (eV) {microns) Observation
60Dy | Fell | 7,870 | 16,18 | 25,99 s
32 2
' GDS"‘GD? 35'352 Ll
iz g
$D35Dg | 51.28 o
2 2
6Dy 5Dy 87,41 -
5 3
5,y | oRev | 48 | 750 | 20079 e
5D2““5D1 36’50 b v
5Dy 68,97 v

2 From Lang (1980). ' -
Excitation Potential = Energy needed to form the species.
Ionizat1on Potent1a1 = Energy needed to 1on1ze the Spacies.

© b Grawford et al, (1935)

- ¢ P0551b1e_detectipn._:
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