
EXPLORING LIFE-CYCLES OF THE ISM

AT SUBMILLIMETER WAVELENGTHS

by

Abigail S. Hedden

A Dissertation Submitted to the Faculty of the

DEPARTMENT OF ASTRONOMY

In Partial Fulfillment of the Requirements
For the Degree of

DOCTOR OF PHILOSOPHY

In the Graduate College

THE UNIVERSITY OF ARIZONA

2 0 0 7



2

THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE

As members of the Dissertation Committee, we certify that we have read the dis-
sertation prepared by Abigail S. Hedden entitled “Exploring Life-Cycles of the
ISM at Submillimeter Wavelengths” and recommend that it be accepted as fulfill-
ing the dissertation requirement for the Degree of Doctor of Philosophy.

Date: 21 September 2007
Christopher Walker

Date: 21 September 2007
John Bieging

Date: 21 September 2007
Craig Kulesa

Date: 21 September 2007
George Rieke

Date: 21 September 2007
Yancy Shirley

Date: 21 September 2007
Erick Young

Final approval and acceptance of this dissertation is contingent upon the candi-
date’s submission of the final copies of the dissertation to the Graduate College.

I hereby certify that I have read this dissertation prepared under my direction
and recommend that it be accepted as fulfilling the dissertation requirement.

Date: 21 September 2007
Dissertation Director: Christopher Walker



3

STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfillment of requirements for
an advanced degree at The University of Arizona and is deposited in the Univer-
sity Library to be made available to borrowers under rules of the Library.

Brief quotations from this dissertation are allowable without special permis-
sion, provided that accurate acknowledgment of source is made. Requests for
permission for extended quotation from or reproduction of this manuscript in
whole or in part may be granted by the head of the major department or the
Dean of the Graduate College when in his or her judgment the proposed use of
the material is in the interests of scholarship. In all other instances, however,
permission must be obtained from the author.

SIGNED: Abigail S. Hedden



4

ACKNOWLEDGMENTS

Thank you all so much! I am going to attempt to remember to thank everyone
I need to, and if I have left you out, I apologize − this thank you is intended for
you as well!

Past and present members of SORAL, it has been a privilege working with
you all. Thank you so much for all of your help and for the company during late
nights in the lab.

For everyone who has helped me with my research along the way, an extra
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ABSTRACT

This thesis focuses on addressing some important aspects of the life cycle

of interstellar clouds through observational submillimeter and millimeter-wave

studies of star formation and molecular cloud environments and the develop-

ment of instrumentation to enable these studies.

We examine the influence of star formation on parent molecular clouds through

a case study of protostellar sources in the Mon OB1 northern cloud complex. An

energetics analysis of these star forming regions and associated molecular out-

flows was carried out, suggesting that the cloud complex maintains its overall in-

tegrity, except along outflow axes and that the coupling between outflow kinetic

energy and cloud turbulent energy is weak, ∼<0.5%. In order to study the larger

picture of cloud formation and disruption, this work was expanded to explore

the molecular environment at cloud boundaries. To this end, a cloud edge sur-

vey was undertaken consisting of multi-transition strip scan observations of CO

and 13CO toward molecular clouds with a broad range of stellar and star form-

ing characteristics. Our work supports the interpretation that cloud formation is

taking place along the southeastern edge of Heiles Cloud 2, and the results will

be used as a framework for guiding the analysis of other surveyed cloud edges.

Achieving observational capabilities enabling effective studies of life cycles

of the ISM is becoming possible through a new generation of heterodyne spec-

troscopic instruments. Here, we report on characterization measurements of a

prototype mixer unit for the 64-pixel SuperCam array, an instrument commis-

sioned to map over 500 square degrees of the Galactic Plane with unprecedented

resolution at 345 GHz. These measurements were crucial to verifying the overall

array design and anticipating its performance. Spectroscopic capabilities at THz



13

(< 300 µm) frequencies permits access to a host of diagnostic tools (e.g., high-J

CO, C0, N+, & C+) uniquely suited to probe crucial properties of the ISM. The

development of heterodyne technology at these frequencies is largely limited by

availability of compact, powerful sources of local oscillator power. We explore the

use of waveguide spatial filters in conjunction with Quantum Cascade Lasers, a

promising power source at frequencies above ∼2 THz.
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CHAPTER 1

INTRODUCTION

The structure of the Interstellar Medium (ISM) and the life cycle of interstellar

clouds must be studied in greater depth if we are to understand the evolution of

galaxies. Astronomers are on the brink of addressing these crucial issues through

the development of a new generation of sensitive, submillimeter-wave instru-

mentation and telescopes. The resulting data products will provide insight into

fundamental properties of the global Galactic star forming environment.

A galaxy’s evolution is to a large extent governed by the life cycles of its

contents. The structure of the ISM, the formation and destruction of molecu-

lar clouds, and the feedback between clouds and forming stars are therefore im-

portant keys to internal galactic evolution. Since the mechanisms underpinning

these processes are likely universal, the Milky Way may be used as a template for

understanding star formation processes in other spiral galaxies, from our nearest

neighbors to those forming in the early universe.

Through the efforts of many researchers, astronomers are beginning to grasp

a detailed understanding of star formation, e.g., Bally, Reipurth & Davis (2007);

Evans (1999); Lada (1999); Shu, Adams & Lizano (1987). Recent advancements in-

clude insight into the lives of massive stars (Beuther et al., 2007), the discovery of

very low luminosity outflows surrounding protostellar sources, e.g., Bourke et al.

(2005), progress toward resolving the central engine powering jets and outflows

(Ray et al., 2007), and the success of multi-wavelength surveys in characterizing

the star forming environment, e.g., Güdel, Padgett & Dougados (2007). In con-

trast to star formation, our current observational understanding of crucial stages

governing life cycles of the ISM including the formation, evolution, and destruc-
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tion of molecular clouds and the role played by star formation in these processes

remains comparatively uncertain. How does Galactic environment impact cloud

and star formation? What roles do the byproducts of star birth (energetic out-

flows and UV radiation fields) take in regulating subsequent star formation?

How does this in turn affect the parent cloud environment? This thesis focuses

on addressing some of these issues through observational submillimeter and millimeter-

wave studies of star formation and the molecular environment and the development of

instrumentation enabling these studies.

The composition of the ISM (in both number and mass fraction) is dominated

by hydrogen gas. Interstellar dust is also a major constituent, with a general

abundance of order 0.01 times the mass in hydrogen independent of gas density.

After hydrogen, helium is the next most abundant element found in the ISM fol-

lowed by oxygen and carbon with element number abundances of 0.1, 3×10−4, &

1.4 × 10−4, respectively (Hollenbach & Tielens, 1999). These comprise the bulk of

interstellar material and exist in different phases. The atomic components of the

ISM are in pressure equilibrium with their surroundings and are characterized by

several key properties, including density, temperature, and gas ionization state.

Neutral interstellar gas, existing in two phases, cold neutral medium (CNM)

at density n ∼ 40 cm−3 and T∼70 K and warm neutral medium (WNM) with

n ∼ 0.3 cm−3 and T∼8000 K, forms a significant mass component of the ISM

(Wolfire et al., 2003; Kulkarni & Heiles, 1987). These phases incorporate cold

cloud cores harboring molecular interiors under sufficient shielding conditions

(hydrogen column densities > 1020 − 1021 cm−2) and neutral atomic cloud en-

velopes warmed by the interstellar radiation field. They are embedded within

the warm ionized medium (WIM), a matrix of cloud envelopes mostly ionized

by interstellar radiation with n and T similar to the WNM. A hot, low density
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Figure 1.1 Schematic of the phases of the ISM (courtesy C. Walker & C. Kulesa).
ISM components are shown along with dominant atomic and molecular species
encountered in each phase. As interstellar clouds amass higher columns, hydro-
gen self shielding permits the development of cold molecular cloud cores that are
well traced by rotational CO transitions.

supernova remnant intercloud medium (the hot ionized medium or HIM) with

n ∼ 3×10−3 cm−3 and T∼ 106 K pervades much of the ISM (up to 60 % by volume)

enveloping the other phases (McKee & Ostriker, 1977; Shull, 1987). A schematic

detailing the phases of the ISM, dominant atomic and molecular species, and

sources of heating is provided in Fig. 1.1.

Since the components of the ISM (e.g., cold cores and warm envelopes of in-

terstellar clouds) are largely composed of atomic and molecular hydrogen and

atomic helium, these species would be ideal probes for studying the life cycle of

interstellar material, if they were not so difficult to detect. H2 and He do not have

readily observable emission line spectra under conditions prevalent in the CNM.

Although atomic hydrogen can be detected via the 21 cm spin-flip transition and

has provided crucial information about the nature of interstellar clouds, includ-

ing the foundations for multiphase ISM models, it is a fairly insensitive probe of
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temperature. Differentiating between cold clouds and WNM with 21 cm obser-

vations is difficult. For this reason, trace elements such as carbon play a crucial

role in probing the life cycle of the ISM.

Ionized carbon, C+, in the WNM becomes neutral, C0, as WNM is converted

into CNM clouds due to thermal instability (e.g., a diminishing ambient UV radi-

ation field). As CNM clouds attain sufficiently high columns, self shielding per-

mits the development of molecular interiors. These dark molecular clouds are

capable of being probed via rotational molecular transitions of CO. Overdense

cores within molecular clouds may collapse due to gravitational instability, initi-

ating the process of star formation. The energetic products of star formation and

stellar evolution (e.g., molecular outflows, UV radiation fields, and strong stel-

lar winds) have a profound effect on the molecular cloud environment, helping

regulate cloud disruption (resulting in WNM and WIM components) and initiate

a new cycle. This is shown in Fig. 1.2 along with key ionization states of carbon

serving as diagnostic probes of the different stages.

Also highlighted in this figure are stages in the life cycle of interstellar clouds focused

on in this thesis, including star formation and its impact on parent clouds. Observa-

tional submillimeter spectroscopic studies of energetic molecular outflows and

their adjacent cloud regions help reveal this interaction by highlighting, for exam-

ple, effects of outflow energy coupling back into the parent cloud (see chapter 2).

This work is expanded to explore the molecular environment at cloud boundaries

under various physical and star forming conditions, potentially providing clues

to the larger picture of formation and disruption of molecular clouds (chapter 3).

Our current understanding of the majority of molecular material in the Galaxy

is based on 12CO (1−0), 2.6 mm, sky survey work. Early spectral line survey data

possessed coarse spatial resolution (> 9′ beams), limited sky coverage, or were
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Figure 1.2 Schematic of the life cycles of the ISM (courtesy C. Walker & C. Kulesa).
Carbon plays a key role in probing these stages. They are shown with accompa-
nying molecular and atomic spectral line tracers. This thesis focuses on assessing
the impact of star formation and physical environment on the lives of molecular
clouds (see red boxes) using submillimeter spectroscopic studies to probe these
interactions.
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undersampled (Dame et al., 1987; Dame, Hartmann & Thaddeus, 2001; Bally,

Langer & Liu, 1991; Miesch & Bally, 1994; Scoville et al., 1987). Recently, results of

the FCRAO-BU Galactic Ring Survey have provided the most comprehensive de-

scription of molecular gas (as traced by 13CO (1−0) emission) in the inner galaxy

(Simon et al., 2001). However, our understanding of molecular clouds is still in-

complete. CO (1 − 0) emission does not trace the warmer, denser, energetic gas

that plays a role in the feedback between forming stars and the molecular envi-

ronment. Higher frequency (e.g., submillimeter) spectroscopic observations are

sensitive to the gas associated with molecular outflows, forming stars embedded

in cloud cores, and photodissociated cloud surfaces warmed by the interstellar

radiation field.

In order to trace the life cycles of interstellar material on a global, Galactic

scale, high frequency, high spectral and angular resolution observations are re-

quired covering large angular extents. These needs pose significant hurdles to

realizing observational capabilities. Achieving high frequency observations is

motivated by the many crucial observable tracers found in the submillimeter and

terahertz (THz) / far infrared (FIR) spectral line regime, including CO, CS, SO,

SO2, HCO+, HCN, C, N+, & C+ emission. Fig. 1.3 shows some of these important

species and their locations within submillimeter and THz atmospheric windows.

Note that high frequency (THz) work requires some of the best observing condi-

tions, achievable at South Pole (bottom right curve) or Dome A, Antarctica (top

right curve), for example. Transmission at these wavelengths limits ground based

observational capabilities to some of the highest and driest sites on the planet.

High spectral resolution, e.g., < 1 km/s, is necessary for disentangling com-

plex spectral line profiles typically encountered in GMCs, evolved stellar en-

velopes, and other common Galactic objects. The resulting energetics and kine-
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Figure 1.3 Atmospheric transmission curves in the submillimeter & THz regimes
are shown with accompanying key molecular and atomic spectral line tracers.
Left: Transmission in the 345 GHz window (870 µmm) is shown modeled for Mt.
Graham in the best, median, & bottom 25% conditions. Right: THz atmospheric
transmission for top 25% conditions at South Pole (bottom) and Dome A (top) in
Antarctica (Lawrence et al., 2005).
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matics information is key to understanding the life cycle of interstellar material,

enabling signatures of important processes like infall, outflow, rotation, and bulk

cloud motions to be distinguished. FIR and submillimeter continuum emission

studies, made possible with instruments including SCUBA (Holland et al., 1999)

at the JCMT and SHARC (Hunter, Benford & Serabyn, 1996) at CSO, as well as

extinction mapping techniques in the optical and near infrared have played an

important role in characterizing the molecular ISM, e.g., Hildebrand (1983); Lada

et al. (1994). However, since these tools lack kinematic information, they are inad-

equate for studies of the large scale evolution of the ISM. This has helped fuel the

need for realizing high resolution spectroscopic capabilities in the submillimeter

and THz.

High spatial resolution is an important observational constraint necessary for

distinguishing between clouds over large distances in the Galaxy. In this way it

limits our ability to characterize the Galactic molecular environment. For exam-

ple, in order to resolve a typical CNM cloud (radius ∼ 3 pc) at the distance of the

Galactic center (8.5 kpc), observations with < 1′ angular resolution are needed. In

addition to resolution, broad spatial coverage is key to understanding the global

Galactic ISM. In the past, a large portion of our understanding of the structure,

kinematics, and energetics of nearby star forming environments was limited to

a handful of well studied objects and molecular clouds. This has perhaps bi-

ased our knowledge of the overall Galactic molecular environment. Combined

with the fact that elemental abundances and physical conditions of the ISM vary

steeply as a function of galactocentric radius, this has helped motivate the need

for large scale submillimeter and THz surveys. Observations made over large an-

gular areas (e.g., hundreds of square degrees covering the inner and outer Galaxy,

see Fig 1.4) are necessary for studying the overall interaction between forming
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Figure 1.4 Submillimeter multipixel arrays, such as SuperCam, are revolutioniz-
ing our understanding of star formation and its impact on the ISM by enabling
large scale surveys. This thesis focuses on developing, prototyping, and realizing
submillimeter array instrumentation.

stars and interstellar material. For example, the SuperCam (Groppi et al., 2006)

galactic plane survey (boxes overlayed on the CO (1 − 0) Dame et al. (1987) sur-

vey) will cover 500 square degrees in 12CO (3 − 2) &13CO (3 − 2) in ∼2 months

of observing time. For comparison with what is achievable with single pixel re-

ceivers, the MON OB1 molecular cloud complex has been enlarged (Margulis,

1987) and a 5′ × 5′ 12CO (3− 2) map excerpt (see dashed and solid contours) from

work presented in this thesis is included. The majority of this map was com-

pleted (along with complementary 13CO (3 − 2) observations) during 16 hours of

observing time.

Achieving observational capabilities that meet these stringent requirements in order
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to effectively study life cycles of interstellar material requires a new generation of hetero-

dyne spectroscopic receiver systems and arrays. This thesis focuses on developing, proto-

typing, and realizing such instrumentation for use at submillimeter and THz frequencies.

The development of large-format arrays such as SuperCam, a 64-pixel instrument

designed for operation at 345 GHz (see chapter 4), and HARP (Smith et al., 2003),

results in order of magnitude or greater increase in achievable mapping speeds.

Array technology will enable high resolution, sensitive Galactic plane surveys at

submillimeter frequencies to be realized (see Fig. 1.4). Without the development

of array technology in the submillimeter, such a survey would not be realizable

with contemporary single pixel instruments.

The development of heterodyne technology at THz (< 300µm) frequencies is

opening a rich spectral window with a host of diagnostics (e.g., high-J CO, C0,

N+, & C+) uniquely suited to probing crucial properties of the ISM. For example,

these tools can be used to obtain accurate measures of the global star formation

rate and search for signatures of GMC formation. Current models debate forma-

tion mechanisms of molecular clouds in great detail, e.g., Ostriker & Kim (2004);

Hennebelle & Perault (2000), although there are no direct observations of this im-

portant step. Access to these spectral line probes permits direct observations of

pivotal stages in the life cycles of interstellar clouds. The development of sensi-

tive heterodyne instruments operating at THz frequencies has been hampered by

many technological hurdles, including the lack of powerful, compact, coherent

sources of local oscillator (LO) power at these frequencies. This thesis focuses on

overcoming some of these issues by developing and exploring the use of waveg-

uide spatial filters with Quantum Cascade Lasers (QCLs), a promising power

source above ∼ 2 THz (see chapter 5).

Overall this thesis focuses on developing observational techniques and instru-
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mentation capable of improving our knowledge of the life cycles of interstellar

material. This is crucial to understanding the interplay between forming stars

and the ISM on a Galactic scale, culminating in a template for better interpret-

ing global properties of other spiral galaxies. This thesis traces the interaction

between star formation and interstellar clouds in multiple ways; from detailed

kinematics studies conducted on small spatial scales (chapter 2) to assessing the

broader impact of physical conditions on these processes by exploring cloud

boundary regions (chapter 3). In addition, it concentrates on the development

of technology enabling the realization of large-format submillimeter heterodyne

arrays and THz instrumentation (see chapters 4 & 5). This work helps pave the

way toward realizing observations capable of fundamentally changing our un-

derstanding of the ISM. The resulting data products will additionally serve as

important finder charts for the new generation of millimeter and submillimeter

interferometers and upcoming facilities including ALMA, SOFIA, & Herschel.
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CHAPTER 2

STAR FORMATION IN THE NORTHERN CLOUD COMPLEX OF NGC 2264

2.1 Explanatory Note

This chapter originally appeared as a paper by A. S. Hedden, C. K. Walker, C. E.

Groppi, & H. M. Butner 2006, ApJ, 645, 345. We are grateful to C. Kulesa, G.

Wolf-Chase, B. Vila-Vilaro, and the Arizona Radio Observatory staff and tele-

scope operators for their helpful discussions and aid in assembling this data set.

This work was supported by NASA GSRP grant number NGT5-50463.

2.2 Introduction

The Mon OB1 dark cloud lies toward the galactic anticenter and has been the sub-

ject of several large-scale molecular line surveys (Blitz, 1979; Oliver, Masheder, &

Thaddeus, 1996). Due to its location, there is little source confusion from inter-

vening foreground and background clouds. The relative proximity of this com-

plex, 800 pc according to the work of Walker (1956), has also contributed to its

survey appeal. The region of Mon OB1 associated with NGC 2264 has itself been

the subject of several studies, including an unbiased 12CO (1 − 0) survey and the

discovery of nine molecular outflows (Margulis & Lada, 1985; Margulis, Lada,

& Snell, 1988). Margulis, Lada, & Young (1989) presented the results of an IRAS

survey of 30 discrete far-infrared sources, including IRAS 25 and IRAS 27. The

IRAS Point Source Catalog (PSC) identifies IRAS 25 and IRAS 27 with objects

IRAS 06382+1017 and IRAS 06381+1039, respectively. A systematic search for

dense gas with CS observations revealed that these objects were associated with

a ∼ 500 − 700 M� clump (Wolf-Chase, Walker, & Lada, 1995).
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Wolf-Chase et al. (2003) used HIRES processing of IRAS data, 12CO (2− 1) ob-

servations, and SCUBA continuum images to identify individual cores embed-

ded within NGC 2264 and concluded that IRAS 25 and IRAS 27, initially thought

to be Class I protostellar objects (Margulis, Lada, & Young, 1989), consist of multi-

ple sources in different evolutionary stages. They also find evidence for multiple

outflow driving sources in the 12CO(2−1) data. In a wide field imaging survey of

the NGC 2264 region of Mon OB1 in the infrared, Hα, and 12CO (3 − 2), Reipurth

et al. (2004) report several new Herbig-Haro (HH) objects near the star forming

cores found by Wolf-Chase et al. (2003) and attempt to pinpoint their origins.

A primary goal of this work is to determine physical characteristics and out-

flow properties of IRAS 25 and 27. With this information, we hope to gain a

better understanding of the star formation history, dynamics, and impact that

these protostellar objects have on the surrounding cloud environment. In Section

(2.), we describe the observations presented in this work. Section (3.) addresses

the results of the continuum and spectral line observations of each of the sources,

IRAS 25 and 27. In Section (4.), we discuss velocity centroid studies of the molecu-

lar line data and draw energetics comparisons to assess the impact star formation

is having upon the cloud complex. A summary of our findings is presented in (5.)

2.3 Observations

2.3.1 Continuum mapping with the HHT

The continuum data presented in this work were obtained with the facility 19

channel array operating at the HHT on Mt. Graham, Arizona. This array, de-

veloped by E. Kreysa and collaborators, contains 19 individual broadband bolo-

metric detectors sensitive around a central wavelength of λ = 870 µm (345 GHz)

and arranged in two concentric hexagonal rings surrounding a central pixel. The
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field of view of the array is ∼ 200′′ in diameter. Observations were made dur-

ing 2003 January 12 − 14th and May 6 − 8th, and 2004 April 21 − 22nd using On

The Fly (OTF) mapping. With this technique, fully sampled 450′′ × 300′′ maps

were made surrounding the sources IRAS 25 and 27 in NGC 2264. A total of six

maps of IRAS 27 and three maps of IRAS 25 were combined to produce the data

sets presented here. During observations, the pointing was checked each hour

by observing a planet, such as Venus, Saturn, and Jupiter. For all of the data,

the pointing varied by less than 4′′. These maps were corrected for the effects

of atmospheric opacity using “skydip” scans taken prior to beginning and upon

completion of each map. This correction is accomplished by fitting a polynomial

function to the optical depth, at 870 µm as a function of elevation. The bolometer

data were flux calibrated with images of Mars, Saturn, and the known submil-

limeter secondary calibrator source IRAS 16293-2422 (Sandell, 1994) taken using

a continuum on/off sequence technique. We estimate the flux calibration to be

accurate within the ∼ 20% level.

2.3.2 Spectral line observations

2.3.2.1 HHT data

In February and May of 2004, we obtained 12CO (3 − 2) and 13CO (3 − 2) spec-

tral line data with the HHT toward known outflow regions, NGC 2264 O and

NGC 2264 H, associated with IRAS 25 and 27, respectively. A summary of im-

portant observational parameters for these data is presented in Table 2.1. A set

of 300′′ × 300′′ 12CO (3 − 2) fully sampled OTF maps were made surrounding the

two IRAS sources. The pointing was monitored similar to the continuum obser-

vations and varied < 5′′. A total of two separate maps, each with two polariza-

tion data, were made for NGC 2264 O & H. After careful calibration, maps were

combined to produce the data described in Table 2.1. In addition, 13CO (3 − 2)
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Absolute Position Switched (APS) spectra were taken toward the locations of the

IRAS sources as published in Margulis, Lada, & Young (1989). A total integration

time of 140 s was spent on source for each APS 13CO observation. The 2σ RMS of

all observations has been included in Table 2.1.

The HHT facility dual-polarization, double-sideband 345 GHz receiver was

used with two Acousto-Optical Spectrometer backends, each possessing 1 GHz

total bandwidth and 2048 channels. Individual APS spectra were taken toward

the positions of IRAS 25 and 27 at the beginning of each observing session and

used to cross calibrate data sets taken on different days. Orion A (α1950 = 05h 32m

47.0s, δ1950 = −05◦ 24′ 21′′) was used to calibrate the dual polarization data before

they were combined. For ease of comparing data sets from different telescopes,

the main beam efficiency (ηmb) of the 345 GHz receiver was measured and used to

convert antenna temperature corrected for atmospheric extinction, T ∗
A, to a main

beam brightness temperature, Tmb, according to Tmb = T ∗
A/ηmb. Measurements of

Saturn were used to find ηmb using Equation 2.1, where TR(planet) is the planet’s

brightness temperature, D is the angular diameter of the planet when it was ob-

served, and θ is the telescope beam size. Measurements of Saturn made during

observations resulted in ηmb values that varied ∼ 20%. Based on this variation,

we adopt a value of ηmb ≈ 60% for the 345 GHz receiver during this time.

ηmb =
T ∗

A(planet)

TR(planet)
[1 − exp(

−D2

θ2
ln2)]

−1

(2.1)

2.3.2.2 12m data

APS 12CO (1 − 0) observations of IRAS 25 and 27 were made at the ARO 12m

millimeter-wave telescope near Tucson, AZ during April 2002. A summary of

the observational information is presented in Table 2.1. A total integration time

of 120 s was spent on source for each observation and 2σ RMS values are listed
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Table 2.1. Spectral Line Observations

Object α1950 δ1950 Telescope Spectral Line Dates Mode Map Size Resolution 2σ RMS Beam Size

( ′′) (km s−1) (kHz) (K) ( ′′) (pc)

IRAS 25 06:38:17.0 10:18:00.0 HHT 12CO(3 − 2) 2004 Feb 25-27 OTF 300×300 0.886 1021 0.3 22 0.08

(NGC 2264 O)

IRAS 25 06:38:17.0 10:18:00.0 HHT 13CO(3 − 2) 2004 Feb 25-27 APS · · · 0.927 1021 0.06 23 0.09

(NGC 2264 O)

IRAS 25 06:38:17.0 10:18:00.0 12m 12CO(1 − 0) 2002 Apr 08-10 APS · · · 0.254 97.6 0.1 55 0.21

(NGC 2264 O)

NGC 2264 H 06:38:16.8 10:39:45.0 HHT 12CO(3 − 2) 2004 Feb 25-27 OTF 300×300 0.886 1021 0.22 22 0.08

IRAS 27 06:38:13.0 10:39:45.0 HHT 13CO(3 − 2) 2004 Feb 25-27 APS · · · 0.927 1021 0.06 23 0.09

IRAS 27 06:38:13.0 10:39:45.0 12m 12CO(1 − 0) 2002 Apr 08-10 APS · · · 0.254 97.6 1.2 55 0.21
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in Table 2.1. The 12m dual-polarization, single-sideband 90 − 116 GHz receiver

and Millimeter Autocorrelator (MAC) backend with 300 kHz total useable band-

width and 8192 channels were used. Similar to the HHT data, both polariza-

tions were combined in order to improve the signal-to-noise using Orion A as

a cross-calibrator. The 12m makes measurements in terms of T ∗
R, the observed

antenna temperature corrected for atmospheric attenuation, radiative loss, and

rearward scattering and spillover. In order to make meaningful comparisons be-

tween data sets, these measurements were converted to a Tmb scale using a proce-

dure documented in Appendix C of the 12m manual. According to the manual,

Tmb = T ∗
R/1.08 for the 90−116 GHz receiver at 115 GHz. With this conversion, the

12m data were compared with HHT spectra after the data sets were convolved to

the same beam size. Measurements of Tmb for the 12m data are accurate to within

∼ 20%.

2.4 Results

2.4.1 Continuum Analysis

Results of the 870 µm HHT continuum data analysis are presented for IRAS 25

& 27. Table 2.2 lists the fluxes found at the positions of sources IRAS 25 & 27

and the associated continuum cores. The cores, labeled with S1, S2, and S3 exten-

sions, were initially identified as emission peaks in 850 µm and 450 µm SCUBA

maps (Wolf-Chase et al., 2003). We derived 870 µm peak fluxes within multiple

apertures for each of the sources, including 45′′ (for easy comparison with Wolf-

Chase et al. (2003)) and 3′×5′, the size of the IRAS error ellipse at 100 µm.

Combining our 870 µm continuum data with bolometric observations of other

observers and IRAS, we construct FIR SEDs (see Figure 2.1) for dust cores with

870 µm fluxes presented in Table 2.2. When IRAS data were used, the fluxes were
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Table 2.2. 870 µm Source Flux

Source α1950 δ1950 45′′ Aperture Flux 3′ × 5′ Aperture Flux

(Jy) (Jy)

IRAS 25 06:38:17.0 10:18:00.0 2.60±0.52 8.29±1.66

25 S1 06:38:17.8 10:18:02.6 6.36±1.27 · · ·

25 S2 06:38:19.2 10:17:47.7 5.99±1.20 · · ·

IRAS 27 (27 S1) 06:38:13.0 10:39:45.0 3.81±0.64 22.38±4.48

27 S2 06:38:13.0 10:39:01.0 2.24±0.45 · · ·

27 S3 06:38:15.9 10:38:22.5 1.96±0.39 · · ·

taken from the PSC. At 60 µm & 100 µm, the IRAS the beam sizes are larger than

the IRAS 25 source, indicating fluxes of the entire clump emission were found.

When constructing the IRAS 25 FIR SED, measurements of the 870 µm emission

of the whole clump were used. In order to incorporate SCUBA 450 µm & 850 µm

data, we estimated the total flux found at these wavelengths by summing pub-

lished fluxes within 45′′ apertures of the 25 S1 and S2 cores. For IRAS 27, 60 µm &

100 µm IRAS fluxes were incorporated in the FIR SED with the 870 µm fluxes mea-

sured within 45′′ apertures around the continuum cores IRAS 27 (27 S1), S2, and

S3. Published SCUBA 450 µm & 850 µm measurements made within the same 45′′

apertures were included. When available (for sources 27 S1 & S2) 1300 µm fluxes

were incorporated. A summary of continuum measurements for each source at

all wavelengths where data are available is in Table 2.3 along with associated

references.

In order to probe physical conditions of the continuum cores, FIR SEDs were

fit with expressions of the following form (Hildebrand, 1983):

Fν = ΩsBν(T )(1 − eτν ) (2.2)
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Figure 2.1 FIR SEDs for sources IRAS 25, IRAS 27 (27 S1), 27 S3, & 27 S2 (clockwise
from upper left). From the shortest wavelength, fluxes included are IRAS 60 µm
and 100 µm data, 450 µm and 850 µm SCUBA measurements, 870 µm HHT data
from this study, and where available (IRAS 27 and 27 S2), 1300 µm fluxes. For
IRAS 25, a two component BB function was fit to this SED. All other sources are
well described by single temperature functions.



33

Table 2.3. Source Flux

Source Wavelength Flux σ RMS Aperture References

(µm) (Jy) (Jy) ( ′′)

IRAS 25 870 8.29 1.66 180×300 1

850 6.25 1.25 180×300 2

450 21.9 4.38 180×300 2

100 86.66 30.33 180×300 3

60 43.45 8.69 90×285 3

25 7.908 0.949 45×276 3

12 1.283 0.192 45×270 3

IRAS 27 (27 S1) 1300 0.8 0.16 27.3 2

870 3.81 0.76 45.0 1

850 3.20 0.64 45.0 2

450 31.8 6.36 45.0 2

100 144.9 37.67 180×300 3

60 53.66 11.81 90×285 3

25 2.755 0.193 45×276 3

12 0.25 0.01 45×270 3

27 S2 1300 0.7 0.14 27.3 2

870 2.24 0.45 45.0 1

850 1.87 0.37 45.0 2

450 12.1 2.42 45.0 2

100 144.9 37.67 180×300 3

60 53.66 11.81 90×285 3

25 2.755 0.193 45×276 3

12 0.25 0.01 45×270 3

27 S3 870 1.96 0.39 45.0 1

850 1.72 0.34 45.0 2

450 12.9 2.58 45.0 2

100 144.9 37.67 180×300 3

60 53.66 11.81 90×285 3

25 2.755 0.193 45×276 3

12 0.25 0.01 45×270 3

Note. — References: (1) This work. (2) Wolf-Chase et al. (2003) (3) IRAS PSC
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Table 2.4. Parameters of FIR SED Model Fits

Source T τ870 β Ωm Ωs fd LFIR

(K) (L�)

IRAS 25 10 1.3 × 10−2 1.4 1.2 × 10−8 2.4 × 10−9 21 × 10−2 88

40 1.5 × 10−3 1.4 1.2 × 10−8 2.0 × 10−10 1.7 × 10−2 88

IRAS 27 (27 S1) 30 2.7 × 10−3 1.4 1.7 × 10−8 9.3 × 10−10 5.3 × 10−2 120

27 S2 36 1.3 × 10−3 1.2 1.7 × 10−8 3.2 × 10−10 1.9 × 10−2 92

27 S3 33 1.2 × 10−3 1.4 1.7 × 10−8 5.1 × 10−10 2.9 × 10−2 100

where Ωs is the source size and

Bν(T ) =
2hν3/c2

(ehν/kT − 1)
& τν = (ν/νo)

β (2.3)

In Equation 2.3, Bν(T ) is the Planck function, τν describes the frequency depen-

dent optical depth, β is the spectral index governing dust grain emissivity prop-

erties, and νo is the frequency where τν = 1.

The results of fitting flux values to Equations 2.2 and 2.3 are illustrated in

Figure 2.1 and Table 2.4 summarizes the details numerically. We have only at-

tempted to fit the cold dust component (λ ≥ 60 µm) of the continuum emission

that is responsible for the majority of the flux at mm and submm wavelengths.

In all cases, except for IRAS 25, each continuum core was well fit by a single

temperature blackbody (BB), similar to Equation 2.3. In order to obtain a good

least-squares fit to each of these dust cores (IRAS 27 (27 S1), 27 S2, and 27 S3),

source size (Ωs), temperature (T), and spectral index (β) parameters were varied

iteratively until a best fit solution was found.

Fitting SED curves to IRAS 25 flux measurements proved more complex, and

a two temperature component BB function was used. In order to obtain a good,

physically plausible fit to these data, both dust temperature components, T, and



35

β indices were selected and held constant while the source sizes, Ωs, were itera-

tively fit. The goodness of fit did not strongly depend upon the values of β chosen

for the two components and therefore the resulting fit does not reflect unique or

precise values of spectral index. Since spectral index is probably constant within

the same molecular cloud complex, our choice of β used to fit the IRAS 25 emis-

sion was guided by solutions from iterative fits of IRAS 27 (27 S1), 27 S2, and 27

S3 SEDs. The two temperature components fit to the IRAS 25 SED were 10 K and

40 K. As a reference, Wien’s displacement law yields an approximate ∼ 30 K char-

acteristic dust temperature for IRAS 25. The two component BB fit was found

to be rather sensitive to the values of temperature used. Based upon a series of

multiple fits, these temperatures of the components are accurate to within 5 K.

Luminosities (LFIR) of continuum cores were obtained using LFIR = 3.1 ×

10−10D2
∫

Fνdν (Walker, Adams, & Lada, 1990) where LFIR is in L�, D is in pc, Fν

is in Jy, and ν is in GHz. Dust filling factors, fd = Ωs/Ωm, were estimated by com-

paring values of Ωs derived from the SEDs to half-power 870 µm source sizes, Ωm.

Table 2.4 presents the results of the FIR SED model fits and parameters for each

of the cores examined. Using techniques similar to Hildebrand (1983), physical

properties of the dust cores, including dust optical depth at 870 µm (τν = τ870),

column density (NH2
), and total gas mass (MH2

) were derived. Number density

values (nH2
) were found using the relation MH2

/(4/3 π R3 mH2
) where mH2

is the

mass of a hydrogen molecule and R is the radius over which MH2
was found. The

visual extinction was estimated using the relation Av = 1.1 × 10−21NH2
(Bohlin,

Savage, & Drake, 1978). The results of this analysis are presented in Table 2.5.

In making these computations, we assumed a gas to dust ratio of 100 in mass, a

grain density of ρ = 3 g cm−3, and a dust particle radius of a = 0.1 µm. These

values are consistent with those determined by Hildebrand and are commonly
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Table 2.5. Core Properties

Source MH2
NH2

nH2
Av

(M�) (cm−2) (cm−3)

IRAS 25 140 3.0 × 1023 3.0 × 105 330

IRAS 27 (27 S1) 12 7.0 × 1022 8.8 × 104 77

27 S2 3.4 1.9 × 1022 2.5 × 104 21

27 S3 5.5 3.2 × 1022 4.0 × 104 35

used for molecular clouds in the galaxy.

At 870 µm, Figure 2.1 shows that the majority of the flux observed for IRAS 25

is due to the colder 10 K BB component. It is reasonable to obtain an upper limit to

the amount of mass in the IRAS 25 core region by assuming that all flux at these

wavelengths is attributable to the cold gas. Using the analysis tools described

above, a limit of 140 M� was obtained for the IRAS 25 core (Table 2.5). Although

this mass limit is large compared with the IRAS 27 core, it is not unexpected.

The observed flux at 870 µm for IRAS 27 (Figure 2.1) is well described by a 30 K

BB source and is weaker by about a factor of two when compared with IRAS 25

870 µm fluxes (Table 2.3). At these wavelengths, we observe comparatively more

flux from a colder source, implying larger column density and core mass values

for IRAS 25.

2.4.2 Spectral Line Observations

In this section, the results of 12CO (3−2) & 13CO (3−2) analyses are presented for

IRAS 25 & 27 (see Figure 3.2 for an overview of the results). The CO(3−2) spectra

for both objects are single peaked features and possess broad line wings (∼ 40 km

s−1 in extent for IRAS 25 and ∼ 50 km s−1 for IRAS 27). In order to investigate

the spatial distribution of the outflow molecular gas, emission line wings were
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Figure 2.2 12CO & 13CO (3− 2) overlayed spectra of IRAS 25 and 27. Vertical lines
show LV and HV red and blue wings and line core (see Table 2.6).

defined by comparing the 12CO (3− 2) & 13CO (3− 2) spectra (see Figure 2.2) and

then used to make contour maps. The 13CO (3 − 2) line wings set the maximum

extent of low velocity emission associated with the outflows. High velocity wings

extended to where the 12CO (3−2) emission becomes undetectable above the rms

of the spectra. Figure 2.2 illustrates these regions, including the line core, low,

and high velocity wings for both IRAS 25 and 27 and Table 2.6 summarizes this

information. In this table, the spectral line emission of the entire (full) red and

blue wings (F RW & F BW) has been divided into low and high velocity (LV &

HV) regions.

2.4.2.1 IRAS 25 (IRAS 06382+1017)

Contour maps of F RW and F BW integrated intensity were constructed for IRAS 25

using IF RW =
∫ 27.5 km s−1

8.8 kms−1 T ∗ 12
A dv & IF BW =

∫ 5.6 kms−1

−10.5 kms−1 T ∗ 12
A dv, respectively. Fig-
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Table 2.6. CO(3 − 2) Line Wings

Source F BW HV BW LV BW Line Core LV RW HV RW F RW

(km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)

IRAS 25 −10.5, 5.6 −10.5, −2.5 −2.5, 5.6 5.6, 8.8 8.8, 19.0 19.0, 27.5 8.8, 27.5

IRAS 27 −20.0, 6.7 −20.0, 0.0 0.0, 6.7 6.7, 9.8 9.8, 20.0 20.0, 28.5 9.8, 28.5

ures 2.3 & 2.4 show red (thin, solid contours) and blue wing (thin, dashed lines)
12CO (3−2) emission associated with outflow NGC 2264 O surrounding IRAS 25.

Contours are superimposed on an 870 µm continuum OTF map (see Section (3.1))

and the figure includes locations of other sources discovered within the same re-

gion. Figures 2.3 & reffig3b show two prominent blue outflow lobes, southeast

blue (SEB) & west blue (WB), and an elongated red emission lobe. Although a

single red outflow lobe is detected, observations indicate that the emission is un-

resolved and two separate red lobes, east red (ER) & northwest red (NWR), exist.

Figure 2.5 is a contour map of the high velocity (HV) red and blue 12CO (3 − 2)

emission associated with NGC 2264 O. A large fraction of the eastern red emis-

sion (ER) does not appear in the high velocity gas plot, leaving a clear view of the

compact northwestern red (NWR) emission. This indicates that the ER and NWR

emission possess different velocity components and suggests that the emission

belongs to two different outflow lobes.

Our data support the existence of two 12CO (3−2) outflows in the region. Fig-

ure 2.5 aided in determining the orientations of the two outflows associated with

NGC 2264 O. The high velocity gas traces an outflow oriented southeast (SEB) to

northwest (NWR). The WB lobe and a portion of ER emission do not appear in

this figure. This indicates these lobes have similar velocities and suggests they
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Figure 2.3 Contours of red (solid) and blue (dashed) 12CO (3−2) outflow emission
associated with NGC 2264 O overlayed on 870 µm continuum maps (thick solid
lines). Locations of sources within each region are shown, including IRAS 25
(square), submillimeter continuum objects (“X”), HH 124 emission knots (as-
terisks), and VLA sources (triangles). Continuum 870 µm contours begin at
2σ = 0.38 Jy increasing in steps of 0.29 K toward the emission peak, 1.85 Jy. F RW
contours begin at 6.6 K km s−1 for NGC 2264 O increasing in 2.6 K km s−1 steps
toward the emission peak, 36 K km s−1. F BW contours start at 6.3 K km s−1 and
increase by 1.3 K km s−1. Peak F BW emission is 17 K km s−1 for NGC 2264 O.
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Figure 2.4 Contours of red (solid) and blue (dashed) 12CO (3−2) outflow emission
associated with NGC 2264 H overlayed on 870 µm continuum maps (thick solid
lines). Locations of sources within each region are shown, including IRAS 27
(squares) and submillimeter continuum objects (“X”). Continuum 870 µm con-
tours begin at 3σ = 0.16 Jy increasing in steps of 0.27 K toward the emission
peak, 2.25 Jy. F RW contours begin at 6.6 K km s−1 for NGC 2264 H increasing
in 2.6 K km s−1 steps to the emission peak, 31 K km s−1. F BW contours start at
6.8 K km s−1 and increase by 2.6 K km s−1. Peak F BW emission is 32 K km s−1 for
NGC 2264 H.



41

Figure 2.5 Contours of the HV red (solid) & blue (dashed) 12CO (3 − 2) emission
(see Table 2.6) associated with NGC 2264 O & H. HV blue contours begin at 2 σ =
1.6 K km s−1 and 2 σ = 1.5 K km s−1, increasing in steps of 0.15 K km s−1 and 0.7 K
km s−1 for NGC 2264 O & H, respectively. Contours of HV red emission begin at
2 σ = 1.8 K km s−1 and 2 σ = 1.0 K km s−1, increasing by 0.8 K km s−1 and 1.0 K
km s−1. HV emission peaks at 2.2 K km s−1 and 5.4 K km s−1 (blue) and 8.2 K km
s−1 and 7.0 K km s−1 (red) for NGC 2264 O & H, respectively.

describe a second outflow. The existence of multiple molecular outflows within

this region has been suggested by other authors (Piché, Howard, & Pipher, 1995;

Wolf-Chase et al., 2003). Our observations of two 12CO (3 − 2) outflows fit well

with the work of Reipurth et al. (2004) and lend support to observations of mul-

tiple outflows in the region surrounding IRAS 25 (Ogura, 1995; Wolf-Chase et al.,

2003; Reipurth et al., 2004).

For clarity, the information contained in Figures 2.3 & 2.4 is summarized in

the model sketch of the IRAS 25 region shown in Figure 2.6. The location of IRAS

25 is denoted with a box, and continuum peaks 25 S1 & 25 S2 associated with

850 µm & 450 µm SCUBA emission are shown with “X” symbols. IRAS 25 has

been identified as the driving source for a large scale (0.48 pc) Herbig-Haro flow,

HH 124 (Walsh, Ogura, & Reipurth, 1992). Six knots of emission were observed
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Figure 2.6 Model sketch of the 12CO (3 − 2) outflows surrounding IRAS 25 & 27
(left to right). The red (solid) & blue (dashed) lobes of the outflows and their
approximate positions with respect to half power 870 µm continuum contours
are indicated. Two molecular outflows are present in these regions. The sizes,
orientations, and locations of IR reflection nebulae associated with IRAS 25 & 27
are indicated with solid arcs.

(asterisks) and lie along the WB−ER (west blue − east red) outflow axis. This

region also includes an IR reflection nebula (thick, gray contour in Figure 2.6)

associated with IRAS 06382+1017 (Piché, Howard, & Pipher, 1995) and two VLA

sources (triangles) within the IRAS error ellipse (Rodrı́guez & Reipurth, 1998).

In this complex environment, it is difficult to determine sources of the 12CO (3−

2) outflows. Our observations and the work of Reipurth et al. (2004) indicate that

the WB−ER outflow axis is well aligned with HH 124, suggesting that the IRAS

object may be the source of this outflow emission. The axis of the SEB−NWR

(southeast blue − northwest red) outflow is in proximity to many objects, includ-

ing IRAS 25 and the submillimeter continuum sources. The source of this molecu-

lar outflow has not been determined (Reipurth et al., 2004), although it is oriented

along the opening angle of the IR reflection nebula associated with IRAS 25 (see
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Figure 2.6). It is possible that two 12CO (3 − 2) molecular outflows emanate from

IRAS 25; the WB−ER flow oriented along HH 124, and a SEB−NWR outflow

along the IR reflection nebula opening angle.

The SEB−NWR outflow axis does not intersect well with IRAS 25. If the IRAS

object is the source of the flow, this may imply that the outflow is redirected as

it encounters dense ambient material. Figure 2.3 shows that the IRAS source is

located near the edge of a dense, extended 870 µm continuum core. In order to

assess whether surrounding cloud material is capable of influencing the direction

of the outflowing gas, we estimate how dense this ambient material would have

to be in order to redirect the outflow and make comparisons with density results

obtained from the continuum analysis (nH2
in Table 2.5). To redirect the flow the

pressure of the ambient material, given by the ideal gas law (ncl k T ) in LTE, must

exceed the outflow pressure, ṖOF/(π R2). For an order of magnitude estimate,

it is assumed the outflow acts mostly over an area encompassing its 1/2 power

contours. In this analysis, k is Boltzmann’s constant, T = 10 K is the core tem-

perature derived from continuum observations (see Table 2.4), ṖOF is the outflow

momentum rate (see Section (3.2.3)), and R is the average radius of 1/2 power

outflow contours. The minimum core density capable of redirecting the outflow

is ncl ∼ 107 cm−3. This is large compared with nH2
(see Table 2.5), suggesting the

density of the core is most likely not sufficient to influence outflows in the region.

It was suggested that IRAS 25 is a barely resolved binary system with a pos-

sible component ∼ 1400 AU (1.8′′ at the assumed distance of NGC 2264) from the

primary at a position angle of ∼ 155◦ (Piché, Howard, & Pipher, 1995). The pres-

ence of two outflows is consistant with IRAS 25 being a binary system and may

explain the unusual morphology. The 870 µm continuum emission (Section (3.1))

can be used to estimate the mass of stellar objects in the system. Assuming that
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the bolometric luminosity (LFIR) of this object (see Table 2.4) equals the accretion

luminosity (Lacc = GMṀacc/R), an upper limit to the mass of the central object

is obtained. We assumed a typical radius of R = 2 × 1011 cm, ∼ 3 R�, for the

hydrostatic core of an accreting protostellar object (Stahler, Shu, & Taam, 1980)

and the mass infall rate of an isothermal cloud, Ṁacc = 0.975 c3
s/G (Shu, 1977),

where cs =
√

k T/mH2
is the cloud sound speed. Since material is accreted from a

reservoir in close proximity to the protostar, the warmer continuum component

T = 40 K (see Table 2.4) was used to calculate cs. This simple analysis estimates

0.5 M� for the stellar object(s) associated with IRAS 25.

2.4.2.2 IRAS 27 (IRAS 06381+1039)

Similar to (Section (3.2.1)), 12CO (3−2) line wing integrated intensities were found

for NGC 2264 H outflows surrounding IRAS 27 using IF RW =
∫ 28.5 km s−1

9.8 km s−1 T ∗ 12
A dv

& IF BW =
∫ 6.7 kms−1

−20.0 kms−1 T ∗ 12
A dv. Figure 2.4 shows the outflow emission (F RW = solid,

thin lines and F BW = thin, dashed contours) superimposed on a map of 870 µm

continuum emission. Other sources in the region are shown, including the loca-

tion of the IRAS source (box) and 870 & 450 µm SCUBA emission peaks, 27 S1, 27

S2, & 27 S3. Our observations indicate there is evidence for two 12CO (3− 2) out-

flows located near IRAS 27, supporting the recent work of Reipurth et al. (2004).

Figure 2.5 shows the high velocity outflow emission that was used to help deter-

mine outflow orientations. The figure indicates HV gas traces an outflow oriented

southeast (SER) to northwest (NWB). The northeastern (NEB) and southwestern

(SWR) lobes vanish in Figure 2.5 indicating that they have similar velocities and

describe a second outflow.

Figure 2.6 is a model sketch of the IRAS 27 system, showing the orientations

of the 12CO (3 − 2) outflows. H2, Hα, and [SII] images of the region reveal an IR

source surrounded by a reflection nebula (thick, gray contour) and two giant HH
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outflows, HH 576 and 577 emanating from a core containing IRAS 27 (Reipurth

et al., 2004). Figures 2.4 and 2.6 show submillimeter cores located along a dense

ridge of 870 µm emission with molecular outflows oriented at large angles (nearly

perpendicular) to the continuum ridge. It is difficult to determine the source of

the 12CO (3−2) outflows, given their proximity to the continuum cores and IRAS

object. It is possible that IRAS 27 is a binary system from which both of the

observed outflows originate.

The axis of the NEB−SWR flow is not as well centered on IRAS 27 as the

SER−NWB outflow. An order of magnitude calculation similar to the analysis

in the previous section reveals that the ambient material (shown by the ridge of

870 µm emission) is likely incapable of influencing the direction of outflowing

material. The volume density of the environment, nH2
, is less than the density

required to redirect the outflow (ncl ∼ 106 cm−3). The alignment of HH and
12CO (3− 2) outflows prompted suggestions that IRAS 27 is a binary source with

each component driving an outflow (Reipurth et al., 2004). If so, then following

the same procedure as for IRAS 25, we estimate ∼ 1 M� for the mass of the stellar

object(s) associated with IRAS 27.

2.4.2.3 Outflow Analysis

Outflow characteristics and energetics analyses were carried out under assump-

tions of constant excitation throughout the mapped regions and Local Thermo-

dynamic Equilibrium (LTE). With pointed observations toward IRAS 25 & 27 in
12CO (3 − 2), 13CO (3 − 2), and 12CO (1 − 0), measurements of optical depth and

excitation temperature were made and H2 column density was derived. Optical

depth, τ , was found using 13CO (3− 2) and 12CO (3− 2) observations. Assuming
12CO & 13CO have comparable excitation temperatures due to their similarity in

rotational energy level structures, the ratio of their optical depths is the abun-
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dance ratio, ra (see Equation 2.4).

I12CO

I13CO

=
1 − e−raτ

13CO
32

1 − e−τ
13CO
32

(2.4)

Optical depth of the 13CO was determined by making a ratio of the integrated in-

tensities of the 12CO & 13CO spectra, I12CO and I13CO, respectively. An abundance

ratio ra = 60 for 12CO to 13CO was used (Kulesa, 2003), Equation 2.4 was solved

numerically.

After convolving 12CO (3 − 2) and 12CO (1 − 0) data sets to the same beam-

size (∼ 1′) and converting each temperature scale into Tmb as described in Section

(2.2), line ratios of the spectra were used to determine Tex (Walker, 1991). In this

analysis, the 12CO (3−2) and 12CO (1−0) emission was assumed to originate from

the same volume and since our data sets were convolved to the same beamsize,

the emission filling factors were the same. With this method, values of 20 K and

30 K were found for Tex toward IRAS 25 and 27, respectively.

With estimates of optical depth and excitation temperature, the 13CO (3 − 2)

column density was determined with the following expression (Groppi et al.,

2004; Walker et al., 1988):

Nν, thin = Texτ∆v
6k

8π3νµ2

2l + 1

2u + 1

e lhv/(2kTex)

(1 − e−hν/(kTex))
(2.5)

In the above equation, l is the lower rotational state, u describes the upper state,

k and h are respectively Boltzmann’s and Planck’s constants, ν is the 13CO (3− 2)

frequency, ∆v is the velocity interval over which the column density was calcu-

lated, and µ is the molecular dipole moment expressed in esu. The above expres-

sion describes how to calculate the column density toward a position where the

values of τ & Tex are known. Pointed 13CO (3 − 2) observations were made to-

ward individual IRAS sources, though 13CO (3 − 2) data were not available over
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Table 2.7. LTE Outflow Analysis Properties

Source Line Wing Tex τ
13CO
32

Nν, thin NH2
fthin

(K) (×1015 cm−2) (×1021 cm−2)

IRAS 25 F RW 20 0.16 14 8.6 0.17

IRAS 25 F BW 20 0.28 22 13 0.10

IRAS 27 F RW 30 0.10 14 8.5 0.04

IRAS 27 F BW 30 0.03 6.6 3.9 0.06

the regions mapped in 12CO (3− 2). For this reason, excitation temperature, opti-

cal depth, and column density values were obtained at the positions of the IRAS

sources, although calculating this information directly over the mapped regions

was not possible. Table 2.7 presents LTE properties of IRAS 25 and 27 calculated

for red and blue line wings.

In order to obtain column density information and ultimately mass and ener-

getics information for outflows NGC 2264 O & H an emission-weighted area tech-

nique was used (Lada, 1985). The analysis assumed the observed intensity ratio

of 12CO (3−2) and 13CO (3−2) emission at the positions of the IRAS sources was

constant over the regions mapped in 12CO (3−2). It was also assumed that Tex ob-

tained at the positions of IRAS sources was constant over the mapped areas. The

intensities of the 12CO (3−2) emission measured toward the IRAS sources, where

Nν, thin was calculated, were compared with 12CO (3− 2) emission over the entire

maps and used to weight the contribution of individual map positions to the to-

tal emission weighted area of the outflow, Aweight. This procedure is described

in Equation 2.6, where Abeam is the area of the telescope beam at 345 GHz, Ix,y is

the 12CO (3 − 2) intensity at any map position, and IIRAS 25/27 is the 12CO (3 − 2)

intensity at IRAS 25 or 27, depending on the map examined.
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Aweight =
map
∑

x,y

Abeam(
Ix,y

IIRAS 25/27

) (2.6)

MOF =
Nν thin

rarH2

Aweight mH2
fthin (2.7)

Using the emission-weighted area method, the gas mass associated with the

outflow was obtained using Equation 2.7. In this equation, mH2
is the molecular

hydrogen mass and fthin is the 13CO (3−2) gas filling factor. The filling factor was

calculated using Tex, the integrated intensity and optical depth of the 13CO (3 −

2), and assuming LTE conditions. Filling factors obtained toward IRAS sources

appear in Table 2.7. Since 13CO (3 − 2) measurements were made toward single

positions, fthin was assumed to be constant over the maps. In Equation 2.7, ra is

the 12CO/13CO abundance ratio. We adopted ra = 60 in agreement with the work

of Kulesa (2003). The CO/H2 abundance, rH2
= 1 × 10−4, is representative of the

ISM and many nearby molecular clouds. Results of our mass analysis for the red

and blue NGC 2264 O & H outflow lobes are provided in Table 2.8.

With outflow masses, we were able to derive other physical properties of

NGC 2264 O & H, including momentum (POF = MOF vmax), kinetic energy

(EOF = 1/2 MOF v2
max), mechanical luminosity (LOF = EOF/tdyn), mass out-

flow rate (ṀOF = MOF /tdyn), and force (ṖOF = POF/tdyn). In this analysis,

tdyn = lwing/vmax is the outflow dynamical age, lwing is the outflow lobe physical

extent measured from emission half-power contours, and vmax is the character-

istic velocity of the outflowing material. LTE outflow energetics depend largely

upon the choice of vmax which is subject to uncertainty due to projection effects

of the outflow with respect to the line of sight. Determining a characteristic ve-

locity representative of the bulk of the outflowing gas is therefore difficult. For
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Table 2.8. NGC 2264 12CO(3 − 2) Outflow Energetics

Outflow vmax MOF POF EOF LOF ṀOF tdyn ṖOF

(km s−1) (M�) (M� km s−1) (×102 M� km2 s−2) (L�) (×10−5 M� yr−1) (× 104 yr) (×10−4 M� yr−1 km s−1)

O (LV RW) 11 1.5 16 0.9 0.81 8.1 1.8 8.1

O (LV BW) 10.5 2.9 31 1.6 0.89 9.8 3.0 10

O (F RW) 19.5 1.5 29 2.8 4.5 14 1.0 28

O (F BW) 18.5 2.9 54 5.0 4.9 17 1.7 32

H (LV RW) 12 0.59 7.1 0.43 0.13 1.1 5.4 1.3

H (LV BW) 8.0 0.79 6.3 0.25 0.07 1.4 5.7 1.1

H (F RW) 20.5 0.59 12 1.2 0.65 1.9 3.2 3.8

H (F BW) 28 0.79 22 3.1 3.1 4.9 1.6 14

Note. — Nomenclature: O = NGC 2264 O and H = NGC 2264 H
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this reason, lower and upper limits of the outflow energetics were determined

using outer line wings of 13CO (3− 2) (LV RW & LV BW) and 12CO (3− 2) (F RW

& F BW) for vmax. The results of these calculations appear in Table 2.8. These

energetics results are consistent with those of Margulis, Lada, & Snell (1988).

2.5 Analysis & Discussion

2.5.1 Velocity Centroid Analysis

In order to explore the effect the NGC 2264 O & H molecular outflows have on the

cloud environment, we constructed velocity centroid maps of the 12CO (3−2) gas.

The velocity centroid is the value that equally divides the integrated intensity of

a line profile. For this analysis, the velocity centroid was computed over the line

core excluding emission in the wings (see Table 2.6). A map of velocity centroid

as a function of position was generated for NGC 2264 O & H (see Figure 2.7

a and b). The centroid velocity values have been represented with labeled, thin

contours. Half power contours of the red and blue wing 12CO (3−2) emission are

depicted with thick solid and dashed lines, respectively. There is a small gradient

in velocity centroid values in each map, ∆vcent = (7.65− 6.6) km s−1 ≈ 1.1 km s−1

and ∆vcent = (8.35 − 7.4) km s−1 ≈ 1 km s−1 for NGC 2264 O & H, respectively.

There is no noticeable sign of rotation perpendicular to outflow axes to suggest

the signature of an accretion disk. The centroid velocity gradients extend from the

northeast corner of the plots to the southwest, roughly following the orientations

of the outflow lobes. This suggests that NGC 2264 O & H outflows may influence

bulk motions of surrounding cloud material.

In order to further explore the influence of outflowing material on the sur-

rounding cloud environment, the force of bulk cloud motions was calculated and

compared with the outflow force, ṖOF . For this analysis, the mass of the cloud
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Figure 2.7 Velocity centroid maps of 12CO (3 − 2) line core emission associated
with NGC 2264 O & H. Velocity centroid contours (thin solid lines) are shown
and labeled (km s−1). Half power contours of red and blue outflow emission are
illustrated with thick solid and dashed contours, respectively.

was computed over the line core for each 12CO (3 − 2) map, Mc, using the emis-

sion weighted area approach described in Section (3.2.3). This mass calculation

assumes the 13CO (3 − 2) emission is optically thin over the line core. In order to

assess the impact this assumption might have on the analysis, the 13CO (3 − 2)

optical depth was examined as a function of velocity toward the position of the

IRAS sources, where direct calculations of optical depth and column density were

made. For IRAS 25, the 13CO (3 − 2) emission is marginally thick in the line core,

with optical depth ∼ 1 − 1.1. The mass associated with line core velocities, and

therefore the corresponding force calculations, should serve as a lower limits for

NGC 2264 O. Over the line core region, the 13CO (3−2) emission toward IRAS 27

is thin, with optical depth values ∼ 0.3−0.35, so the mass associated with the line

core, and therefore the corresponding force calculations, are most likely valid.

The force of bulk cloud motions was calculated using Ṗc = Mc ∆vcent/τdyn,
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where Mc is the mass in the line core region and ∆vcent is the observed cen-

troid velocity gradient along the outflow axis. The dynamical timescale of these

motions was approximated by τdyn, the dynamical ages of the outflow. Using

ages of the red and blue outflow lobes resulted in a force range of Ṗc = 6.6 −

11 × 10−4 M� yr−1 km s−1 for NGC 2264 O. This result is more than ∼ 5 times

smaller than the force of the outflowing material, ṖOF = 60 × 10−4 M� yr−1 km

s−1, obtained by summing the contributions of the red and blue wings shown

in Table 2.8. These comparisons were also made for energetics and dynamical

ages obtained using the 13CO (3 − 2) line wings to guide the analysis. Values of

Ṗc = 3.7 − 6.2 × 10−4 M� yr−1 km s−1 were obtained for NGC 2264 O and are ∼ 3

times smaller than ṖOF = 18× 10−4 M� yr−1 km s−1. Overall, the values of Ṗc and

ṖOF are similar within factors of a few, indicating that the NGC 2264 O outflow

is capable of driving bulk motions of the surrounding cloud material.

Performing a similar analysis for NGC 2264 H results in Ṗc = 3.7 − 7.3 ×

10−4 M� yr−1 km s−1. Compared with the force of the outflow, ṖOF = 18 ×

10−4 M� yr−1 km s−1, Ṗc is several times smaller. Calculations made using line

wings of the 13CO (3 − 2) emission for the outflow ages and energetics, find val-

ues of Ṗc = 2.1 − 2.2 × 10−4 M� yr−1 km s−1, similar to the force of the outflow,

ṖOF = 2.4 × 10−4 M� yr−1 km s−1. Values of Ṗc and ṖOF are similar within an or-

der of magnitude revealing that the outflow force is capable of influencing bulk

motions of ambient cloud material.

2.5.2 Energetics Comparison

2.5.2.1 Turbulent Energy

The turbulent energy contributed to the cloud by the NGC 2264 O & H outflows,

Eturb, was estimated using our 12CO (3−2) data (observations of an optically thin

species, such as C18O, were not available). The estimate was made by comparing
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average FWHM velocity values at outflow wing emission peaks, ∆v(on OF), to

ambient cloud regions away from the outflow, ∆v(Ambient). In all regions, the

line wings were excluded from the Gaussian fit. Since the 12CO (3−2) is optically

thick, opacity broadening due to saturation effects should be considered (Phillips

et al., 1979). Compared to an optically thin species, saturation is expected to

broaden the FWHM of the 12CO lines by factors of 2.6 and 2.2 toward IRAS 25 and

27, respectively. Normalizing our measured FWHM values by these factors and

assuming that the 12CO opacity is to first order constant over the mapped regions,

we derive values of ∆v(on OF) = 0.81 km s−1 and ∆v(Ambient) = 0.54 km s−1

for 12CO (3 − 2) emission surrounding IRAS 25. Normalized FWHM values of

∆v(on OF) = 0.86 km s−1 and ∆v(Ambient) = 0.45 km s−1 were obtained for

IRAS 27.

FWHM velocity values measured toward peak outflow emission probe many

cloud characteristics including turbulent velocity structures (vturb), thermal broad-

ening effects (kT/m), and spectral line velocity components from cloud motions

due to the presence of magnetic fields (vB): ∆v(on OF) = (v2
turb + kT/m + v2

B)1/2.

The turbulence associated with the FWHM velocity of the outflowing gas, vturb,

has two components. These are general cloud turbulence, vturb cloud, present both

toward and away from the outflow, and turbulence due to the outflow itself,

vturb OF . The total velocity component due to turbulence is therefore v2
turb =

v2
turb cloud + v2

turb OF . The FWHM velocity measured toward ambient cloud regions

away from outflow emission is ∆v(Ambient) = (v2
turb cloud + v2

B + kT/m)1/2.

Combining these equations and correcting for opacity broadening effects, the

turbulent velocity due to outflow motions, vturb OF , was obtained from FWHM

velocity measurements: v2
turb OF = [∆v(on OF)]2 − [∆v(Ambient)]2. The turbu-

lent energy contributed to the cloud by the molecular outflow was found using
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Table 2.9. Cloud Core Energetics

Source MH2
MOF EGC EOF Eturb Comparison

(M�) (M�) (M� km2 s−2) (M� km2 s−2) (M� km2 s−2)

IRAS 25 140 4.1 640 430− 780 0.75 EGC ∼ 850 Eturb

IRAS 27 21 1.4 5.5 68− 250 0.37 EGC ∼ 15 Eturb

Note. — EOF values were determined using 13CO (3 − 2) and 12CO (3 − 2) line wings, respectively.

Eturb = 1/2 MOF v2
turb OF where MOF is the total outflow mass, obtained by sum-

ming contributions of red and blue outflow lobes (see Table 2.8). This calcula-

tion does not take line of sight projection effects into account. These corrections

are within factors of a few and do not impact our conclusions. For regions sur-

rounding IRAS 25 and 27, we found Eturb = 0.75 M� km2 s−2 and 0.37 M� km2 s−2,

respectively.

The coupling efficiency of outflow energy to the ambient cloud was estimated

by comparing the turbulent cloud energy contributed by outflows, Eturb, and out-

flow kinetic energy, EOF (see Table 2.9). Values of EOF are orders of magnitude

larger than Eturb, resulting in coupling efficiencies of ≤ 0.5% in the regions sur-

rounding IRAS 25 and 27. The low coupling efficiency of molecular outflow en-

ergy to the surrounding environment together with the results of our centroid

velocity analysis suggests that most of the outflows’ energy is directed along the

flow axis and deposited in the intercloud medium, leaving adjacent regions of

the parent cloud largely undisturbed.
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2.5.2.2 Gravitational Binding Energy

Clump gravitational binding energy, EGC , was obtained using results of the con-

tinuum analysis (Table 2.5) and the expression for gravitational potential energy

of a uniform gravitating sphere of constant density, EGC = 3/5 (G M 2
H2

/R).

Here G is the gravitational constant, MH2
is the molecular mass, and R is the

sphere radius used to compute MH2
. For IRAS 25, the average clump radius

(measured from the 870 µm continuum map) is ∼ 34′′ and substitution yields

EGC = 640M� km2 s−2.

The continuum image of the region surrounding IRAS 27 contains three sources,

27 S1, 27 S2, and 27 S3. Core masses, MH2
, derived from 870 µm flux measure-

ments were used to individually determine contributions to EGC for the three

sources. Since the core masses, MH2
, were derived from fluxes observed within

45′′ apertures, R = 22.5′′ was used to obtain EGC of individual cores. The re-

sults were summed to estimate the total clump gravitational potential energy:

EGC = 5.5M� km2 s−2. The result is included in Table 2.9 and is a lower limit to

PEGC since individual sources lie along a ridge of extended low-intensity 870 µm

emission. The mass associated with the low-level emission was not found since

the FIR SED analysis did not apply.

Table 2.9 compares outflow kinetic energy, turbulent energy contributed to

the cloud by outflows, and cloud clump potential energy for the regions sur-

rounding IRAS 25 and 27. The molecular cloud appears to remain gravitationally

bound, since turbulent energy injected into the cloud by outflows, Eturb, is much

smaller than the cloud clump potential energy, EGC . The low outflow energy

coupling efficiency may explain why, even in the presence of multiple outflows,

the cloud cores appear to maintain their overall integrity, with EGC � Eturb. The

dismantling effects the NGC 2264 O & H outflows are having on the molecular
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cloud appear to be largely localized to the portions of the clouds contained within

opening angles of the outflow lobes.

2.6 Summary

We have made 870 µm continuum measurements and 12CO (3 − 2), 13CO (3 −

2), and 12CO (1 − 0) observations of IRAS 25 & 27 in the northern cloud com-

plex of NGC 2264 using the HHT and 12m telescopes. Continuum 870 µm OTF

maps (5′×5′) were made toward the sources IRAS 25 (IRAS 06382+1017) & 27

(IRAS 06381+1039) and several continuum cores were identified. SEDs were con-

structed for the cores and used to derive column densities, gas masses, FIR lumi-

nosities, and dust temperatures. A molecular line and energetics analysis of the

outflows associated with NGC 2264 O & H was performed and multiple outflows

were found within each region. In order to assess the impact star formation is

having on the NGC 2264 cloud, the turbulent energy, outflow dynamical energy,

and cloud clump gravitational potential energy were compared. The results are

consistent with the interpretation that the cloud complexes are maintaining their

overall integrity except along outflow axes where cloud material directly inter-

acts with the outflows. The outflows deposit most of their energy outside of the

molecular cloud, resulting in a weak ≤ 0.5% coupling between outflow kinetic

energy and cloud turbulent energy.
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CHAPTER 3

PROBING THE MOLECULAR ENVIRONMENT AT CLOUD BOUNDARIES

3.1 Introduction

The goal of this work is exploring the molecular environment at cloud boundary

regions using millimeter and submillimeter CO observations as probes of physi-

cal conditions in these regions. With these data we explore links between internal

and external cloud environment, star formation, and their impact on the molec-

ular cloud itself, attempting to gain a better understanding of the larger picture

of formation and disruption of clouds. Molecular line signatures (e.g., CO) carry

kinematic fingerprints describing the environments in which they originate. Sig-

natures of outflowing gas, turbulence, rotation, bulk cloud motion, and other

information is contained within resulting spectral line profiles. Examining spec-

tral line maps across a cloud edge can provide insight into physical processes

dominating the kinematics of the region.

For example, observed line characteristics and the physical conditions de-

rived from them may help distinguish between typical photodissociation regions

(PDRs) and environments in which ongoing cloud formation or disruption may

be taking place. Observed line characteristics aid in establishing links between

observed structure at cloud boundaries and the internal molecular cloud envi-

ronment. Spectroscopic strip scan observations are proven and effective tech-

niques for probing cloud environments and their boundaries, especially at high

frequencies, where telescope facilities and/or good weather are at a premium and

beam sizes are generally small, e.g., Minchin, White, & Padman (1993); Stutzki

et al. (1988). One dimensional strip maps have also been used for extensive ob-

servations at lower frequencies where degree-scale, high angular and spectral
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resolution observations are effective probes of molecular cloud structure, e.g.,

Sakamoto & Sunada (2003); Sakamoto (2002). For this reason, a cloud edge sur-

vey was undertaken consisting of multi-transition strip scan observations of CO

and 13CO toward molecular clouds with a broad range of star forming and other

physical characteristics, including Mon OB1, L1204 / S140, B335, & IRC+10216.

In this chapter, we analyze two well-studied, relatively quiescent sources that en-

compass a large variety of environmental characteristics at their boundaries. This

is ongoing work and the results presented in this chapter form a framework for

interpreting other mapped molecular cloud edges.

Significant changes in spectral line characteristics, including intensity drop-

offs, velocity centroid shifts, and large line width changes, are relatively com-

monplace at the edges of molecular clouds and are in many cases to be expected.

This is because cloud surfaces are PDRs that form the transition region between

dense molecular interiors and warm atomic phases of the ISM. PDRs are overall

neutral regions with thermal and chemical structures that are dictated by the am-

bient interstellar radiation field (far ultraviolet photons). Figures 1.1 & 3.1 show

the structure of a PDR and its relationship to phases of the ISM. As indicated in

the figure, transition from H to H2 and C+ to CO take place within these regions,

and on a more global scale, they illustrate the existence of two stable neutral ISM

phases, CNM & WNM. It is in these regions that the formation and destruction

of molecular clouds takes place. As shown in this chapter, strip map cuts across

cloud boundaries can provide insight into these processes, thereby probing cru-

cial stages in life cycles of the ISM (see Figure 1.2).

Our strip scan observations begin at locations within the main bodies of molec-

ular clouds and slice through cloud edge PDRs, tracing CO until it becomes unde-

tectable. The physical and chemical structure at cloud edges varies dramatically
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as a function of distance. As an example, Figure 3.1 from Hollenbach & Tielens

(1999) shows the calculated structure of a PDR as a function of depth into the

cloud, measured in visual extinction, AV , units. Although these results were cal-

culated for the PDR in Orion, the general trends are applicable overall to cloud

edge regions. This figure indicates that CO abundance begins to drop rapidly at

AV < 4, and correspondingly, its molecular line cooling influence diminishes at

these optical depths (this becomes quite pronounced at AV < 2). AV ∼ 4 marks

a transition region where CO begins to feel the effects of the interstellar radiation

field and its abundance decreases quickly due to photodestruction. However,

there is still a lot of molecular material in this region (note that the H2 abundance

is still quite large and only drops significantly toward AV < 2). For this reason,

CO provides a limited picture of cloud edges. Although self-shielding permits

the existence of CO farther into the molecular cloud periphery than many other

species, its emission does not extend to the edge of the molecular material.

As indicated in the figure, emission resulting from CO photodestruction prod-

ucts, e.g., C+ and to some extent C0, are much better spectral diagnostics of cloud

boundaries. However, although CO may not be an ideal tracer of these regions, it

is readily observable with existing millimeter and submillimeter-wave facilities

and lends itself well to extended strip scan observations. Obtaining comparable

data sets in C+ and/or C0 is very difficult. For example, as illustrated in Fig-

ure 1.3, C+ is observable only by airborne or space-based facilities, or perhaps

during the best weather from Dome A, Antarctica. C0 at 492 GHz (609 µm) is

more readily observable with existing ground-based submillimeter facilities, al-

though from Mt. Graham, AZ, such observations are still only achievable during

the best 25% of the winter weather. C0 therefore does not lend itself well to exten-

sive strip map survey techniques. For this reason, we chose to conduct the cloud
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Figure 3.1 Calculated chemical and physical structure of the PDR in Orion from
Hollenbach & Tielens (1999). Atomic and molecular abundances of various key
species relative to the total hydrogen abundance are included as a function of op-
tical depth along with dominant spectral line coolants and temperature structure
through the PDR. An important feature highlighted by these diagrams is that CO
does not extend to the boundary of molecular material and therefore provides
only a partial picture of the cloud edge environment.



61

edge survey using CO. Although CO observations may not provide a complete

picture of the edges of molecular clouds, they are quite useful in obtaining an

overall sense of what may be occurring (see the analysis section of this chapter

for details).

3.2 Observations

3.2.1 12 m Data

Strip map observations, consisting of 1−D maps of individual absolute position

switched (APS) spectra, were made toward the cloud edge survey sample at the

Arizona Radio Observatory (ARO) 12 m millimeter-wave telescope near Tucson,

AZ, during March − May, 2004 and April, 2007. A summary of the sources

and accompanying observational information is presented in Table 3.1. In or-

der to achieve roughly the same sensitivity for all strip scan observations, the

rms values of individual spectra were monitored throughout mapping so that

noise levels better than 0.3 K were attained. For this reason, the on-source in-

tegration time per map position varied; typically a total of between 120−180 s

was spent on-source for each observation. The 12 m dual-polarization, single-

sideband 90−116 GHz receiver was used to make all 12CO (1−0) and 13CO (1−0)

map observations and a 200−265 GHz single-sideband receiver was used to ob-

tain some of the 12CO (2 − 1) data. The millimeter autocorrelator (MAC) served

as the back end for all observations and was configured for 300 MHz total usable

bandwidth and 8192 channels.

During observations, the pointing was checked each hour by observing plan-

ets, including Mars, Jupiter, or Saturn, and varied by less than 5′′. In order to con-

fidently combine data sets taken on different dates, spectral line observations of

the following sources were used as cross-calibration: Orion A (α = 05h32m47s.0,
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Table 3.1. 12 m Spectral Line Observations

Object α1950 δ1950 Spectral Line Dates Scan Direction Map Length Spacing Resolution RMS Beam Size

( ′) ( ′′) (km s−1) (kHz) (K) ( ′′)

Strip O 06:37:55.0 10:18:00.0 12CO (1 − 0) 2004 Mar 30−May 3 west 22 27.5 0.254 97.6 0.20 55

Strip O 06:37:55.0 10:18:00.0 13CO (1 − 0) 2007 Apr 09−11 west 22 27.5 0.266 97.6 0.08 57

Strip H 06:38:28.6 10:39:45.0 12CO(1 − 0) 2004 Mar 30−May 3 east 57.5 27.5 0.254 97.6 0.15 55

Strip H 06:38:28.6 10:39:45.0 13CO (1 − 0) 2007 Apr 09−11 east 57.5 27.5 0.266 97.6 0.08 57

IRC+10216 09:45:14.89 13:30:40.8 12CO (1 − 0) 2004 Mar 30−May 3 east & west 9.2 27.5 0.254 97.6 0.17 55

IRC+10216 09:45:14.89 13:30:40.8 13CO (1 − 0) 2004 Apr 29−30 east & west 7.3 27.5 0.266 97.6 0.07 57

S140 22:17:41.0 63:03:41.0 12CO(2 − 1) 2004 Mar 30−May 13 west 4.7 14 0.127 97.6 0.22 28

S140 22:17:41.0 63:03:41.0 12CO(1 − 0) 2004 Apr 30 west 9.5 27.5 0.254 97.6 0.19 55

S140 22:17:41.0 63:03:41.0 13CO(1 − 0) 2004 Apr 30 west 5.8 27.5 0.266 97.6 0.12 57

B335 19:34:35.3 07:27:24.0 12CO(1 − 0) 2004 May 01−03 west 7.3 27.5 0.254 97.6 0.19 55

B335 19:34:35.3 07:27:24.0 13CO(1 − 0) 2004 May 01−03 west 5.5 27.5 0.266 97.6 0.12 57

Note. — Strip O and Strip H are both located within Mon OB1; see Figure 3.2
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Table 3.2. HHT Spectral Line Observations

Object α1950 δ1950 Spectral Line Dates Scan Direction Map Length Spacing Resolution RMS Beam Size

( ′) ( ′′) (km s−1) (kHz) (K) ( ′′)

Strip O 06:37:55.0 10:18:00.0 12CO (3 − 2) 2004 Apr 19−22 west 6.7 11 0.832 1021 0.13 22

Strip H 06:38:28.6 10:39:45.0 12CO(3 − 2) 2004 Apr 19−22 east 14.8 11 0.832 1021 0.12 22

IRC+10216 09:45:14.89 13:30:40.8 12CO (3 − 2) 2004 Apr 19−22 east & west 6.7 11 0.832 1021 0.15 22

IRC+10216 09:45:14.89 13:30:40.8 13CO (3 − 2) 2004 Apr 19−22 east & west 1.7 11 0.870 1021 0.11 23

IRC+10216 09:45:14.89 13:30:40.8 12CO (2 − 1) 2004 May 10 east & west 7.5 15 1.25 1021 0.20 33

S140 22:17:41.0 63:03:41.0 12CO(3 − 2) 2004 Apr 19−22 west 11.6 11 0.832 1021 0.09 22

B335 19:34:35.3 07:27:24.0 12CO(2 − 1) 2004 May 08 west 7.2 15 1.25 1021 0.14 33

Note. — Strip O and Strip H are both located within Mon OB1; see Figure 3.2
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δ = −05◦24′21′′ [B1950]), W3 (α = 02h21m51s.0, δ = +61◦52′19′′ [B1950]), DR21

(α = 20h37m14s.1, δ = +42◦09′05.1′′ [B1950]), and IRC+10216 (see Table 3.1 for

coordinates). After careful comparison the dual polarization data sets were com-

bined in order to improve the signal-to-noise levels achieved. The 12 m telescope

measurements are in terms of T∗
R, the observed antenna temperature corrected for

atmospheric attenuation, spillover, and radiative loss. In order to make mean-

ingful comparisons between our data sets and those of other researchers, e.g.,

Huggins, Olofsson, & Johansson (1988), these measurements were converted to a

main beam brightness temperature scale, Tmb, using procedures documented in

Appendix C of the 12 m manual (ARO, 2004). Measurements of Tmb for the 12 m

strip maps are accurate to within ∼20%.

3.2.2 HHT Data

During April and May, 2004, 12CO (3 − 2), 12CO (2 − 1), and 13CO (3 − 2) strip

scan observations were obtained for the same set of sources with the ARO 10 m

telescope (HHT) on Mt. Graham, AZ. Two facility SIS receivers were used to ob-

tain the data including a dual-polarization, double-sideband 345 GHz instrument

and a single-polarization, double-sideband 230 GHz instrument. Acousto-optical

spectrometers, each possessing 1 GHz total bandwidth and 2048 channels, served

as back ends for all observations. A summary of important observational param-

eters for these data is provided in Table 3.2. Similar to the 12 m data, the telescope

pointing was monitored every hour and changed by ∼< 4′′ and all observations

made were strip maps consisting of individual APS spectra. After careful calibra-

tion, multiple observations and all dual-polarization maps were combined in or-

der to improve the signal-to-noise levels using Orion A, W3, DR21, & IRC+10216

as cross-calibrators. The rms of individual spectra was monitored throughout

mapping to ensure that the resulting data sets would have noise levels compara-
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ble to one another (less than 0.3 K rms), so the integration time per point did vary

depending on observing conditions. On average, a total of 180 s was spent on-

source per mapped position. All HHT data presented in this chapter are shown

in terms of antenna temperature corrected for atmospheric extinction, T∗
A.

3.3 Results and Discussion

Spectroscopic studies of cloud boundaries can provide a wealth of information

about the molecular cloud, its relationship with the surrounding ISM, and the im-

pact of stellar environment and star formation within the cloud. To this end, we

made 1−D strip maps of multi-transition CO and 13CO across the edges of clouds

exhibiting a wide variety of star forming and molecular cloud environments with

the goal of exploring the link between physical characteristics of cloud edges and

stellar / interstellar environment. For each source in the survey, excluding B335

(see below), 12CO (3 − 2), 12CO (1 − 0), & 13CO (1 − 0) strip map observations

were made by scanning in the direction of the cloud edge closest to map starting

points until the spectral line signal faded into the noise (∼0.1 K rms noise level).

Selected sources in the cloud edge survey sample are described in more detail

below. The observations and date for strip maps toward S140 and B335 are pro-

vided in Appendices A and B and will be analyzed in greater detail in a future

paper.

3.3.1 Mon OB1 − Northern Cloud Complex

Two complete sets of strip scan observations were obtained in the Mon OB1

northern cloud complex associated with NGC 2264. Strips extending west and

east from the peak emission contour of a previous CO study (see Figure 3.2) were

made near sources IRAS 25 and 27, several young protostellar sources whose

outflow kinematics and energetics were studied in chapter 2. These strips are re-
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ferred to as “Strip O” and “Strip H”, respectively. The orientation and extent of

the 12CO (1 − 0) maps is indicated in the figure. As for all other sample sources,

composite figures displaying results of mapped strips as a function of angular

distance from the starting position were made for each data set, including plots of

peak and total integrated intensity, full width half max (FWHM) measurements

of Gaussians fit to individual spectra, a position-velocity diagram, and plots of

selected individual spectra along the strip. Each strip was made with successive

observations progressing in the direction of the nearest cloud edge taken at 1/2

beam spacing depending on the telescope used and frequency of observations.

Images showing results of the 12CO (1 − 0) data are presented here (see Fig-

ures 3.3 & 3.4). Characteristics of the 13CO (1 − 0) emission for each of these

sources appear to be qualitatively similar to the 12CO (1 − 0) strip maps. For

example, Figure 3.5 shows the results of a 1−D 13CO (1 − 0) strip made along

Strip H. The brightest clumped structures observed in 12CO (1− 0) coincide with
13CO emission, although the the latter is significantly less extended in both spa-

tial and velocity structure. Nevertheless, core regions of the brightest 12CO emis-

sion knots are apparent in 13CO, indicating that a large fraction of the observed

clumps are optically thick. The 12CO (3−2) emission also traces the same clumped

features appearing in the 12CO (1 − 0) strip maps. However, this emission is

much less extended by comparison and disappears into the noise over a much

shorter mapped distance. Consequently these strips are 1/4 − 1/3 as long as

their 12CO (1 − 0) counterparts. It is likely that 12CO (3 − 2) emission would re-

appear for some of the brightest and farthest 12CO (1 − 0) clumps (e.g., see P−V

diagram at ∼ 1750′′ in Figure 3.3) but our data sets do not extend out to these

distances. A brief discussion of Strip H emission characteristics in the context of

molecular cloud and star formation environment is included below.
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Figure 3.2 Locations, orientations, and extents of 12CO (1− 0) strip maps made in
the Mon OB1 dark cloud have been indicated (white arrows). Strips begin on the
6 K emission contour as mapped in CO (1−0) by Margulis & Lada (1986) (smooth
dark contour) and continue off the cloud toward the east and west. For reference,
these strips are shown superimposed on a POSS red plate image of the region.
Molecular outflows associated with sources IRAS 25 & 27 (see chapter 2), their
approximate size and locations are also indicated.
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Figure 3.3 Composite image of 12CO (1 − 0) emission for the ∼ 1◦ Strip H map.
Plots of integrated intensity, peak intensity, FWHM values of Gaussians fit to in-
dividual spectra, and a position−velocity diagram are shown as a function of
distance from the strip map starting point. In the latter diagram, intensity corre-
sponds linearly to grayscale. Dashed lines indicate the locations of three individ-
ual spectra shown at the bottom of the image.



69

Figure 3.4 Composite image of 12CO (1 − 0) emission for the ∼ 22′ Strip O map.
Plots included are similar to those displayed in Figure 3.3. Note the clumped
emission structures appearing in the P−V diagram, similar to those observed for
Strip H.
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Figure 3.5 Composite image of 12CO (1 − 0) emission for the one dimensional
Strip H map (compare with Figure 3.3.) Note the optically thick clumped emis-
sion structures (coinciding with the brightest observed 12CO (1 − 0) emission
knots) appearing in the P−V diagram.
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3.3.2 IRC+10216 / CW Leo

IRC+10216, also known as CW Leo and AFGL 1381, is perhaps the most well

studied circumstellar envelope (CSE) surrounding an evolved star. This object is

likely evolving to become a planetary nebula. Its proximity, between ∼120 pc and

∼200 pc (Schöier, 2000; Kwan & Hill, 1977), and nearly spherical geometry have

made this CSE an ideal subject for theoretical modeling. IRC+10216 appears to

be well described by a symmetric mass outflow driven by a radially expanding

wind with roughly constant expansion velocity and mass loss rate, e.g., Huggins,

Olofsson, & Johansson (1988); Kwan & Linke (1982). It is believed that matter at

the base of the envelope is driven to terminal velocity by radiation pressure on

dust grains that, in turn, transfer momentum to the gas through coupling effects.

CO observations (e.g., see Figures 3.6 & 3.7) provide good probes of the outer en-

velope of the CSE. CO survives at distances farther from the central source due to

strong self-shielding after many other tracer species have been photodissociated

by the ambient interstellar radiation field (Huggins & Glassgold, 1982).

The IRC+10216 environment will be explored in more detail later in this chap-

ter. Main observed characteristics include 12CO (1 − 0) and 13CO (1 − 0) line pro-

files that appear to be dominated signatures of the expanding gas and retain ap-

proximately the same line width as their intensity fades with distance from the

central source. The latter effect is well illustrated in P−V diagrams and in plots

of measured full velocity width at half intensity shown later in this section. Fig-

ures 3.6 & 3.7 suggest that spectral line signature along the strip maps may be

largely influenced by the outflowing gas from the central evolved stellar source.

Unlike many molecular cloud edges studied in this chapter and the associated

appendices, characteristics of an object embedded within the molecular material

dominate the observed line profiles out to the CO photodissociation edge.
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Figure 3.6 Composite image of 12CO (1− 0) emission for the ∼ 9′ IRC+10216 strip
map oriented E−W. Plots included are similar to those displayed in previous fig-
ures. The strip map data are 1/2 beam spaced (∼ 30′′). Spectral line profiles along
the strip may be largely influenced by the outflowing gas and no clumped emis-
sion features similar to those appearing at the edges of other molecular clouds
are present in the P−V diagram.
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Figure 3.7 Composite image of 13CO (1 − 0) emission for an ∼ 8′ strip map of
IRC+10216 oriented E−W across the source. Plots included are similar to those
displayed in previous figures. As for the 12CO (1−0) emission, the strip map data
are 1/2 beam spaced (∼ 30′′).
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3.3.3 Challenges of Characterizing Molecular Cloud Edges

The edges of molecular clouds are complex environments. These regions delin-

eate phase transitions between cold clouds and warm envelopes and intercloud

gas and they are prime sites of cloud formation and destruction. Their surfaces

are photodissociation regions (PDRs) frequently exposed to energetic external en-

vironmental conditions such as nearby HII regions or the passage of supernova

shock waves. Cloud interiors can be far from quiescent, their gas churned by

outflows from forming stars and the stellar winds of YSOs. Disentangling this

information from spectral line signatures at molecular cloud boundaries in order

to explore links between surrounding cloud environment, star formation, and

the resulting impact on the molecular cloud itself can be very insightful, but also

quite difficult.

For example, Figures 3.2 & 3.3 show the location and results of 12CO (1−0) ob-

servations of “Strip H”, a 1−D raster scanned strip map beginning near IRAS 27

in Mon OB1. The strip begins at the 6 K 12CO (1− 0) emission contour as mapped

by Margulis & Lada (1986) and progresses at ∼ 30′′ intervals (1/2 beam spac-

ing) for ∼ 1◦ off the eastern edge of the cloud complex. Although the northern

portion of the cloud is undergoing relatively quiescent star formation compared

with the southern portion associated with NGC 2264, the spectral line signatures

progressing off the Strip H map are rather complex. The clumpy nature of CO

emission at the cloud boundary is evident in integrated and peak intensity plots

as well as the position−velocity diagram presented in Figure 3.3. There appears

to be a velocity drift associated with the clumps (on-cloud emission shown here

and presented in chapter 2 is centered at vLSR = ∼ 8 km/s). A number of factors

may contribute to the observed spectral line shapes. For instance, the northern

portion of this cloud is extended along the north−south direction (see Figure 3.2),
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leading researchers to suggest the previous passage of shock waves as a possible

origin of the observed structure. The dynamical memory of the molecular cloud

may influence the CO spectral line profiles in the 1−D strip maps. Also, the ob-

served velocity gradient associated with the clumps may indicate bulk motions

at the edge of the cloud, such as rotation, may be playing a role in the line profiles

observed.

On-cloud spectra do not appear to be quiescent either, possessing multiple ve-

locity components and further complicating efforts to interpret origins of the ob-

served line structure. It is possible that some of this complexity is due to outflows

associated with IRAS 27. Insets and boxes showing these outflows, their size and

location relative to the northern cloud complex show that the strip begins in a

region relatively close to this object. Overall, it is difficult in this relatively active

environment to separate the influence of multiple factors (e.g., previous passage

of shocks, outflows from forming stars, bulk cloud motions) on the resulting line

profile at the cloud edge. Together, these factors complicate interpretations of

the impact star formation and the surrounding interstellar environment have on

the northern cloud complex of NGC 2264. For this reason, the following analysis

focuses on using strip maps to probe the environment at the boundaries of kine-

matically simpler regions, including a quiescent molecular cloud (Heiles Cloud

2) and the circumstellar envelope of the well-modeled evolved star IRC+10216.

In each case, a comparison of our results with the work of other researchers is

presented. This is ongoing work, and a detailed analysis of other, more complex

cloud edge strips, such as Strip H, will be undertaken during my postdoctoral

fellowship.
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3.3.4 Case 1. − An Isolated Dark Cloud: Heiles Cloud 2

Heiles Cloud 2 (HCL2, Heiles (1968)) is a relatively quiescent dark cloud in Tau-

rus that has been well studied due to its proximity (140 pc, Elias (1978)) and be-

cause it appears to be relatively free from many external energetic influences that

typically impact GMCs including nearby OB stars and supernova remnants. The

latter characteristic makes HCL2 a good candidate for studying the physical con-

ditions of cloud edges and their link with molecular cloud environment. There

is significant evidence for a northwest − southeast age gradient across the cloud,

including enhancements in the CI/CO abundance ratio in the southeastern por-

tion of the cloud (Maezawa et al., 1999) and a trend from many dense cores in the

NW to very few in the SE part of HCL2 as traced by C18O observations (Sunada

& Kitamura, 1999). There is a concentration of young stellar objects in the NW

part of the cloud (Stelzer & Neuhaüser, 2001) including three T Tauri stars are

located near the NW end of the 12CO (1 − 0) strip map analyzed below (Itoh,

Tamura, & Nakajima, 1999; Itoh, Tamura, & Gatley, 1996). Chemical studies of

HCL2 provide additional evidence for an age gradient; the NW portion of the

cloud has abundance enhancements in molecules associated with later stages in

chemical evolution like NH3 & N2H+, whereas the SE part of HCL2 is rich in

carbon-chain molecules (CCS and cyanopolyyne) thought to form earlier, e.g.,

Pratap et al. (1997). This age gradient is particularly interesting in the context of

other evidence indicating the possibility of ongoing molecular cloud formation

at the southeastern boundary (Sakamoto & Sunada, 2003; Maezawa et al., 1999).

Coupled with the relative simplicity of the cloud environment (compared

with the Mon OB1 dark cloud or the L1204 / S140 region, for example), this

makes HCL2 an excellent candidate for further studying the relationship be-

tween the cloud and its surrounding environment. These characteristics also
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make HCL2 a good subject for developing techniques to probe cloud edge phys-

ical conditions with strip map observations. These tools may be applicable to

analyzing other, more complex cloud boundary regions.

In order to better understand the Heiles Cloud 2 environment we re-analyze

a ∼3 ◦ strip map of 12 CO(1−0) emission taken across the southeastern edge of

HCL2 presented in Sakamoto & Sunada (2003), comparing our results with the

published findings. These researchers analyzed the physical characteristics of

this cloud boundary, and Figure 3.8 displays their position-velocity diagrams of
12 CO(1−0) observations toward the HCL2 envelope. The authors discovered a

number of small-scale structures with large linewidths relative to the main cloud.

As indicated by the red arrows in Figure 3.8, the velocity dispersions of emission

on the main cloud body (-60 < X < +270, where X corresponds to grid position;

grid spacing is 41.1′′) and at the cloud edges (+270 < X < +600) are quite different.

In addition, the emission features appear to be shifted in velocity relative to the

main cloud. These pronounced discontinuities (the increase in velocity disper-

sion at the cloud edge and abrupt changes in the line centroid) prompted us to

further examine the physical conditions in the turbulent cloud boundary region.

3.3.4.1 LTE Analysis

Figure 3.8 also shows Gaussian fits to averaged 12 CO(1−0) line profiles both on

HCL2 and at its boundary. The results of these fits are used to highlight ob-

served differences in average line width and the velocity discontinuity across the

cloud edge. For examle, notice that the centers of the Gaussians appear shifted

(5.9 km/s and 4.5 km/s for fits on and off the main cloud, respectively) and that

the FWHM values vary significantly (2.6 km/s on the cloud vs. 5.0 km/s at the

cloud boundary). These characteristics were used to extract information about

physical characteristics of the HCL2 boundary region. Assuming that the CO gas
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Figure 3.8 reproduced from Sakamoto & Sunada (2003) left: Position − veloc-
ity diagram of 12 CO(1−0) emission toward Heiles Cloud 2. Arrows indicate the
difference in average velocity dispersion between emission features located in
the main cloud body (-60 < X < +270) and those at the boundary of the cloud
(+270 < X < +600). right: Averaged spectral line profiles over the main cloud
(black dots) and boundary regions (red dots) from Sakamoto & Sunada (2003)
have been overlayed with best fit Gaussian functions (solid curves), showing the
abrupt discontinuity in spatial and velocity structure observed at the cloud edge.
The fit results were used to determine FWHM velocity (velocity dispersion) and
line center velocity values on the cloud and in the turbulent boundary region.
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is thermalized (see equation 3.1) both in the main cloud region and at the cloud

boundary results in the following expressions for temperature in each region,

respectively: Tcloud = 1
3 kB

m v2
cloud and Tedge = 1

3 kB
m v2

edge where m is the mean

mass per gas particle, v is the average particle speed, kB is Boltzmann’s constant

(erg/K), and T is temperature (K). In this analysis, we assume that the average

particle speeds (v) are similar to measured line of sight radial velocity dispersion

values (∆ v) and make a ratio of temperature values across the cloud edge. This

results in equation 3.2 assuming that characteristics of the gas particles (e.g., m)

are the same across the cloud boundary. Here we have an expression for gas tem-

perature across the cloud edge in terms of line of sight CO velocity dispersion

measurements.
3

2
kB T =

1

2
m v2 (3.1)

Tedge

Tcloud
=

(

∆ vedge

∆ vcloud

)2

(3.2)

The 12 CO(1−0) emission observed toward the main cloud body is likely opti-

cally thick. Since this emission is spatially extended compared with the size of the

beam (15′′ at 115 GHz), the filling factor is close to 1. In the limit of large optical

depth (τCO) and unity filling factor (f ), the Rayleigh-Jeans brightness tempera-

ture above the background corrected for all efficiencies (also called main beam

temperature, Tmb), is the excitation temperature of the gas, Tex, minus the con-

tribution of the cosmic background, Tbg = 2.73 K (see equation 3.3). All measure-

ments were presented in terms of corrected source antenna temperature, T∗
R, and

are related to main beam temperature by Tmb = T∗
R/ηmb, where ηmb is the main

beam efficiency. The latter is a measure of the efficiency of source coupling to

the telescope beam and typically ranges from ∼0.45 for compact sources to ∼0.7

for extended objects. Since the main cloud body is fairly extended, an average

coupling efficiency of ∼0.58 was used to estimate the average main beam tem-
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perature observed on the cloud. The averaged on-cloud spectrum has T∗
R = 4.0 K,

corresponding to Tmb = ∼ 7 K. Since the 12CO emission is optically thick, the ex-

citation temperature of the gas in the main cloud is ∼ 10 K. Assuming that the

cloud is in local thermodynamic equilibrium (LTE) indicates that the gas kinetic

temperature on the main cloud body is also ∼ 10 K.

Tmb = f(Tex − Tbg) (1 − e−τCO) (3.3)

If the boundary region of HCL2 is in LTE, the expected line temperature in the

turbulent boundary layer can be calculated using this assumption (Tcloud = 10 K)

along with equation 3.2. Here the FWHM values of measured average velocity

on and off the cloud are vcloud = ∼ 2.6 km/s and vedge = ∼ 5.0 km/s, respectively

(see Figure 3.8). This results in a predicted cloud edge excitation temperature,

Tedge, of 40 K. The average T ∗
R = 0.7 K in regions observed at the edge of HCL2.

Since features appearing in the cloud edge region are largely unresolved clumps,

a coupling efficiency of 0.45 was used to estimate Tmb in the off cloud region. This

results in an average temperature of Tmb = 1.5 K in the HCL2 boundary region.

Since the expected gas excitation temperature in the post shocked region is 40 K,

our LTE analysis implies that the average filling factor of clumps at the cloud

edge is Tmb/Tedge ∼ 0.04. Under non-LTE conditions (which is likely) the gas

temperatures in the high velocity dispersion region would most likely be greater,

driving the filling factor of the clumps (and therefore their average size and mass)

down further.

In the limit of small optical depth, equation 3.3 was used assuming a fill-

ing factor of 0.04 and Tmb = 1.5 K, to calculate the corresponding optical depth

of the CO emission for clumps at the cloud boundary resulting in τCO = 0.94.

Clump CO column density (cm−2) was then estimated using this calculated opti-

cal depth along with analysis techniques presented in Chapter 2 (see equation 2.5)
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and characteristics of the 12 CO(1 − 0) emission (e.g., µ = 0.110 debeye, ∆v = ex-

tent of line core region = ∼7.0 km/s − ∼4.5 km/s, Tex = 40 K, u = 1, l = 0, ν =

115.271 GHz). This results in a CO column density of Nν, thin = ∼ 5 × 1016 cm−2.

The typical CO/H2 abundance ratio for GMCs (1 × 10−4) does not apply well at

cloud boundaries where molecular material is directly affected by the interstel-

lar radiation field (ISRF). Examining general characteristics of model cloud edges

exposed to a radiation field similar to the HCL2 environment reveals that CO col-

umn densities of 5 × 1016 cm−2 are typical of regions with AV = 2 (Kulesa et al.,

2005), corresponding to a CO/H2 abundance closer to 2.0 × 10−5. The resulting

column density for clumps at the edge of HCL2 is N (H2) = ∼ 2 × 1021 cm−2 from

estimated N (CO) values.

This value is consistent with beam averaged column density estimates for the

southeastern edge of HCL2 obtained by Sakamoto & Sunada (2003), ∼ 1 × 1021

cm−2. This also agrees with measured visual extinction of the region, AV ∼0.5,

(Cernicharo & Guélin, 1987) and the [N (HI) + 2 N (H2)]/AV = 1.9×1021 cm−2 mag−1

ratio (Bohlin, Savage, & Drake, 1978; Sneden et al., 1978), yielding ∼ 5 × 1020

cm−2. The agreement of the column density determined in the cloud edge region

with results of other studies indicates that the edge of HCL2 may be consistent

with an environment in which small-scale cloudlets inhabit a turbulent boundary

layer between HCL2 and the ambient intercloud medium.

Although an averaged 12CO (1 − 0) spectrum toward the HCL2 cloud edge

region has a rather low observed brightness temperature (T∗
R = 0.7 K) individ-

ual knots of emission can be significantly brighter (T∗
R = 3 K, see Figure 3.8).

It is possible that these are optically thick, comparatively dense cloudlets em-

bedded within a less dense cloud edge medium, analogous to tapioca pudding.

Since these objects are spatially compact, the source-telescope coupling efficiency
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would be close to 0.45, indicating that the on-clump Tmb = 6.7 K. This value is

much less than Tex = 40 K predicted above based on our velocity dispersion anal-

ysis and is consistent with the clumps having a beam filling factor of ∼< 0.2. HCL2

is located at a distance of 140 pc and the half power beam size of the NRO 45 m

(used to collect the data) is 15′′ at 115 GHz. This was used to calculate the pro-

jected area of the telescope beam. Assuming spherical clumps, Aclump is the pro-

jected clump area with radius rclump. The characteristic clump size predicted is

therefore 2 × rclump = ∼ 0.005 pc.

This value fits with the results of other researchers. Sakamoto & Sunada (2003)

find that although the typical size of small-scale structures observed at the cloud

edge is 0.1 pc, the smallest observed features are significantly more compact, with

sizes comparable to the beam (∼< 0.01 pc). Recent theoretical work examining

molecular cloud formation via propegation of shock waves through atomic envi-

ronments (Inutsuka & Koyama, 2004; Koyama & Inutsuka, 2000) indicate that

thermal instabilities in the post-shocked gas produce compact (∼ 0.0001 pc −

∼ 0.2 pc, see Sakamoto & Sunada (2003) and references therein), high density

molecular cloudlets within a warm neutral phase. As discussed by Inutsuka &

Koyama (2004), this is an important process in the gas phase transition from

a warm atomic phase to cold molecular gas. When coagulation of cloudlets

results in a column density greater than ∼ 1021 cm−3, the two-phase medium

(WNM + CNM) evolves into a single-phase (CNM) environment within a cool-

ing timescale.

3.3.4.2 Non-LTE Analysis

The results presented above indicate that a shocked environment may be able to

account for features observed in the on-cloud to off-cloud transition region at the

periphery of HCL2. However, an ISM phase change from atomic to molecular
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material does not require the presence of shocks in order to explain large velocity

dispersion changes at a cloud boundary. In addition, the observed shift in ve-

locity centroid may imply that the cloud boundary is not in steady state, further

complicating the analysis. Also, throughout the analysis, LTE was assumed to

hold in the cloud boundary region. Here densities may be low enough that the

gas excitation temperature is decoupled from its kinetic temperature and it is pos-

sible that the difference observed between main beam temperature and predicted

excitation temperature reflects this discrepancy.

The degree of departure from LTE could be assessed accurately with multi-

transition spectroscopic data (e.g., 12CO (2 − 1) & 12CO (3 − 2)) in addition to the
12CO (1− 0) maps). In their absence, we use 12CO (1− 0) emission in conjunction

with a non-LTE radiative transfer program based on a photon escape probability

formalism (Kulesa et al., 2005). This program calculates statistical equilibrium for

rotational levels of various interstellar molecules (including CO) and provides

predicted line brightness temperatures based on the solution. The calculation

incorporates 11 transitions among 12 levels and assumes a uniform, plane parallel

cloud slab. Since the IRSF surrounding the HCL2 region is close to the local

IRSF (Snell, Schloerb, & Heyer, 1989), this was used along with the measured
12CO (1−0) line brightness to guide and help constrain calculations. The non-LTE

analysis was performed for gas kinetic temperatures of 40 K. This environment is

likely more translucent and less dense than a typical dark molecular cloud, likely

possessing properties intermediate between dark clouds (n = ∼ 104 cm−3, T =

5−10 K) and warmer, diffuse clouds (n = 10−103 cm−3, T = 10−50 K). It is probably

reasonable to assume an average gas kinetic temperature of 40 K at the edge of

HCL2. In order to verify that the value of temperature chosen does not greatly

impact our results, the escape probability code was run for different temperatures
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(as much as 10 K different from the 40 K value adopted) and the results did not

vary widely (e.g., the predicted 12CO (1−0) line temperature differed by less than

0.2 K).

The program also requires an input CO column density which is a much more

sensitive parameter in determining resulting line brightness predictions. Run-

ning the escape probability code with small column density estimates yields un-

realistically low line brightness temperatures, regardless of how other parame-

ters (e.g., total hydrogen density and kinetic temperature) are varied. Significant

line brightness temperatures are not achievable at much less than CO columns

of ∼ 5 × 1015 cm−2, corresponding to AV ∼ 1.3 (Kulesa et al., 2005). This value

is intermediate between the average on and off-cloud conditions; an extinction

analysis of the HCL2 strip map region yields averages of AV = 4 and AV = 0.5,

respectively (Sakamoto & Sunada, 2003). A region with AV = 1.3 may be more

representative of conditions in clumpy cloudlets that produce the majority of the

CO emission observed in the off-cloud region. For this reason, a CO column den-

sity of 5 × 1015 cm−2 was used in the statistical equilibrium calculations. With all

of this information (temperature, CO column density, and local ISRF) the total

hydrogen number density, nH [cm−3], was varied until the predicted 12CO (1− 0)

line brightness temperature matched the main beam temperature observed in the

off-cloud region. The results indicate that nH = 1100 cm−3 is a reasonable estimate

of the total hydrogen density.

One of the most interesting results of the HCL2 study is the possibility that

the southeastern cloud edge is undergoing a phase transition from a two-phase

(WNM + CNM) to a one-phase CNM environment. As suggested by Sakamoto

& Sunada (2003), it is possible that cloud formation or destruction signatures

are being witnessed. In order to further explore this possibility and carry their
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analysis a step further, we use the density information obtained above to examine

H2 formation and destruction rates at the HCL2 cloud boundary. The dissociation

rate of H2 (per molecule) for a cloud edge exposed to a one-sided radiation field

is given by equation 3.4 where IUV is the radiation field strength relative to the

local ISRF (Black & van Dishoeck, 1987).

kd = 7.5 × 10−11 IUV [s−1] (3.4)

This dissociation rate does not take into account H2 self-shielding effects and

therefore an appropriate reduction factor, fshield, must be applied depending on

the H2 column density of the region. Model cloud edge regions exposed to the

local ISRF with AV = 1.3 typically possess column densities of NH2
∼ 1×1021 cm−2

(Kulesa et al., 2005). This is consistent with the results of Sakamoto & Sunada

(2003) for the off-cloud region. Using this column density estimate and based on

the results of Kulesa (2003) and Draine & Bertoldi (1996), fshield = ∼ 5 × 10−7.

Since the ISRF surrounding HCL2 is close to the local ISRF, the destruction rate

per H2 molecule becomes ∼ 4 × 10−17 s−1.

The total H2 formation rate, kf , is given by equation 3.5 where T is the gas

kinetic temperature, nH = n(H) + 2n(H2) is the total hydrogen column density,

and yf is a H to grain sticking factor generally ∼ 0.3 (Black & van Dishoeck, 1987).

kf = 3 × 10−17 (T/100)1/2 yf nH n(H) [cm−3s−1] (3.5)

The abundance of molecular and atomic hydrogen depends strongly on density.

For a model translucent cloud / cloud edge exposed to the local ISRF (IUV =

1) with AV = 1.3, the predicted hydrogen column density ratio, N(H2)/N(H), is

∼ 8.3 (Kulesa et al., 2005). Adopting a gas kinetic temperature of 40 K and using

the total hydrogen density derived from statistical equilibrium calculations above

(nH ∼ 1100 cm−3) along with N(H2)/N(H) = 8.3, the total H2 formation rate was
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calculated for the HCL2 boundary region, yielding ∼ 4 × 10−13 cm−3s−1. The

H2 destruction rate for the same environment (n(H2) =∼ 520 cm−3) is ∼ 2 ×

10−14 cm−3s−1, indicating that at the edge of HCL2, the H2 formation rate exceeds

the destruction rate by a factor of ∼20. This result supports the interpretation that

the HCL2 boundary region is undergoing a phase transition from an atomic to a

molecular environment.

Assuming that the formation and destruction rates have remained constant

over time enables a rough estimate of the formation timescale of HCL2. Snell,

Schloerb, & Heyer (1989) estimated a total mass of 655 M� for HCL2 and their

published 13CO (1−0) and 100 µm continuum emission maps indicate an average

half power contour radius of ∼ 50′. Assuming a spherical cloud, this implies

an average density for HCL2 of ∼ 1 × 10−21 g cm−3. From above, the net H2

formation rate is ∼ 3.8 × 10−13 cm−3 s−1, or ∼ 6 × 10−37 g cm−3 s−1. Dividing

the average density determined by the H2 formation rate yields an estimate of

∼ 6× 107 years for the formation of HCL2. This is generally longer than lifetimes

typically expected for GMCs, ∼< 107 years, e.g., Williams, Blitz, & McKee (2000),

perhaps suggesting a comparatively long lifetime for HCL2 or an elevated cloud

formation rate in the past.

3.3.5 Case 2 − A Circumstellar Molecular Envelope: IRC+10216

Here we explore the cloud edge environment associated with a well studied ex-

panding circumstellar envelope (CSE) of the evolved star CW Leo. It is very

different from all other sources in the cloud edge survey. Winds from CW Leo

itself are responsible for the bulk expansion of molecular material and dominate

kinematic signatures of spectral line profiles. However, unlike typical complex

profiles found near the edges of many molecular clouds (see the first section of

this chapter), the expansion of the IRC+10216 CSE has been extensively and suc-



87

cessfully modeled and the origin of the resulting CO line structure is well under-

stood. For this reason, it is an excellent candidate for exploring characteristics at

the CO photodissociation edge and comparing the results with features typically

observed at the boundaries of other molecular clouds.

Figures 3.6 & 3.7 show the progression of spectral line data for E−W oriented

strip maps centered on IRC+10216. Examining the integrated intensity reveals

that emission is detected above the noise level (indicated by a dashed horizontal

line in each plot) out to distances of −200′′ − +220′′ and ∼ −80′′ − 165′′ from the

source for 12CO (1− 0) and 13CO (1− 0) observations, respectively. This is in gen-

eral agreement with results of other studies, e.g., Huggins, Olofsson, & Johansson

(1988). The main features of the 12CO map include a strong, wide (32 km/s ve-

locity width at zero intensity) central peak, a steep decrease in emission (signal

decreases to less than half strength over distances < 1′ from center), and a broader

region of lower-level emission followed by a drop-off where signals fall below de-

tectability at ∼ 200′′ from the central source. Some of this behavior is qualitatively

similar to the 13CO observations, although the fall-off in intensity toward the east

is less steep as a function of distance from the central source.

Velocity widths at half intensity were measured for individual spectra in these

data sets and examining full width values as a function of position reveals that

line width is roughly constant out to distances where CO emission becomes un-

detectable. For example, Figure 3.9 shows results for the 12CO (1 − 0) data set

(open squares). Over the detectability range of CO (∼ 200′′) the half intensity

velocity width, ∆V varies from 26 km/s to as low as ∼ 18 km/s, a relative differ-

ence of ∼ 30%. The change in velocity width out to the photodissociation radius

of CO is less pronounced compared with typical molecular cloud edges includ-

ing HCL2 and Strip H. Recall that the average line width increased by a factor of
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Figure 3.9 Measured 12CO (1 − 0) half intensity line width as a function of posi-
tional offset. Our data (open squares) along with associated error bars are shown
superimposed on the results of Huggins, Olofsson, & Johansson (1988). The solid
curves both show model results for predicted line width resulting from a spher-
ically symmetric outflow with constant mass loss and expansion velocity. The
standard model & results for a model also including enhanced gas heating and
effects associated with photodissociation of CO in the outer envelope are shown.

two from the HCL2 main cloud body to the clumpy cloud boundary region and

that the relative difference between average velocity widths on and off the cloud

decreased by ∼ 55% for Strip H.

Exploring the origins of the decrease in velocity width indicates that the ob-

served change in ∆V with positional offset from the central source is well de-

scribed by a spherically symmetric outflow of material with a constant mass-

loss rate and an expansion velocity that is also constant over time. IRC+10216

has been successfully modeled by a number of workers, e.g., Groenewegen, van

der Veen, & Matthews (1998); Crosas & Menten (1997); Huggins, Olofsson, & Jo-

hansson (1988); Kwan & Linke (1982). Procedures for modeling the circumstellar

molecular emission were developed by Kwan & Linke (1982) and Kwan & Hill

(1977) and rely on the fact that most of the molecular emission is produced far

from the star in regions where approximating a steady, spherically symmetric
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outflow at constant terminal velocity is reasonable. Following methods outlined

in these works, the temperature structure of the CSE and resulting line emission

can be predicted from thermal balance, taking into account adiabatic cooling ef-

fects (due to expansion of the envelope), cooling due to molecular line emission

(e.g., CO), and heating from gas-dust grain collisions. Adjustable model param-

eters include the mass loss rate of the outflow, Ṁ, the radiation field − dust grain

momentum transfer efficiency, Q, and the abundance of CO relative to H2. The

expansion velocity is measured directly from linewidths of the observed spectra

and typically ranges from ∼14 km/s − 16 km/s; our data agree with these re-

sults. Models treat CO excitation in detail (the dominant molecular line coolant)

and the predicted line intensities are convolved with the appropriate telescope

beam sizes for direct comparison with observations, the results of which are used

to further refine the models.

The results of such a model (the “standard model” from Huggins, Olofsson, &

Johansson (1988)) have been included in Figures 3.9 and 3.10 with our observed

data points indicated with open squares. The solid curves present in both fig-

ures show the predicted 12CO (1 − 0) line widths and line temperature profiles

resulting from a spherically symmetric outflow with constant mass loss and ex-

pansion velocity. This work was chosen for discussion because telescope beam

size compatibility permits a direct comparison of both measured and modeled

results with our observations. This standard model (Ṁ = 4.3 × 10−5 M�/yr, Q =

1.5×10−2, & CO/H2 = 6×10−4) is shown as a solid curve in each figure and repre-

sents the best fit to the Huggins data set that does not account for any sources of

heating (beyond gas-dust grain collisions) that may be present in the outer CSE

environment

The left and right halves of each figure are mirrors of one another (except for
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Figure 3.10 Measured 12CO (1− 0) line temperature profiles as a function of posi-
tional offset. Our data (open squares) along with associated error bars are shown
superimposed on the results of Huggins, Olofsson, & Johansson (1988). The solid
curves both show model results for the intensity profile resulting from a spher-
ically symmetric outflow with constant mass loss and expansion velocity. The
standard model (lower solid curve) & results for models also including gas heat-
ing and CO photodestruction effects (top two curves) in the outer envelope are
shown.
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our data points). Approximating spherical symmetry, Huggins averaged spectra

together from corresponding cardinal positional offsets to produce the data set

shown in the figures (filled circles and crosses). Neither our data (open squares)

nor the Huggins results are very well described by predictions of the standard

model, especially at large distances from the central source. CO survives out

to larger distances in the CSE than many other molecules due to strong self-

shielding effects from penetrating UV photons. Because CO extends relatively

far from the central source, effects of external heating and photodissociation play

important roles in determining the gas kinetic temperature and the boundary of

the CO envelope. In the outer envelope, external radiation can heat the gas in-

directly via the photoelectric effect, resulting in increased CO line emission than

would otherwise be predicted with the standard model. Also, penetrating UV

radiation will photodissociate CO causing an abrupt drop in the abundance at

a characteristic radius and a corresponding decrease in emission as CO rapidly

becomes sub-thermally pumped. The photodissociation of CO also has a small

heating effect on the gas.

These effects were explored by Huggins, Olofsson, & Johansson (1988), result-

ing in alternative models (other solid curves) shown in Figures 3.9 and 3.10. All

data in both figures appear to be better described by models including both uni-

form, spherical expansion and external heating and CO photodestruction effects

due to the surrounding ISRF. The relatively good agreement between the models

and measured half intensity velocity widths shown in Figure 3.9 indicates that the

expansion velocity has not changed much over time (14,000 yrs); the assumption

of a constant, terminal velocity outflow well describes the data. The conclusion

from these figures is that observed changes in line width and intensity are con-

sistent with model predictions; they do not belie the existence of turbulence or
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small scale structures out to the CO photodissociation radius.

Overall, the cloud boundary of IRC+10216 appears to be very different from

other molecular cloud edge environments explored in this chapter and the as-

sociated appendices. For example, marked changes in spectral line signatures

from the main cloud body to cloud edge regions, such as the significant velocity

width changes observed in the strip map across S140 and the small-scale clumped

structures and velocity centroid shifts observed at the boundaries of HCL2 and

Mon OB1, do not characterize the IRC+10216 emission. The P−V diagrams pre-

sented in Figures 3.6 & 3.7 reveal profiles that fade into the noise in a quiescent

manner with increasing distance from the central source. No clumped structures

were observed in position-velocity plots even for diagrams where intensity was

represented on a logarithmic scale. As supported by the analysis above, the dom-

inant signature present in the spectral line profiles is uniform expansion of the

CSE.

Although observed CO profiles are dominated by outflowing material, this

does not preclude the existence of small-scale turbulence at distances out to the

CO photodestruction radius. However, if turbulence contributes to line broad-

ening over a narrow velocity range (e.g., a few km/s) compared with the large

linewidth contributions due to envelope expansion, turbulent effects may be un-

detectable in our data sets. The abundance of CO decreases rapidly in the outer

envelope of IRC+10216. Here, energetic photons from the ambient ISRF begin to

photodissociate CO as self-shielding efficiency decreases in the less dense enve-

lope environment. IRC+10216 underscores the importance of tracing products of

CO destruction. C0 observations have served as important probes of kinematic

information in the outer envelope where the CO abundance is low and C+ obser-

vations would provide an important overall confirmation of our understanding



93

of the IRC+10216 cloud edge environment.

3.4 Summary & Outlook

The overall goal of the molecular cloud boundary survey is to probe conditions

at cloud edges using millimeter and submillimeter transitions of CO and gain

insight into cloud formation and destruction phenomena. Molecular line (CO)

signatures contain a wealth of information about the environments in which they

originate, although separating this information unambiguously in order to ex-

plore links between environment, star formation, and their impact on the molec-

ular cloud itself can be quite challenging. The cloud edge survey consists of

multi-transition strip maps of CO and its isotope 13CO of molecular clouds with

a broad range of physical conditions, including Mon OB1, L1204 / S140, B335, &

IRC+10216. In this chapter, we present a re-analysis of 12CO (1−0) strip map data

made toward the isolated southwestern edge of Heiles Cloud 2 and an analysis

of strips scans toward the evolved circumstellar envelope IRC+10216.

These sources were selected because they represent two extreme cases of molec-

ular environments which frame a broad spectrum of characteristics of other cloud

boundaries in the survey. HCL2 is a textbook example of a dark cloud with ev-

idence indicating it is undergoing cloud formation. IRC+10216 is a well studied

circumstellar envelope of an evolved star that forms CO and dust and then al-

lows it to be destroyed or dispersed into the ISM at supersonic velocities. Since

these sources are relatively simple, they are well suited to modelling and can pro-

vide insight into the relationships between these clouds and their environments.

Most objects in the cloud edge survey exhibit characteristics between these two

extremes; where environmental conditions external to the main molecular cloud

(e.g., cloud formation) appear to be dominating features in spectral line signa-
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tures across the cloud boundary and where spectral lines out to the CO photodis-

sociation boundary are overwhelmingly dictated by sources (e.g., wind from an

evolved star) interior to the cloud itself. This work is an ongoing effort. The two

cases presented in this chapter provide a framework for the analysis of the other

sources in this survey which will be continued during my postdoctoral fellow-

ship.
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CHAPTER 4

345 GHZ PROTOTYPE SIS MIXER WITH INTEGRATED MMIC LNA

4.1 Explanatory Note

This chapter originally appeared as a paper by P. Pütz, A. Hedden, P. Gensheimer,

D. Golish, C. E. Groppi, C. Kulesa, G. Narayanan, A. Lichtenberger, J. W. Kooi,

N. Wadefalk, S. Weinreb, & C. K. Walker 2006, Int. J. Infrared Milli. Waves, 27,

1365. With the permission of my thesis advisor, I include it in my thesis due to

my substantial contributions as a co-author, including:

• assembly, testing, and operation of the heterodyne measurement setup used

to characterize the SuperCam prototype mixer unit;

• use of this setup to help make the measurements presented in this work,

including key results such as characterizing receiver performance as a func-

tion of LNA bias and assessing heating effects of LNA dissipated power on

the SIS mixing device;

• participation in writing, developing figures, editing, and responding to re-

viewers’ comments for the published paper

This work was financed through the SuperCam project, NSF grant no. 0421499.

P. Pütz was partially supported by the Deutsche Forschungsgemeinschaft (DFG),

grant no. SFB494. A. Hedden was supported by NASA GSRP grant no. NGT5-

50463.

4.2 Introduction

We report on heterodyne measurements at submillimeter wavelengths using a re-

ceiver with a Superconductor-Insulator-Superconductor (SIS) mixer device and a
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Microwave Monolithic Integrated Circuit (MMIC) cryogenic low noise amplifier

(LNA) module integrated into a common unit, or block. (Please refer to appen-

dices C & D for background on heterodyne receivers, their operation, and charac-

terization.) The mixer characterization presented in this work demonstrates the

feasibility of operating a MMIC LNA in close proximity to the SIS device with-

out penalty in mixer performance due to heating effects. Since a single pixel unit

can in many ways be thought of as a fundamental array building block, the char-

acterization of its performance was crucial for the construction of SuperCam, a

64-pixel focal plane array receiver consisting of eight, 1 × 8 integrated mixer /

LNA sub-arrays. The test setup included a single pixel mixer block modified to

accept a MMIC amplifier. Our tests show that the LNA can be operated over a

broad range of VDRAIN voltages and corresponding dissipated power levels with-

out significant impact to the SIS device or the receiver performance as measured

by uncorrected noise temperatures in the 345 GHz band.

The development of heterodyne array receivers operating at submillimeter

wavelengths is fundamentally changing the way astronomy is performed in this

regime. In particular, large-scale surveys carried out with the first generation of

these high resolution spectroscopic imaging cameras will help pioneer an inti-

mate knowledge of the life cycles of interstellar clouds (see chapter 1). Instru-

ments such as SuperCam will provide unprecedented insight into topics includ-

ing formation, chemical evolution, star-forming properties, and destruction of

molecular clouds by the young, energetic stars they create.

The SuperCam instrument, a 64-pixel heterodyne focal plane array for the

345 GHz (870 µm) atmospheric window, is being constructed for the 10 m Hein-

rich Hertz Telescope (HHT) on Mt. Graham, Arizona by a multi-institutional

collaboration (Groppi et al., 2006). Instruments like SuperCam enable high fi-
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delity, high resolution spectral line mapping of significant fractions of the Milky

Way galaxy. SuperCam’s commissioning project will be to map over 500 square

degrees of the Galactic Plane at high resolution (22′′ beam size, < 1 km/s spec-

tral resolution) in 12 CO(3 − 2) (∼345.8 GHz) and 13 CO(3 − 2) (∼330.6 GHz). The

resulting data set will provide a crucial complement to existing 12 CO(1 − 0) &
13 CO(1 − 0) molecular line surveys and maximizes overlap with Spitzer Legacy

programs including Cores to Disks (Evans, 2003) and GLIMPSE (Benjamin et al.,

2003). These observations will additionally serve as important finder charts for

detailed future follow-up with the new generation of submillimeter interferome-

ters, including the Atacama Large Millimeter Array (ALMA).

Although the possibility of constructing large-format spectroscopic arrays at

submillimeter wavelengths has been discussed for some time (Gillespie & Phillips,

1979), significant technological obstacles had to be overcome in order to realize

such instruments. There was a lack of sensitive mixing devices (SIS) at appro-

priate frequencies, or when these devices were available, difficulty in fabrica-

tion resulted in significant device-to-device performance variations. Machining

the minuscule waveguide environment necessary for coherent detection at sub-

millimeter wavelengths presented difficulties. Insufficient local oscillator (LO)

power could be supplied to pump more than one or two devices at a time, and the

mechanical complexity of positioning arrays of mixer blocks with accompanying

amplifiers, magnets, and bias circuitry in the telescope focal plane were limiting

constraints. In addition, the cost and overall dimensions of backend spectrome-

ters required for multi-pixel arrays were prohibitive. Collectively, these techno-

logical concerns hampered the development of heterodyne array receivers over

the past several decades.

These hurdles have been largely overcome through the concerted efforts of
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many researchers and the resulting developments have been largely motivated

by requirements of the new generation of submillimeter and far infrared facili-

ties, including ALMA, SOFIA, and Herschel. Advances in reproducibility of SIS

devices, availability of powerful solid-state, synthesizer-driven LO technology,

the arrival of low-cost, commercially available direct analog to digital convert-

ing (ADC) spectrometers, and evolution of low-noise, low-power consumption

cryogenic amplifiers (LNAs) now make large format arrays practical. It is the

confluence of advancements that has made designing and constructing a new

generation of submillimeter spectroscopic array receivers, like SuperCam, possi-

ble.

4.3 Integration of LNA into SIS Mixer Unit

A key advantage of integrating low noise preamplifiers within the mixer block for

heterodyne arrays, including SuperCam, is that this significantly reduces both the

physical size and complexity of the mixer unit. Although the potential benefits

of an integrated approach are great, several concerns must be addressed when

combining an LNA module and SIS mixer within the same mixer block (Weinreb,

1987; Padin et al., 1996; Lauria et al., 2001). The LNA size should be minimized

so the integrated mixer’s overall dimensions remain small to permit the construc-

tion of closely packed arrays. Additionally, the high gain LNA circuitry must be

properly shielded in order to exclude potential feedback between the LNA out-

put and the SIS mixing device. Also, the LNA dissipated power must be small so

that the sensitivity of the SIS device is not adversely affected through heating.

Each of the eight SuperCam sub-array mixer blocks will house eight WBA13

MMIC LNA devices designed at Caltech/JPL originally for the Allen Telescope

Array (DeBoer & Bock, 2004). These devices were fabricated at Northrop Grum-
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man Space Systems (NGST) and include three Indium Phosphide (InP) high elec-

tron mobility transistor (HEMT) stages with 0.1 µm gate lengths. Since the MMIC

design has most of the LNA circuitry fabricated on one chip die, the size of in-

dividual amplifier units is very small (2.05 mm × 0.77 mm × 0.075 mm), mak-

ing them ideal for array applications. The WBA13 requires two voltage supplies

for VGATE and VDRAIN , and provides greater than 35 dB of gain with about 4 K

noise temperature over 3−11 GHz. Another promising array characteristic is low

power dissipation; � 25 mW under optimal biasing conditions (Engargiola et al.,

2004; Rodriguez-Morales et al., 2005).

We find these MMICs can be driven with significantly less power and still

deliver near optimum performance (see Section 5). For SuperCam the WBA13 is

incorporated into a 10.9 mm square housing that includes bias-T, current sensing,

EMI/ESD protection circuitry, input transformer, and output microstrips for the

IF signal (see Figure 4.1). Three individual 380 µm thick Duroid 6002 substrates

are used to improve thermal isolation of the LNA from the SIS device. The metal

housing of the module encloses the MMIC in a narrow cavity and is designed

to suppress unwanted waveguide modes generated between the LNA output

and input. The housing shields the sensitive SIS device from feedback effects

that could potentially pump it (e.g., introduce device mixing effects from signals

arising from feedback instead of just the RF signal to be detected).

4.4 The Modified DesertSTAR Mixer Unit

In order to investigate the viability of a key SuperCam design concept, the inte-

gration of a MMIC LNA module and SIS device within the same block, we modi-

fied an existing waveguide mixer unit from the 7-pixel DesertSTAR array receiver

for characterization. The modified mixer has a split-block design and incorpo-
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Figure 4.1 Uncovered view of the SuperCam LNA module that was incorporated
into the test mixer block along with an SIS device. The MMIC chip, input and
output microstrips, as well as the circuit boards for DC mixer and LNA bias in-
cluding EMI/ESD protection are labeled.

rates a diagonal feed horn, fixed tuned backshort, and a device substrate channel

with a shoulder to support a suspended substrate type SIS device. A mount at-

tached to the mixer unit holds a 7.26 mm thick high-density polyethylene (HDPE)

collimating lens. An electromagnet with superconducting wire provides the mag-

netic field for suppression of Josephson noise in the SIS junction. The block

was micro-milled in Tellurium-Copper at the University of Massachusetts. The

Nb/Al-AlOX/Nb SIS device has a Nb integrated tuning circuit and was fabri-

cated on a 4064 µm×305 µm×80 µm fused quartz substrate by the University of

Virginia.

The modified mixer has an additional small Duroid 6002 board for DC SIS 5-

wire bias and LNA bias connections (see Figure 4.2). This board routes the bias

lines for LNA and SIS to an Omnetics NPS Series 10-pin connector and IF out-

put to an SMA connector. The IF output of the SIS substrate was connected to

the IF module input by a single 2.8 mm long, 25 µm diameter gold wire using
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Figure 4.2 Interior of the modified DesertSTAR split-block mixer. The SIS device
(located in the substrate channel) is connected to the LNA module (covered) by
a single gold wire. The module is attached to a circuit board (right) that provides
the SIS and LNA bias and routes the IF output to an SMA connector (right).

Epotek H20E conductive epoxy. In the modified mixer, there is significant space

surrounding the LNA module that could lead to unwanted feedback and reso-

nance behavior. To mitigate these effects, several pieces of copper and indium

foil were used to seal off these cavities as well as unused DC feedthrough holes

(see Figure 4.2).

4.5 Measurement Setup

A schematic of the test setup is provided in Figure 4.3. An IR Labs liquid he-

lium cooled cryostat with a 25 µm Mylar vacuum window was used to cool the

mixer to 4 K. A 1.6 mm thick Gore-Tex GR infrared blocking filter was mounted

to the 80 K shield. SIS and magnet bias signals were supplied to the mixer by the

DesertSTAR receiver control system. An additional supply was used to bias the

LNA. The LO source used to pump the SIS device consisted of a GaAs solid-state

Gunn oscillator feeding a ×4 multiplier. The LO was tunable over a frequency

range of 332− 354 GHz. A 12.7 µm (0.5 mil) thick Mylar beamsplitter was used as
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Figure 4.3 Schematic of the heterodyne setup used for characterizing the modified
mixer. Additional components used for measurements of TREC(fIF ) are indicated
with a dashed oval.

the LO diplexer. The cold load used for receiver characterization measurements

consisted of a Styrofoam vessel filled with Eccosorb CV-3 absorber material im-

mersed in liquid nitrogen. The hot load was a room temperature Eccosorb AN-72

sheet mounted on a removable wand that could be inserted into the optical path

between the beam splitter and cold load for making Y-factor measurements.

The IF signal was passed through a 4 − 6 GHz bandpass filter and a room

temperature 4 − 6 GHz Miteq amplifier with 39 dB of gain. The resulting signal

was detected by a power meter over the whole IF band and/or displayed on a

spectrum analyzer. The measurements of TREC(fIF ) are an exception. For these

measurements a second identical Miteq amplifier was used in front of a tunable

YIG bandpass filter (Ryka model 501, 1 − 18 GHz, 20 MHz bandwidth). This sec-

ond amplifier was needed to compensate for the ∼10 dB insertion loss of the filter.

Also, a 4−6 GHz isolator (Pamtech CTC 1319K) was used in front of the YIG filter

to reduce standing waves. Receiver sensitivity measurements were made using a
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power meter and the manual hot-cold technique at a stable mixer bias point. As

described in Kraus (1986) and in Appendix D, receiver noise temperatures, TREC ,

were calculated using the Y factor method

TREC = (THOT − Y · TCOLD)/(Y − 1) (4.1)

where Y = PHOT /PCOLD is the ratio of the total power observed using room tem-

perature (THOT = 290 K) and cooled (TCOLD = 80 K) loads. The resulting double-

sideband (DSB) TREC values were not corrected for losses, e.g. optics.

4.6 Results and Discussion

The primary focus of this work was to investigate the influence of LNA operation

on receiver performance. For all measurements the gate voltage of the MMIC

transistors was kept at the optimum setting (VGATE = 2.21 V) found through

characterizing the MMIC module at 12 K operation with a 150 Ω input termina-

tion. Figure 4.4 shows the output power traces of the LNA module. For these

measurements (spectrum analyzer bandwidth = 5 MHz) a 30 dB gain wideband

Miteq LNA provided additional amplification, with 3 dB and 10 dB attenuators

at the input and output, respectively. The top and middle traces show results

of MMIC operation at 300 K and 12 K, respectively, and optimized LNA bias set-

tings are indicated in the caption. The bottom curve is the output power for the

unbiased LNA at 300 K. The LNA gain increases by about 3 dB as the input power

drops by roughly 13 dB during cooling to 12 K.

Figure 4.5 shows the typical hot-cold total power response achieved with the

DesertSTAR modified mixer receiver system in the laboratory. LO pumped and

unpumped I-V curves of the SIS device are shown as well as the measured IF

output power for hot and cold loads. With biases of VBIAS = 1.89 mV and
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Figure 4.4 Measurement of the IF passband of a WBA13 MMIC LNA module with
a 150 Ω input termination. The traces from top to bottom are the output powers at
300 K (optimum LNA bias: VDRAIN = 1.80 V, IDRAIN = 50 mA, VGATE = 1.86 V),
12 K (optimum LNA bias: VDRAIN = 1.20 V, IDRAIN = 20 mA, VGATE = 2.21 V),
and output power for the unbiased LNA.
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VDRAIN = 0.8 V for the SIS and LNA, respectively, a TREC = 104 K (DSB, Y =

2.13) was measured at a LO frequency of 332 GHz. At optimized mixer and LNA

bias settings (see below), the receiver operation was stable, yielding reproducible

TREC values in the 100 − 115 K range.

Quasiparticle tunneling across the insulating barrier of the SIS device gives

rise to shot noise, e.g., Rogovin & Scalapino (1974); Dubash, Pance, & Wengler

(1994); Woody (1995). This effect can be used to characterize mixer performance,

as described by Woody, Miller, & Wengler (1985), since the shot noise increases

as e/2kB = 5.8 K per mV for junctions biased in the regime where current is a

linear function of voltage. Combined with measured I-V and total power curves,

this can be used to extrapolate the noise added to the receiver system by the

IF amplifier and the mixer gain. For TREC = 104 K, shot noise analysis yields

a mixer noise temperature of 92 K, −3.3(±0.5) dB mixer gain, and an IF noise

temperature of 5.8 K. This is an encouraging result; the modified DesertSTAR

mixer with an integrated MMIC IF amplifier produces a TREC that is essentially

identical to a standard DesertSTAR mixer with an external LNA. We therefore

expect the SuperCam mixers, incorporating improved SIS mixers and RF design,

to exhibit state-of-the-art noise performance (TREC ∼ 60 K).

The influence of dissipated MMIC power, PDRAIN =VDRAIN ·IDRAIN (the power

dissipated by the HEMT gate leakage currents is negligible), on the SIS device’s

DC IV curve was investigated. The quasiparticle onset of the SIS I-V character-

istic is expressed by the gap voltage VGAP measured in the current midpoint of

the step and is very sensitive to heating. Figure 4.6 shows the unpumped DC

I-V curves of the SIS device for MMIC VDRAIN values including 0 V (MMIC unbi-

ased), 0.8 V (MMIC bias yielding optimum TREC), and 1.2 V (optimal MMIC bias

found during prior 12 K characterization). Typical temperatures measured at the
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Figure 4.5 Response of the modified mixer receiver. Curves shown include
pumped (thick solid) and unpumped (thick dotted) I-V curves and hot = 290 K
(thin solid) and cold = 80 K (thin dashed) total power response at fLO = 332 GHz.
Biasing the SIS at 1.89 mV with LNA VDRAIN = 0.8 V resulted in a Y factor of 2.13,
corresponding to an uncorrected TREC = 106 K (DSB).
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Figure 4.6 Heating influence of the LNA module’s dissipated power, PDRAIN , on
the SIS device’s DC I-V characteristic as a function of VDRAIN for the modified
DesertSTAR mixer unit. The inset shows an enlarged view of the center part of
the quasiparticle onset of the I-V curve. Heating effects are negligible for opti-
mum operating conditions.

mixer mount were 4.34 K for VDRAIN = 0 V and 4.38 K for VDRAIN = 1.4 V. The

inset provides an enlarged view of the center portion of the quasiparticle onset.

It is evident that the reduction of the gap voltage is negligible and heating is not

an issue.

Figure 4.7 shows TREC values as a function of VDRAIN for individually opti-

mized SIS bias points at 332 GHz LO frequency. The dissipated power, PDRAIN , of

the LNA is shown as a function of VDRAIN . An optimum LNA bias of VDRAIN =

0.8 V yielded the lowest TREC values. This corresponds to < 10 mW of dissi-

pated power; lower than initial measurements at 12 K and VDRAIN = 1.20 V sug-

gested. Remarkably, Figure 4.7 suggests that VDRAIN could be lowered to 0.4 V
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Figure 4.7 Influence of the dissipated MMIC power (PDRAIN =VDRAIN ·IDRAIN ) on
uncorrected TREC (receiver performance). For each measurement the SIS mixer
bias setting was re-optimized.

with no significant effect on measured TREC . For this bias, TREC = 116 K (DSB)

was achieved with only 2.6 mW dissipated by the MMIC, making this LNA an

excellent choice for array applications. The SuperCam cryogenic system is de-

signed to handle 10 mW of dissipated power per LNA module.

Figure 4.8 shows the IF passband of the receiver at an LO frequency of 346 GHz.

Within the frequency boundaries (determined by the 4−6 GHz isolator and band-

pass filter in the measurement setup), we observe an approximately flat response,

TREC(fIF ). This shows that the performance of the modified DesertSTAR mixer

receiver appears to be very stable over the entire IF band over which the Super-

Cam instrument will be operating. As with any high gain, active device, feedback

between the LNA module’s input and output is a potential problem for mixers

with integrated amplifiers. This effect can lead to highly increased receiver noise
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Figure 4.8 Uncorrected receiver noise temperature over the 4 − 6 GHz IF band
measured with a 20 MHz bandwidth YIG bandpass filter at 346 GHz LO fre-
quency. A 4 − 6 GHz isolator was placed between the cryostat and filter, causing
the sharp rise of TREC outside the IF band.

figures and time variant instabilities resulting in spurious transient signals in the

IF band. In order to verify feedback was not an issue, the stability of the IF pass-

band was monitored with a spectrum analyzer. Our measurements did not reveal

any detrimental feedback behavior.

An Allan variance time analysis was performed to assess the stability of the

DesertSTAR modified mixer receiver system as a whole. Heterodyne receivers,

like other electronic systems, are dominated by a combination of low frequency

drift noise, 1/f electronic noise, and white noise. For a receiver this dictates a

maximum useful integration time beyond which observing efficiency is lost. Each

receiver system can therefore be characterized by an optimum integration time,

or “Allan time” (TA); the longer the Allan time, the more stable the receiver sys-

tem and the more efficient the observations (Kooi et al., 2000). As described by

Kooi et al. (2000), the Allan variance for a signal containing drift noise, 1/f noise,
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and white noise takes the following form (see Equation 4.2), where a, b, and c are

constants and T denotes integration time.

σ2
A(T ) = αT β +

b

T
+ c (4.2)

For short integration times, T , the variance follows a 1/T dependance ex-

pected from the radiometer equation (see section D and Equation D.1), whereas

for longer integration times drift noise begins to dominate (αT β) or 1/f noise

causes the variance to plateau at a constant value (c). Figure 4.9 shows the Desert-

STAR modified mixer receiver total power stability measurements. Each solid

curve appearing in Figure 4.9 consists of an average of five consecutive 3 minute

data runs. For reference, the dashed curves show lines of slope 1/T , represent-

ing the white (uncorrelated) noise shown in Equation 4.2. The points where the

data begin to deviate from the reference plots give the Allan time (TA) of the sys-

tem beyond which drift or 1/f noise begin to dominate the noise spectrum. As

indicated in the figure, no dependency of σ2
A(T) on the operation of the MMIC

amplifier was found for a wide range of LNA bias values, e.g., VDRAIN = 0.4 V,

0.8 V, and 1.2 V.

The measured Allan time remains constant at TA = 1(±0.1) s over the 2 GHz

IF bandwidth; the same as measured for a standard DesertSTAR mixer incorpo-

rating an IF amplifier external to the mixer unit. This is a reasonable Allan time

for a receiver system. For example, scaling this result to typical resolution band-

widths of 1 MHz indicates that the system is likely stable on timescales up to ∼

40 s, quite adequate for observations. Nevertheless, it is short compared with

published data of other SIS receivers, e.g., Kooi et al. (2000). This has been at-

tributed to the geometry of the original DesertSTAR mixers and, consequently,

the modified mixer unit. As a result of mixer block geometry, a less than opti-

mally oriented magnetic field was applied across the SIS device. This led to in-
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Figure 4.9 Allan variance results calculated from total power measurements made
over the 2 GHz IF bandpass of the DesertSTAR modified mixer receiver. From top
to bottom, solid curves show the Allan variance calculated for measurement runs
made with VDRAIN = 0.4, 0.8, &1.2 V, respectively. Departure from theoretical
reference curves (dashed lines with slope 1/T ) occurs at TA ∼ 1(±0.1) s for all
three sets of measurements, regardless of MMIC operation.
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creased mixer noise due to non-ideal Josephson effect suppression and was also

observed in the first generation of DesertSTAR mixers.

4.7 SuperCam Single Pixel Mixer

Measurements obtained since the publication of the work presented above pro-

vide a preliminary indication of superior performance of SuperCam mixers com-

pared with the modified DesertSTAR results. Upon completion of the final de-

sign, a single pixel mixer block version of a SuperCam 1×8 sub-array was milled

in Tellurium Copper with a Kern MMP micro-milling machine at the University

of Arizona. This mixer incorporates new components that will be used in as-

sembling SuperCam and possesses a similar geometry to the final design. It was

briefly characterized with a heterodyne measurement setup very similar to the

one used for the modified DesertSTAR mixer.

A primary difference between the single pixel mixer and the modified mixer

is that new SIS junctions were designed and fabricated with a silicon-on-insulator

(SOI) beam lead process. The new junction and matching network design is

much improved compared with DesertSTAR SIS devices. Additionally, SOI tech-

niques have important advantages over traditional quartz substrate processing;

the methods used to create DesertSTAR devices. Silicon can be structured into

arbitrary shapes through photolithographic processes, eliminating the need for

dicing and the constraint of rectangular devices. Another important and related

advantage is the development of device beam leads. Since silicon is easily etched,

it is possible to define arbitrarily shaped beam lead features that protrude over

the device edges after the silicon has been removed. The SuperCam SOI devices

possess two gold beamleads located on either end of the substrate, improving

both device handling and thermal and electrical contacts (see Figure 4.10). Eight
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Figure 4.10 Left: Interior view of the SuperCam single pixel mixer. Signals pass
through the curved waveguide probe before they encounter the SIS device. Pole
pieces of the magnet can be seen protruding through the mixer block symmet-
rically about the junction. Gold beamleads suspend the device in the substrate
channel. On the left, a beamlead has been tack bonded (hot IF side) making
contact with the MMIC input. Right: View of the assembled single pixel mixer
mounted on the cold plate of the test cryostat just prior to measurements.

additional beamleads protruding from the sides of the device enable easy posi-

tioning within the mixer block. Just like the final design, a beamlead at the end

of the device is mechanically tab bonded to the LNA input microstrip line (hot IF

side). This is different from the modified mixer design, which used a long, 1 mil

gold wire to make the connection from SIS device to the LNA. A critical improve-

ment over the modified DesertSTAR mixer is that this block was milled to accept

a newly designed SuperCam electromagnet that concentrates and optimally ori-

ents the magnetic field across the SIS junction.

An important outcome of these tests was the successful verification of the Su-

perCam electromagnets and mixer block design. This greatly improved the single

pixel mixer tuning process. Y-factor measurements (see Figure 4.11) were made at

352 GHz, resulting in repeatable and stable receiver noise figures of TREC = 75 K

(Y = 2.40) under optimal bias conditions (VBIAS = 1.95 mV, VDRAIN = 0.70 V). This
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was the first SuperCam device to be RF tested and already these results represent

a significant improvement over the modified mixer performance. This work was

presented at the International Symposium on Space THz Technology conference

in March 2007, though full mixer characterization measurements have not been

completed. Although the single pixel mixer can, in some sense, be considered the

fundamental building block of the 64-pixel SuperCam array, greater insight into

overall array performance will be gained through characterizing its constituent

1 × 8 pixel sub-arrays. To this end, the assembly of the first 1 × 8 SuperCam

sub-array (see Figure 4.12) is currently underway and upon completion, its per-

formance will be assessed within the SuperCam cryostat both in the lab and at

the telescope.

4.8 Conclusion

The low power dissipation and small physical size of the WBA13 MMIC chip

make it feasible to install the amplifier directly in an SIS mixer block. We find that

heating effects due to the proximity of the LNA module to the SIS device are neg-

ligible, with no significant impact on the DC I-V characteristics and mixer perfor-

mance. Stable and reproducible TREC values were found over the full 4 − 6 GHz

IF bandwidth over which the SuperCam array receiver will operate. The per-

formance of the modified mixer is comparable to measurements achieved with

unmodified DesertSTAR mixers, and new measurements indicate a significant

noise performance improvement with the new SuperCam waveguide environ-

ment and SIS device design. The measurements presented in this work confirm

the viability of the integrated mixer design for the 64-pixel SuperCam receiver

and suggest that even larger format focal plane arrays are possible.
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Figure 4.11 Response of the SuperCam single pixel mixer receiver in the lab. Plots
shown include LO-pumped (black) and unpumped (gray) DC I-V device curves
and hot (red) and cold (blue) receiver total power response (recorded in arbitrary
units) at fLO = 352 GHz. (Wavy lines are probably the result of signal digitiza-
tion effects and/or grounding issues.) For these measurements, the SIS device
was biased at 1.95 mV with LNA VDRAIN = 0.7 V resulting in a Y factor of 2.40,
corresponding to an uncorrected TREC = 75 K (DSB).
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Figure 4.12 Left: Split block half of a SuperCam 1×8 subarray complete with eight
MMIC LNA modules (lids visible), integrated DC bias circuitry, and IF output
multilayer circuit board. Connections to the board are routed through two large,
2-row multipin Omnetics connectors (bottom) and the IF signals are passed out
via eight, blind-mate GPPO connectors and coaxial cables. Right: Detailed insert
showing a milled SIS device pocket, location of magnet, diagonal feedhorn, and
LNA input.
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CHAPTER 5

MICROMACHINED SPATIAL FILTERS FOR QUANTUM CASCADE LASERS

5.1 Explanatory Note

Work leading up to this chapter originally appeared as a paper by A. Hedden,

P. Pütz, C. d’Aubigny, D. Golish, C. Walker, B. Williams, Q. Hu, & J. Reno 2006,

Proc. 17th Int’l. Symp. on Space THz Tech., l’Observatoire de Paris

We wish to thank Q. Hu for providing the QCL devices that enabled this work.

This work was partially supported by a NASA GSRP grant, no. NGT5-50463, to

A. Hedden. P. Pütz was partially supported by DFG grant no. SFB494.

5.2 Introduction

Quantum Cascade Lasers (QCL) are the most promising technology for produc-

ing compact, high power (> 1 mW), coherent signal sources above 2 THz. Due to

their small size and rectangular cross-section (10 µm × 25 µm), the output beam

from a QCL laser cavity is highly divergent and non-Gaussian. A single mode

Gaussian beam is desirable for efficient coupling to optical systems. We have de-

signed a waveguide spatial filter for this purpose. The 2.7 THz spatial filter con-

sists of two diagonal feed horns connected by one wavelength of square waveg-

uide (66 µm on a side). The mode filtering efficiency and far field beam pattern

of the structure have been modeled in CST Microwave Studio. We have fabri-

cated the filter in tellurium copper using a Kern MMP micromilling machine and

present measurements of the QCL’s emergent power pattern and relative emis-

sion intensity ratio with and without the filter. Our findings suggest that spatial

filtering significantly improves the QCL beam pattern; an encouraging result for

their use with THz astronomical spectroscopic instruments.



118

There is a growing need in the astronomical community for high frequency

(>1 THz), high spatial and spectral resolution observations. Ionized carbon and

nitrogen fine structure lines, C+ (1.9 THz, 158 µm) and N+ (1.46 THz, 205 µm), are

dominant coolants of the ISM in the Milky Way and other star forming galax-

ies. Consequently, these spectral lines are crucial keys to probing the life cycle

of interstellar clouds. For example, although molecular cloud formation is one

of the most critical stages in this process, there are currently no direct observa-

tions of this important step. C+ emission traces clouds primarily composed of

atomic gas or H2 clouds containing little CO and can therefore be used to delin-

eate sites of GMC formation by highlighting regions with a large number density

of these clouds per beam. High spatial (< 1′) and spectral (< 1 km/s) resolu-

tion observations are required to confidently associate these regions with spiral

arms, colliding turbulent flows, or other potential candidates for forming molec-

ular clouds. N+ provides a measure of the ionizing photon flux and consequently

traces star formation rates and locations in the Galaxy. Since N+ traces ionizing

stellar photons and C+ observations provide a measure of their impact on sur-

rounding cloud surfaces, together these species can be used to determine mass

loss rates and destruction timescales of GMCs, providing an answer to a long-

standing question in the astronomical community.

Until recently, there has been a lack of high resolution astronomical data in the

THz regime (1 THz − 10 THz, or 300 µm − 30µm) due to difficulties in construct-

ing coherent receivers and the poor transmission of Earth’s atmosphere at these

frequencies (see Figure 1.3). Space-based and airborne missions such as Herschel

and SOFIA have spurred advances that have helped overcome some of these

barriers, pushing the frontiers of heterodyne receiver technology to ∼ 2 THz.

Through the efforts of many researchers, astronomers are beginning to tap into
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the 1.3 THz and 1.5 THz atmospheric windows, including recent ground-based

spectroscopic observations of important tracers such as high-J CO lines and the

205 µm N+ line, e.g., Oberst et al. (2006); Wiedner (2006); Marrone et al. (2005,

2004). Spectroscopy at THz frequencies is providing a wealth of information

about the inner workings of our galaxy, encompassing protostellar cores, high-

mass star formation, mechanisms of formation and destruction of molecular clouds,

and life cycles of the galactic interstellar medium. These scientific goals continue

to drive the developing technology toward higher frequencies and multi-pixel

arrays.

Future missions will require spectroscopic capabilities at even higher frequen-

cies (2 THz and above), e.g., de Graauw et al. (2004); Benford et al. (2004). The

development of heterodyne instruments operating in this region depends upon

the availability of powerful, coherent LO sources. Solid state multiplier LO tech-

nology, though it is steadily improving, may not be capable of providing suf-

ficient power to pump single pixel instruments, let alone arrays, at frequencies

much above 2 THz (Mehdi et al., 2003). Although gas lasers operating in the far

infrared and THz regime can supply sufficient mixer pumping power, issues in-

cluding size, weight, and operation requirements can limit their utility. With their

small size, modest power requirements, and potentially high output power, QCL

devices are a very promising technology for serving as LO sources above 2 THz.

The small physical size and rectangular cross-section of QCL devices lead to

highly divergent, non-Gaussian emergent power patterns (Adam et al., 2006; Ko-

hen, Williams, & Hu, 2005; Hedden et al., 2006). A crucial requirement of any

source of LO power is efficient coupling to the mixing device (usually hot elec-

tron bolometer mixers, HEBs, at THz frequencies). Devices with divergent, multi-

moded beams are not viable sources of LO power since the radiation couples only
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very poorly to the mixer. For example, laboratory HEB-QCL receiver tests have

been conducted at 2.8 THz (Gao et al., 2005) and 2.5 THz (Hübers et al., 2005), but

inefficient LO-receiver optical coupling has limited the results of this work. We

explored the use of spatial filters for shaping the output beam of a QCL device.

We have designed, fabricated, and tested a 2.7 THz waveguide spatial filter that

transforms the QCL output into a more well-behaved Gaussian beam, enabling

the implementation of efficient optical systems. A QCL in combination with such

a device could be effectively integrated with heterodyne systems, serving as a

powerful LO source for THz spectroscopic receivers and future arrays.

5.3 QCL with Micromachined Spatial Filter

5.3.1 Micromachined Spatial Filter

Hollow metallic waveguide devices have proven themselves as efficient spatial

filters in the far infrared and THz regimes. Such a filter, machined at MIT Lin-

coln Laboratory, was assembled and measured at 2 THz (150 µm) in Steward

Observatory (Walker et al., 1997). These devices have been fabricated to fre-

quencies as high as 5 THz (60 µm) using silicon laser micromachining techniques

(d’Aubigny et al., 2002). We have designed and metal machined a 2.7 THz (∼

110µm) spatial filter, consisting of a split-block arrangement of two back-to-back

diagonal feed horns (380 µm aperture) connected with about two wavelengths

(λg(TE10) = 205 µm) of square waveguide (66 µm × 66 µm, 395 µm long).

Due to their relatively simple geometry, diagonal feed horns are machinable

at THz frequencies with sufficient precision using traditional milling techniques.

For this reason, they were selected as input and output feed horns for the 2.7 THz

waveguide spatial filter. Diagonal feed horns provide reasonably efficient cou-

pling (∼ 84%) to incident Gaussian beam modes (Johansson & Whyborn, 1992),
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while coupling poorly to any non-Gaussian components. The short section of

waveguide between the feed horns is designed to provide excellent modal fil-

tering; suppressing higher order waveguide modes by greater than 6 orders of

magnitude (d’Aubigny (2003), and this work − see below). Together these com-

ponents (feed horn and waveguide section) act to spatially filter the incoming

signal. The resulting signal then exits the device via the other feed horn.

Rejection of higher order modes in hollow metallic waveguide is the result

of greatly increased attenuation of “leaky” modes (those excited at wavelengths

longer than their cutoff wavelength, λ > λc) relative to propagated modes (λ <

λc). There are multiple power loss mechanisms for radiation traveling in waveg-

uide. In this case, attenuation of propagated modes is largely due to losses caused

by the waveguide itself. Copper is not a perfect conductor; its conductivity at

room temperature is 5.813 × 107 S/m. In addition, the waveguide walls possess

an approximate overall surface roughness of at least 0.1 µm (typical of results

achievable with the Kern machine), resulting in another source of conductor loss.

The effects of these losses are well understood and the results may be used to es-

timate the attenuation of propagated modes in the spatial filter’s length of square

waveguide as a function of excitation wavelength. Equations 5.1 − 5.2 give the

attenuation (Np/m) for a rectangular copper vacuum-filled waveguide operat-

ing in the dominant (TE10) mode and higher order (TE11) mode, respectively

(Moreno, 1948). Here, a and b are dimensions of the rectangular waveguide in

m, where a is the larger dimension (a = b in the case of the spatial filter’s square

waveguide).
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Power in leaky modes is not transmitted along the waveguide; the electric

field strength associated with these modes decreases exponentially with distance

traveled from the point of excitation. Following the analyses of Moreno (1948)

and d’Aubigny (2003), the leaky mode attenuation (Np/m) is given by Equa-

tion 5.3

αc =
√

(2π/λc)2 − ε(2π/λ)2 (5.3)

and depends upon dielectric constant, ε = 1 for vacuum, operating wavelength

λ, and the cutoff wavelength λc of the mode considered. The power attenuation,

A (dB), of modes along a length, L, of waveguide can be determined using Equa-

tion 5.4

A = −20Log10(e
−αcL) (5.4)

Modes in a hollow, metal rectangular waveguide of the designed filter dimen-

sions and their corresponding cutoff wavelengths can be readily calculated, e.g.,

Pozar (2005). Applying this to Equations 5.1 − 5.4, attenuated power can be cal-

culated for different waveguide modes as a function of wavelength (both above

and below cutoff).

In this way, the rejection level of higher order modes provided by the spatial

filter can be examined through differential power attenuation of the fundamental

mode, TE10, compared with the next higher order mode, TE11, as a function of

wavelength (see Figure 5.1). This figure also shows losses in the propagated TE10

mode for the same section of square waveguide (see dashed curve). Achieving

60 dB (×106) relative power attenuation between these modes (effectively sup-

pressing all modes besides the fundamental TE10 mode) places a lower limit on

the operation wavelength range of the filter at 97 µm (3.09 THz). If the through-

put of the spatial filter is set to better than 99% (0.03 dB), this places an upper

limit on the operating range of 127 µm (2.36 THz). The filter was designed for use
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Figure 5.1 Differential attenuation of TE10 and TE11 modes in the 395 µm long
square waveguide section of the 2.7 THz spatial filter (solid curve). Attenuation
of the propagated TE10 mode is shown (dashed curve). Differential attenuation of
greater than 106 dB is achievable over a ∼27% fractional bandwidth with > 99%
throughput.

at 111 µm (2.7 THz), resulting in an achievable fractional bandwidth of ∼27%.

In this manner, the designed filter not only passes Gaussian components of

the divergent and non-Gaussian QCL emergent beam, but also, it ensures that

the spatial filter output is single-moded. The performance of the designed spa-

tial filter (including S-parameter analysis) was simulated over a broad frequency

range (∼2.3 THz − 3.0 THz, or 100 µm − 130 µm) and the far-field beam pattern

of the filter’s output was examined at 2.7 THz using CST MWS. The device was

micromilled in a split-block arrangement in tellurium copper using a Kern MMP

machine at Steward Observatory. Measurements with a metrology microscope

indicate that milled structure dimensions match the design to within ±3µm. Tol-

erance testing based on measured dimensions was accomplished with CST re-



124

Figure 5.2 Microscopic and CAD images of a split-block half of the 2.7 THz spatial
filter structure. Two diagonal feed horns are connected by ∼ two wavelengths
(λg(TE10)= 205µm) of 66 µm square waveguide.

sulting in comparatively little impact to the simulated filter performance over

the 2.6 THz − 2.8 THz frequency (∼107 µm − 115 µm) range. Figure 5.2 shows

CAD and microscopic images of the milled spatial filter cross-section.

5.3.2 QCL Chip

Lasing frequencies achievable with traditional semiconductor diode lasers are

primarily determined by the material bandgap. For this reason, extending this

technology to the far-infrared and THz regime is impractical, requiring the use

of materials with bandgaps less than 40 meV for operation at frequencies less

than ∼10 THz (30 µm). Intersubband lasers, of which THz QCLs are one type,

offer a solution to this problem by setting up a series of multi-tiered quantum

well structures within the conduction band, breaking it up into a series of “sub-

bands” of smaller differential energy. The lasing transition takes place entirely

within the conduction band between states in the quantum well heterostructure,

enabling operation in the mid-infrared (from 3.4 µm − 24 µm) and far-infrared /

THz (from 60 µm − 130µm). These lasers achieve their complex quantum well

structure through the growth of very thin (∼< hundreds of Angstroms), repeated
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layers of several semiconductor materials. This material structure leads to dis-

continuities at the bandgap edges that confine charge carriers in the direction

of growth. The lasing photon energy is selected by adjusting the well / barrier

thickness (Williams, 2003).

The development of far-infrared and THz QCLs is fairly recent advancement

(Faist et al., 1994). These devices were more challenging to realize than their mid-

infrared counterparts due to several significant hurdles. Difficulties in achiev-

ing and maintaining a population inversion between subbands so closely spaced

in energy was a large stumbling block for QCL development at longer wave-

lengths. This has resulted in a limited range of operating temperatures for THz

QCLs. To date, sufficient device cooling (sometimes to cryogenic temperatures)

remains critical to achieving powerful, continuous-wave, CW, lasing capabilities

with THz QCLs. In addition, the dielectric waveguides traditionally used for

mode confinement at shorter wavelengths become prohibitively lossy at longer

wavelengths due to increased absorption of free carriers. The fabrication of metal-

metal waveguides, although introducing additional complexity to device fabri-

cation, has largely overcome this problem by enabling low loss operation at THz

frequencies.

The QCL device used in these measurements was designed at MIT’s Research

Laboratory of Electronics and fabricated at Sandia National Laboratory. Lasing

is achieved by selective rapid depopulation of the lower radiative energy level

(set up in the quantum well heterostructure) through a combination of resonant

tunneling and direct electron- longitudinal optical (LO)-phonon scattering (Hu

et al., 2005; Williams, 2003). Mode confinement is accomplished with a low-loss,

double-sided metal-metal waveguide fabricated via copper-to-copper thermo-

compression bonding (Williams et al., 2004). Combined, these features permit
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Figure 5.3 View of QCL chip and spatial filter mounted on cold finger of LN2
cryostat along with temperature sensor and device electrical connections. Inset:
Microscope image of QCL chip (individual laser used is wire bonded) aligned
with diagonal feed horn input of the spatial filter.

a high CW operating temperature (110 K for device used in this work) and long

lasing wavelengths (2.66 THz or 2.75 THz depending on bias). Note that these fre-

quencies are well within the operable range of the designed spatial filter (see Fig-

ure 5.1). Figure 5.3 shows a microscope image of the QCL chip and laser used in

this work (see inset). The active volume of the device is 19 µm × 800 µm × 10 µm

(width, length, and height, respectively). A total output power level (including

power present in all modes, not just the fundamental mode) of 380 µW was ob-

served at 5 K operation with a Pyro detector and Winston cone mounted in front

of the 19 µm device facet.

5.4 Measurement Setup

Figure 5.3 shows the orientation of the QCL with respect to the spatial filter dur-

ing measurements. The QCL chip is indium soldered to a slotted copper mount-

ing plate that was carefully aligned under a microscope so that the 19 µm device
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Figure 5.4 left: QCL and spatial filter enclosed in copper sheet metal housing
mounted inside of the LN2 cryostat (view through forward-looking cryostat side
attachment). The housing and interior of the side attachment are coated with
Stycast epoxy and SiC grains (F20 grit, ∼1 mm) in order to decrease standing
wave issues. right: Photograph of the measurement setup with Eccosorb material
in place to decrease reflections / standing wave effects.

facet is centered with the spatial filter’s input diagonal horn. This assembly was

mounted to a copper cold finger of a LN2 dewar and the temperature of the cold

finger mount was monitored (81 K) to ensure stability during all measurements.

The QCL chip and spatial filter were housed within a ∼ 1′′ square cavity made of

1/16′′ thick copper sheet metal coated with a mixture of Stycast epoxy and SiC

grains (F20 grit with average size ∼ 1 mm) in order to decrease reflections and

reduce the risk that QCL radiation not coupling into the filter could leak through

the cryostat window, resulting in spurrious measurements (see Figure 5.4).

Together, stycast and SiC grains have been shown to function as excellent ab-

sorbing material at high frequencies (Diez et al., 2000). They have been developed

into space-qualified coatings for absorbing stray radiation affecting the HIFI and

PACS instruments aboard Herschel (Wildeman, 2007). Thorough characteriza-

tion measurements carried out at SRON examining the reflective properties of

mixtures of stycast and SiC grit of various grain sizes concluded that coatings
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with larger grit sizes (∼1 mm) exhibited the best overall absorption performance

across the 3.3 THz − 330 GHz (90 µm − 900 µm) range (Klaassen et al., 2003). For

this reason, a similar grit size was selected for the absorptive coatings applied

within the LN2 cryostat.

Figures 5.4 and 5.5 show photographs and schematics, respectivly, of the mea-

surement setup used to produce all data presented in this work. In order to im-

prove measurement signal to noise characteristics, the QCL device was electri-

cally chopped with a 22 Hz, 50% duty cycle square wave at 11.40 V and 25 mA.

An IR Labs 4.2 K Si bolometer with a Winston cone was used as a detector. The

LN2 cryostat housing the QCL was mounted to moveable X-Y stages capable

of traveling a total of 60 cm in each axis. The total optical path length with the

QCL LN2 cryostat at the peak detected intensity location was 42.3 cm ±0.2 cm

(with 2.4 cm in vacuum). Both cryostats incorporated high density polyethylene

(HDPE) vacuum windows; the Si bolometer possessed a 1 mm thick, 0.5′′ diame-

ter window and a 1.67 mm thick, 1.75 ′′ diameter window was designed and used

with the LN2 cryostat. HDPE has a very low measured absorption coefficient

at high frequencies (Piesiewicz et al., 2007) and is consequently widely used for

windows in the THz regime.

The large size of the HDPE window for the LN2 dewar was chosen to maxi-

mize the clear aperture in order to avoid potential signal loss due to truncation of

the spatial filter’s emergent power pattern. The thickness of this window was se-

lected in order to minimize possible fringing effects at 2.7 THz between the front

and back of the HDPE window itself. In order to decrease fringing effects re-

sulting from reflections within the LN2 cryostat (e.g., between the metal face of

the spatial filter itself and the inner surface of the HDPE window), the LN2 cryo-

stat’s vacuum window was wedged 10 ◦. Eccosorb AN-72 was placed around
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Figure 5.5 Schematic of the measurement setup used to produce the presented
beam patterns and cross-cuts. An IR Labs 4.2 K Si bolometer was used as a de-
tector. The QCL device was electrically chopped with a 22 Hz square wave and
was mounted on cold finger extension of a LN2 cryostat, operated under stable
temperature conditions. This cryostat was mounted to moveable X-Y stages and
was raster scanned to produce beam pattern maps. Motions of the stages were
controlled by a computer that also recorded the output of the lock-in amplifier
used during measurements.

the window and housing of the bolometer dewar, the X-Y stages, optical table,

and LN2 cryostat in order to further curb reflections in the measurement system

(see Figure 5.4). A Stanford Research Systems SR830 DSP lock-in amplifier was

used during measurements. All motions of the moveable stages were computer

controlled. In order to minimize potential effects due to stage motions, such as

induced temperature fluctuations and mechanical vibrations from movement of

the LN2 cryostat, a dwell time of 2 s was used before each measurement to allow

for settling of the system. The integration time per position was 2 s. All maps and

cross-cuts presented here were made by using the X-Y stages to raster scan the

LN2 cryostat housing the QCL in order to map out the beam pattern with the Si

bolometer.
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5.5 Results and Discussion

With the described measurement setup, two dimensional (2−D) beam pattern

measurements and high resolution 1−D cross-cuts were made with and without

the spatial filter in front of the QCL device. The results are presented in Fig-

ures 5.6 and 5.7. Each of the 2−D beam maps covers a total of 30 ◦ (∼ 24 cm

with this experiment’s optical path) in each dimension and consists of a series of

individually taken, raster-scanned measurements made at 0.5 cm spacing, result-

ing in 0.68 ◦ spatial resolution. In these figures, the recorded mapped intensity

(linearly related to detected power) in arbitrary units has been normalized with

respect to the intensity peak. Each map presented in Figures 5.6 and 5.7 is the

averaged result of 3−4 independently measured maps. Prior to averaging, each

map was examined carefully to ensure measurement repeatability and shifted, if

necessary, for proper overlap of mapped features. The dynamic ranges achieved

for the 2−D power patterns are between 13 dB − 10 dB for all measurements.

In addition, a series of higher resolution (0.34 ◦) 1−D cross-cuts were made

across the “x” and “y” centers of the maps (dashed and solid curves, respec-

tively). Following a procedure similar to the 2−D maps, each curve shown is

the result of carefully averaging a series of 5−10 independent cross cut measure-

ments. As indicated by the cross cuts and map measurements shown in Fig-

ures 5.6 and 5.7, standing waves arising from multiple reflections between vari-

ous parts of the setup was an important issue. Reflections between components

exterior to the QCL cryostat did not appear to play a significant role in the mea-

sured power patterns. This was investigated by altering the absorber (Eccosorb)

in the setup (e.g., tilting it, moving it to very different locations, and driving the X-

Y stages to positions of multiple power peaks and trying to minimize them with

absorber). Overall, this had very little effect on the measured power patterns.
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Figure 5.6 Unrotated QCL cryostat window: beam pattern measurements (2−D
maps and 1−D higher resolution cross-cuts) at 2.7 THz of QCL with spatial filter
(top) and “bare” QCL (bottom). The resolution of the 2−D maps is 0.68◦ (0.50 cm
at the distance of the detector) and 0.34◦ (0.25 cm) for the cross cuts. For each
map, recorded intensity (in arbitrary units) has been normalized; contours begin
at the normalized 2 σ rms level (0.066 and 0.05) and increase in steps of 2 & 4 σ
to the normalized emission peaks for measurements with and without the spa-
tial filter, respectively. Higher resolution cross cuts (0.34◦, 0.25 cm) were made
in two dimensions (solid curves indicate “y” cuts and dashed show “x” scans)
across the centers of each mapped region. For comparison, a Gaussian function
with a 3 dB beam width matching the predicted width of the farfield pattern of
the spatial filter’s emergent diagonal feed horn (also solid) has been indicated.
To better compare these results, Gaussian functions were fit to all cross cuts and
parameters for the best fits are presented in Table 5.1.
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Figure 5.7 Rotated QCL cryostat window: beam pattern measurements (2−D maps
and 1−D higher resolution cross-cuts) at 2.7 THz of QCL with spatial filter (top)
and “bare” QCL (bottom). The resolution of the 2−D maps is the same as in
Figure 5.6. Similarly, the recorded intensity for each map has been normalized;
contours begin at the 2 σ rms level (0.062 and 0.10 for measurements with and
without the spatial filter, respectively) and increase in 2 σ steps to the normalized
emission peaks. Higher resolution cross cuts are shown (solid = “y” cuts, dashed
= “x” scans) across the centers of the maps. For comparison, a Gaussian function
with a 3 dB beam width matching the predicted width of the farfield pattern of
the spatial filter’s emergent diagonal feed horn (also solid) has been indicated
(see Table 5.1 for details).
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The only alterations to the setup that had significant impact on the measured

patterns was tilting the cold finger of the cryostat serving as the mount for the

QCL. For this reason, potential sources of fringing effects arising interior to the

LN2 cryostat were explored, including reflections between the front and back

surfaces of the HDPE window, 2-slit-type interference effects potentially arising

from radiation leaking past the sides of the sheet metal box enclosing the QCL,

and multiple reflections occuring between the HDPE window and the metal face

of the spatial filter exit. The number and locations of measured power peaks

matched well with those predicted by etalon effects between the window and

spatial filter. The other sources considered either predicted fringes occuring at

angles much larger than the observed peaks or indicated the presence of many

more interference fringes than observed power spikes.

As a result, a vacuum tight, aluminum ring was designed to clamp the HDPE

window at a 10 ◦ angle with respect to the face of the spatial filter (see Figure 5.8).

Since the predicted 3 dB beam width of the diagonal feed horn is ∼ 15 ◦, wedging

the window by 10 ◦ has the effect that the first reflection falls outside of the 3 dB

emission pattern of the spatial filter, with the result that fringe effects become

negligible (see Figure 5.9). Measurements were repeated with the wedged win-

dow, resulting in the patterns shown in Figures 5.6 and 5.7. Although the wedged

window significantly improved the measured patterns, it appears that reflection

effects were not completely eliminated from the setup. These effects are best illus-

trated by comparing power pattern measurements of the QCL and spatial filter

made before and after rotating the wedged HDPE window by 90 ◦. The relatively

prominent, double-peaked emission feature present in the cross-cuts and maps

follows this rotation very well. Since rotating the cryostat window was the only

change made to the setup between these measurements, it is probable that ef-
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Figure 5.8 Photograph showing the LN2 cryostat housing the QCL device. No-
tice the 10◦ wedged HDPE vacuum window that was designed to help decrease
potential effects due to standing waves.

fects arising from the wedged HDPE window itself (e.g., reflections between the

window and some other metal surface interior to the cryostat housing the QCL

and/or beam truncation) are causing many of the asymmetric, multi-peaked fea-

tures observed in the measured power patterns.

In order to gauge the magnitude of the effect that these reflections may be hav-

ing on the resulting power patterns, extrapolated cross cut measurements were

created by averaging cuts taken through 2−D maps at position angles away from

the sharp, double peaked feature observed to follow rotation of the HDPE win-

dow. The results of this analysis are shown in Figure 5.10. Here, three separate

cuts (gray lines) extending from the peak of the emission (∼ the origin) to the

edge of the mapped region were averaged and then the results were mirrored

about the origin to create the extrapolated power pattern cross cuts presented in

the figure. In this way, some of the peaked effects that appear to be associated

with the window were removed from the resulting power pattern. This is not a

very robust method for accurately determining properties of the spatial filter’s

emergent power pattern. Nevertheless, it is a useful tool for assessing general
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Figure 5.9 left: Qualitatively, the reflected radiation (red) will not interfere with
the spatial filter’s 3 dB power pattern (blue) as long as the HDPE window is tilted
such that the right most blue ray does not intersect with the left most red ray.
right: In order for reflections not to overlap the 3 dB emission pattern, θd < θr

(the divergence angle of the 1/2 power beam pattern, conservatively 7.5 ◦, must
be less than the angle the first reflected ray makes with the normal). This implies
that the window must be angled such that θw > θd. For this reason, θw = 10 ◦ was
chosen for the window angle.
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characteristics of the measured beam if some of the effects due to the HDPE win-

dow could be removed. The resulting extrapolated cross cuts are much better fit

by Gaussian functions, suggesting that spatial filtering improves the QCL beam.

For further comparison, Gaussian functions with full 3 dB widths matching

the predicted width of the spatial filter’s farfield pattern (Johansson & Whyborn,

1992) have been indicated (solid curves) in all cross cuts. As shown in the figures,

we find that all measured QCL emission patterns (with and without the spatial

filter) appear to be narrow in comparison with the predicted beam width. To

explore this in a more quantitative manner, Gaussian functions were fit to all

measured 1−D cross cuts and the results of the best fits, including full-width-half-

max (FWHM) values and corresponding beam waists (ω◦), are shown in Table 5.1.

Here, the beam waist (ω◦) is related to FWHM by θFWHM = 1.18θω◦
where all

angles are in expressed in radians and θω◦
= λ/(πω◦). Based on these results

(presented in Table 5.1), the measured 3 dB beam width of emission from the

QCL with the spatial filter is 11.4 ± 1 ◦.

This is small compared with the predicted beam width of the spatial filter’s

diagonal feed horn at 2.7 THz, 15 ◦. Some of this discrepancy may arise from

differences between the designed and milled spatial filter diagonal feed horn di-

mensions. Micromilling 2.7 THz waveguide features pushes the limitations of

the Kern machine. However, since the QCL’s emission pattern measured with-

out the spatial filter is also small when compared with the 15 ◦ FWHM predicted

beam width, this may indicate that atmospheric absorption plays a noticeable

role in measured emission patterns at angles ∼> 10 ◦. The X-Y stages permit-

ted raster-scanned measurements made within the same plane (e.g., the effective

path length between the QCL and detector becomes larger at greater X-Y stage

travel distances). Signal attenuation at larger angles may account for some of the
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Figure 5.10 Extrapolated cross cuts of the QCL & spatial filter’s beam pattern cre-
ated by averaging individual cuts (along gray lines) located away from the sharp,
multi-peaked features that appear to be correlated with the HDPE window. The
resulting averaged cut was then mirrored about the power peak (origin) in an ef-
fort to generally gauge what the measured beam pattern might look like if some
of the reflection effects due to the window could be removed.
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Table 5.1. Properties of Gaussian Fits to Cross Cuts

Cross Cut Spatial Filter Rotated Window FWHM ω◦

(◦) (µm)

x yes no 12.0 199

y yes no 11.9 201

extrapolated yes no 11.6 206

x yes yes 11.7 204

y yes yes 12.4 193

extrapolated yes yes 10.7 223

x no no 11.5 208

y no no 13.7 174

x no yes 9.4 254

y no yes 13.1 182

Note. — Corresponding properties of Gaussian with 3 dB width equal

to predicted width of spatial filter’s diagonal feed horn: FWHM = 15.0 ◦,

ω◦ = 159 µm

steeply-edged features common to all beam maps made, with and without the

spatial filter.

Figures 5.6, 5.7, & 5.10 indicate that spatial filtering improves the QCL beam

pattern quality. Measurements of the beam exiting the spatial filter show a ten-

dancy toward single-peaked, narrower features that are better fit by Gaussian

functions than the unfiltered QCL output. As discussed above, the majority of

the sharp, double-peaked features appearing in these power patterns are proba-

bly associated with reflection effects arising from the HDPE window. In addition,

extrapolated emission cross cuts suggest that if these reflection effects could be

removed, the underlying power pattern might be more single-peaked and Gaus-

sian. This is very different from characteristics of emission maps taken without
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the spatial filter. As indicated in the figures and in Table 5.1, the overall beam

shapes are far less symmetric compared with measurements taken with the QCL

and spatial filter (e.g., Gaussians fit to x & y cross cuts consistently possess very

different widths).

Additionally, 2−D maps reveal many more sharp, multi-peaked features that

do not appear to be solely correlated with effects arising from the HDPE window.

For example, since the structure appearing in the beam maps does not appear

to follow window rotation (and this was the only change made to the setup be-

tween measurement sets) it is probable that the sharply peaked features observed

are largely due to other effects. The strongest peaked features appearing in suc-

cessive individual maps and 1−D scans of the unfiltered data were repeatable

(this was examined before averaging individual data sets together to produce the

results presented in Figures 5.6 & 5.7) and may be intrinsic to the QCL device’s

output, supporting the observation that these devices possess highly divergent

and non-Gaussian power patterns, potentially the result of internal interference

effects Adam et al. (2006). It is noteworthy that the observed structure in the un-

filtered QCL beam maps is very different in overall shape between measurements

taken with and without the rotated window. This is qualitatively very different

from all beam maps made with the QCL and spatial filter, where the observed

power pattern structure remained very much the same, albeit rotated, between

measurements. These characteristics further suggest that the overall beam char-

acteristics of the QCL device are improved by spatial filtering.

Since the spatial filter does not couple well to non-Gaussian components of

the naked QCL beam and is designed to suppress higher order mode prope-

gation, this potentially results in very little useable output power. Some non-

negligible fraction of the QCL’s intrinsic emission must be fundamental-moded
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and Gaussian to pass through the spatial filter efficiently. This means that in

order to be useful for astronomical receiver and array applications, the spatial

filter’s throughput must not be prohibitively small. Relative peak power mea-

surements were obtained by comparing maximum intensity values (recorded in

arbitrary units) of the averaged cross cut results. This indicates that the ratio of

peak power with and without the spatial filter is ∼ 20 − 30%.

The location of the LN2 cryostat was adjusted between measurement sets us-

ing the X-Y stages in order to relocate peak emission and accounts for the rel-

atively large range in the relative peak power measurements. Due to the very

sharp, multiply peaked features in the unfiltered QCL emission, it is easy to align

the detector with an emission peak before beginning cross cut measurements, but

more difficult to ensure that this is an absolute, not relative emission peak. For

a more accurate relative power comparison, the total non-normalized intensity

was summed over the 2−D mapped regions presented in Figures 5.6 & 5.7. The

ratio of the integrated intensity within 1/2 power contours was 20% with and

without the spatial filter. This is an encouraging result for astronomical applica-

tions, suggesting that an appreciable amount of the QCL device’s output power

is single-moded and Gaussian, capable of efficiently coupling to optical systems.

5.6 Conclusions

We present a new method for improving the QCL beam pattern using waveg-

uide spatial filters incorporating back-to-back feed horns connected with square

waveguide. We have designed, micromilled, and tested a 2.7 THz spatial filter

with a resonant-phonon-assisted THz QCL device. We present 2−D maps and

1−D higher resolution cross-cuts of power patterns with and without the spa-

tial filter. Our results indicate that spatial filtering improves the QCL beam pat-
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tern quality; the spatially filtered signal tends to possess repeatable, more single-

peaked, Gaussian features compared with the bare QCL emission. The ratio of

peak power with and without the spatial filter is ∼ 20 − 30%, and the compar-

ative power within 3 dB contours is 20%. Because of their capacity to efficiently

couple radiation to optical systems, waveguide spatial filters provide a means of

efficiently integrating QCLs into waveguide systems; enabling their incorpora-

tion into power dividers, couplers, mixer blocks, and other components needed

for realizing astronomical heterodyne arrays at high frequencies. Silicon micro-

machining capabilities can extend the fabrication of waveguide spatial filters into

the high THz range (d’Aubigny et al., 2002).
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

The formation and destruction of molecular clouds and the role played by star

formation and cloud environment in regulating these processes are keys probing

the life cycle of interstellar material, culminating in a better understanding of

internal galactic evolution. This thesis addresses some important aspects of the

lives of interstellar clouds through observational submillimeter and millimeter-

wave studies of star formation and the molecular cloud environment and through

the development of instrumentation enabling this work. A brief summary of

the goals and main results of previous chapters is provided here along with an

outlook for future work and development.

6.1 Star Formation in the N. Complex of NGC 2264

We study protostellar sources in the northern cloud complex of Mon OB1 with

the goal of assessing the impact these young sources are having on the molecular

cloud environment. We present 870 µm continuum measurements and submil-

limeter spectroscopic observations, including 12CO (3 − 2) and 13CO (3 − 2), of

star forming regions and molecular outflows associated with IRAS sources in the

northern portion of the molecular cloud. Molecular line and energetics analyses

suggest the presence of multiple outflows associated with NGC 2264 O and H (in

agreement with results of Reipurth et al. (2004) & Wolf-Chase et al. (2003)) that

may be emanating from IRAS sources within the region. In order to better gauge

the overall impact that star formation is having on the cloud complex, a com-

parison between average cloud turbulent energy, outflow dynamical energy, and

star-forming clump gravitational binding energy was made. Major results sup-
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port the interpretation that the cloud is maintaining its overall integrity, except

along outflow axes, and indicate that the outflow − cloud coupling efficiency is

low, with ∼< 0.5% of the outflow kinetic energy being fed into cloud turbulent

energy.

This analysis provides a detailed picture of the effects of ongoing star forma-

tion on the immediately surrounding molecular cloud environment. However,

the mapped regions are just a small portion of the northern cloud complex of

Mon OB1. As illustrated in Figure 1.4, in order to better understand the role of

this interaction in the entire cloud complex, for example, high fidelity submil-

limeter spectroscopic mapping capabilities over large spatial extents (e.g., many

square degrees) are necessary. The development of large-format heterodyne ar-

rays (e.g., Groppi et al. (2004)) is key to understanding the overall relationship

between star formation, the molecular environment, and the lives of clouds.

6.2 The Molecular Environment at Cloud Boundaries

In order to study the larger picture of cloud formation and disruption, key stages

in the life cycles of interstellar material, an examination of the molecular envi-

ronment at cloud boundaries was undertaken. The overall goal of this work was

using millimeter and submillimeter-wave CO observations as probes of physical

conditions in these regions in order to explore links between internal and external

cloud environment, star formation, and their impact on molecular clouds. To this

end, a cloud edge survey consisting of multi-transition strip scan observations

of CO and 13CO was made toward molecular clouds exhibiting a broad range

of stellar and star forming characteristics, including regions near several proto-

stellar sources in the Mon OB1 northern cloud complex, IRC+10216, S140, and

B335.
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As a framework for guiding the analysis of other surveyed cloud edges, we

examine two well-studied, relatively quiescent sources (Heiles Cloud 2 (HCL2)

and IRC+10216) with widely varying environments. An important result of this

analysis is that our work supports the interpretation that cloud formation is tak-

ing place along the southeastern edge of HCL2, and its effects appear to dominate

spectral line signatures in the region. Spectral lines in IRC+10216 strip maps, on

the other hand, are well described by the overall spherical, uniform expansion of

the circumstellar envelope. The interface between the CSE and the ISM has no

detectable effect on the line profiles at the cloud edge and may be overshadowed

by signatures of the outflowing material. Most objects in the cloud edge survey

appear to exhibit characteristics between these extremes; where environmental

conditions external to the cloud dominate observed spectral line features across

the cloud boundary and where the kinematics at the cloud edge are dictated by

sources within the cloud itself. This work is ongoing, and an in-depth analysis of

other, more complex, cloud edge regions will be continued during my postdoc-

toral fellowship.

As shown in Figure 3.1, although CO observations are useful in obtaining

an overall sense of what may be occurring, they provide only a partial picture of

cloud edges, since CO emission does not extend to the boundary of the molecular

material. Emission resulting from its photodestruction products, especially C+ at

158 µm (1.9 THz), are an important diagnostics of cloud edges. The development

of low noise heterodyne receivers operating at THz frequencies is key to probing

cloud boundaries and the formation and destruction of molecular material. In

order to understand these processes in context of the broader picture of the life

cycles of the ISM, large-scale mapping capability at THz frequencies is required.

Although SOFIA and Herschel will provide THz spectroscopic observations with
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unprecedented spectral and spatial resolution, their small beam sizes and roles as

community facilities prohibit extensive mapping projects, highlighting the need

for a smaller, dedicated survey telescope. As indicated in Figure 1.3, a great deal

of insight into the lives of molecular clouds may potentially be gained with a

small facility stationed at Dome A, Antarctica.

6.3 345 GHz Prototype Mixer with Integrated

MMIC LNA

Large-format, spectroscopic submillimeter focal plane arrays will enable stud-

ies of the relationship between star formation and its impact on molecular clouds

over many square degrees. We report on characterization measurements of a pro-

totype mixer unit for the SuperCam instrument, a 64-pixel array commissioned

to map over 500 square degrees of the Galactic Plane with high sensitivity and

unprecedented spectral and spatial resolution in 12CO (3 − 2) and 13CO (3 − 2).

A high degree of integration of individual mixer units is key to successfully re-

alizing a large array receiver. For this reason, incorporating low noise amplifiers

(LNAs) directly into mixer units is an important aspect of the SuperCam design.

Because of their small physical size and low power dissipation characteristics,

WBA13 MMIC LNAs were incorporated directly into a modified Desert-STAR

mixer unit (the SuperCam prototype mixer) and its performance was character-

ized. Major results include negligible observed influence of potential heating

effects due to the proximity of the LNA module and SIS device. Stable and repro-

ducible receiver sensitivity measurements were achieved over the full 4−6 GHz

IF bandwidth of the receiver. Mixer performance was overall comparable to mea-

surements achieved with other DesertSTAR mixers, and new measurements in-

dicate a significant improvement in sensitivity (TREC = 75 K; Y = 2.40) with the
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new SuperCam waveguide environment and SIS devices. These measurements

presented in this chapter confirm the viability of the integrated mixer design for

the SuperCam receiver and suggest that even larger format (hundreds of pixels)

focal plane arrays are possible.

6.4 Micromachined Spatial Filters for QCLs

There is a growing need in the astronomical community for high resolution spec-

troscopic capabilities at THz (< 300 µm) frequencies. The development of hetero-

dyne technology in this regime is enabling access to a host of diagnostic tools (in-

cluding ionized carbon and nitrogen fine structure lines at 1.9 THz and 1.46 THz,

for example) that are uniquely suited to probing crucial stages in the life cycles

of the ISM, such as sites and timescales of molecular cloud formation and de-

struction. Upcoming and future facilities will require spectroscopic capabilities

at higher frequencies, e.g., > 2 THz. The development of heterodyne technology

in this regime is largely limited by the availability of powerful, compact, and co-

herent sources of local oscillator power. Quantum Cascade Lasers, QCLs, are one

of the most promising sources of power at frequencies above 2 THz. However,

their use with astronomical receivers has been hampered by highly divergent,

non-Gaussian emergent power patterns. We have designed, micromilled, and

measured the the performance of a 2.7 THz waveguide spatial filter in conjunc-

tion with a resonant-phonon-assisted QCL device. Beam pattern results indicate

that spatial filtering improves the QCL beam pattern quality and the comparative

power within 3 dB contours with and without the spatial filter is 20%.

This is an encouraging result for the development of THz astronomical re-

ceivers and arrays. Waveguide spatial filters can provide a means of efficiently

integrating QCLs into waveguide environments, including power dividers, cou-
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plers, mixer blocks, and other components needed for realizing astronomical ar-

rays at these frequencies. Although 2.7 THz pushes the boundaries of micromilling

techniques, silicon laser micromachining capabilities (d’Aubigny et al., 2002) can

extend the fabrication of waveguide spatial filters to frequencies beyond 5 THz

(60 µm).
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APPENDIX A

THE CLOUD EDGE SURVEY: L1204 / S140

We made strip map cuts through the very active star forming region, S140, its

associated HII region, and the nearby ∼edge-on ionization front located at the

southwestern edge of L1204 (see Figure A.1). An excellent potential example of

triggered, propagating star formation at moderate distance, ∼900 pc, e.g., Patel

et al. (1998); Kun, Balazs, & Toth (1987), this region has been the subject of nu-

merous spectroscopic molecular line studies revealing the presence of a bipolar

outflow oriented NE−SW, e.g., Wilner & Welch (1994); Minchin, White, & Pad-

man (1993); Blair et al. (1978). This outflow appears to be a superposition of

multiple flows driven by several separate protostellar sources. Wide-field optical

imaging studies complement these findings by outlining the presence of Herbig-

Haro objects bow shocks emanating from embedded young sources associated

with S140, some of which appear to be breaking out into the irradiated HII re-

gion (Bally, Reipurth, Walawender, & Armond, 2002). Not only is the L1204 /

S140 region a very active star forming environment, but also the molecular cloud

lies just northeast of a bright Hα rim excited by a relatively close (∼ 2 pc) B0 star

(Blair et al., 1978).

Strip scan 12CO (3−2) observations of the S140 region are shown in Figure A.2.

One of the most notable features of the presented data set is the dramatic change

in spectral line profile over the mapped region, as illustrated in the P−V dia-

gram and also in individual spectra presented. The location of S140 itself is the

zero position of the strip, and much of this emission (especially considering the

extended wings) is due to the molecular outflow shown in Figure A.1. Off the

cloud, away from the majority of the influence of the outflow, the spectral line
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Figure A.1 left: 15′× 15′ DSS red plate image of the region surrounding S140 (in-
dicated with “X”). The extent of the 12CO (3− 2) strip map observations (∼ 11.6′)
is indicated by the east−west arrow and boxes showing the location of an [SII]
image of the region (see right) and CO (2 − 1) observations of the outflow asso-
ciated with S140 (Minchin, White, & Padman, 1993) are shown. right: [SII] image
of the S140 ionization front from Bally, Reipurth, Walawender, & Armond (2002)
indicating the locations of HH objects and bow shocks discovered within the re-
gion. The location of our strip map is also shown along with the orientation and
extent of the half power contours of the CO (2 − 1) molecular outflow associated
with S140.
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profile becomes very quiescent (see spectrum at ∼ −100′′) and gradually fades

into the noise (∼0.1 K rms) with no hint of cloudlets (even after examining P−V

diagrams displayed on a logarithmic brightness scale), such as those observed at

the edges of Strip O & Strip H. The ionization front presents a very different ex-

ternal cloud environment compared with that surrounding the northern complex

of Mon OB1. Only CO emission at velocities hugging the line core appears to re-

main across the ionization front boundary, perhaps indicating that self-shielding

is only effective at these velocities.

Since CO emission in this region fades relatively quickly with distance into

the ionizing region, it is not an ideal tracer of material at the cloud boundary.

Emission from its dissociated byproducts (e.g., C0 or C+) could yield further in-

sight into properties of the cloud edge. For example, using single channel C0

maps, Minchin, White, & Padman (1993) find evidence for clumpy emission con-

fined along a ridge-like structure coinciding with 12CO emission, similar to that

observed in this data set. Strip maps extending into the main cloud region (see
12CO (3 − 2) emission at angular offsets ≥ 150′′) possess interesting line profiles

as well. As indicated in the plot of Gaussian FWHM as a function of distance, CO

emission features in the main cloud region possess relatively broad linewidths

(FWHM ≥ 2.25 km/s). It is possible that turbulence originating from the wealth

of star forming activity in the region contributes to this observation. The observed

velocity structure in the 12CO (3 − 2) emission and its relationship to molecular

cloud and the surrounding interstellar environment will be more throroughly ex-

plored at a later time.
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Figure A.2 Composite image of 12CO (3 − 2) emission for the ∼ 11.6′ S140 map.
Plots included are similar to those displayed in previous figures (e.g., see Fig-
ure 3.3). The strip map data are 1/2 beam spaced (∼ 11′′) and S140 is located
at the zero offset position. The spectral line signature in this region is probably
heavily influenced by molecular outflows in the region (see Figure A.1). Toward
the west, the strip progresses across the ionization front and the CO line profile
fades rapidly with distance. Toward the east, the spectral line profile possesses a
fairly constant, broad shape. This is discussed further in the text.
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APPENDIX B

THE CLOUD EDGE SURVEY: B335

This is a prototypical isolated, star-forming Bok globule appearing as an opaque

dark cloud in optical images (e.g., see Figure B.1). Mass infall was detected to-

ward the central object in B335 (Zhou et al., 1993), making it an important mem-

ber of a group of protostellar objects with confirmed infall signatures, as pre-

dicted by protostellar evolution models. One of the dominant kinematic signa-

tures detected toward B335 is a well collimated, roughly E−W oriented molecular

outflow mapped in CO and extending a total of ∼ 4.3′ in each direction from the

central Class 0 driving source (Goldsmith, Snell, & Heyer, 1984). Several optical

Herbig-Haro objects (Reipurth, Heathcote, & Vrba, 1992) have been discovered in

B335 located in the lobes of the outflow region near the periphery of the globule;

further indicating ongoing star formation (see Figure B.1 for their locations).

All strip scan observations of this source were made beginning at the Class

0 protostar embedded within B335 and continuing west for ∼7.5′. As indicated

in Figure B.1, these strips cut almost directly across the molecular outflow axis,

adding potential difficulty to interpreting the line profiles. For this source, maps

were obtained in 12CO (2 − 1), 12CO (1 − 0), and 13CO (1 − 0) emission along the

same strip indicated in the figure at 1/2 beam spacing (∼ 16′′ for the CO (2 − 1)

data and ∼ 30′′ for the other observations). As shown in Figure B.2 (see peak

intensity plot and P−V diagram) the CO emission trails off sharply (over ∼ 130′′

region) and in a relatively quiescent manner compared with what was observed

for strips in the Mon OB1 dark cloud. A distinct lack of change in the position

and velocity structure of lines toward the edge of the globule (e.g., absence of

clumped features and relatively little change in line width) is observed in all data
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Figure B.1 left: 20′× 20′ DSS red plate image of the region surrounding B335 (in-
dicated with “X”). The extent of the 12CO (2 − 1) strip map observations (∼ 7.5′)
is indicated by the arrow and boxes showing the location of a 2.12 µm H2 image
of the region (smaller box, see right for larger view) and CO (1 − 0) observa-
tions of the outflow emanating from the protostellar object (Goldsmith, Snell, &
Heyer, 1984) are shown. The half power contour extent of the outflow and flow
orientation are shown. right: 2.12 µm H2 image of the B335 outflow region from
Hodapp (1998) indicating locations of H2 emission knots (circles) and HH objects
(squares) discovered within the region by Reipurth, Heathcote, & Vrba (1992).
These sources lie approximately at the edges of the outflow cavity. The location
of our strip map is shown, oriented approximately along the outflow axis.
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sets. The dominant kinematic influence in the region (the collimated outflow

driven by the Class 0 protostellar source) is located interior to the cloud itself

and it is possible that, similar to the case of IRC+10216 discussed later, this has

the most observable effect on CO spectral lines along our E−W oriented strip

maps. Perhaps clumped structures resulting from a turbulent interface between

the globule and the ISM (similar to those seen along Strip O & Strip H) would be

more pronounced if they were not overshadowed by kinematic signatures origi-

nating within the cloud itself. These possibilities will be explored in more detail

at a later time.
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Figure B.2 Composite image of 12CO (2 − 1) emission for the ∼ 7.5′ B335 strip
map. Plots included are similar to those displayed in previous figures (e.g., see
Figure 3.3). The strip map data are 1/2 beam spaced (∼ 16′′) and the Class 0 pro-
tostar driving the molecular outflow shown in Figure B.1 at the center of B335
is located at the zero offset position. The spectral line signature along the strip
may be largely influenced by the E−W oriented outflow in the region, potentially
masking features in the line profile due to other effects, such as the interface be-
tween the globule and the ISM (see text).
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APPENDIX C

AN OVERVIEW OF HETERODYNE RECEIVER SYSTEMS

High resolution spectroscopy (∆ν/ν ≤ 1× 10−7) in the millimeter, submillimeter,

and THz/far-Infrared (∼ 60− 5000 GHz or 5000− 60µm) is becoming an increas-

ingly important application in astronomy. It is crucial to effectively probing the

life cycles of Interstellar material and star formation, enabling the resolution of

intrinsic line profiles of key molecular and atomic tracer species. As discussed

in chapters 1 & 2, high spectral resolution is key to deciphering and interpreting

the internal kinematics and energetics of star forming regions in our Galaxy. The

growing fields of astrochemistry and astrobiology also require high resolution

spectroscopic techniques to confidently identify spectral signatures of complex

molecular species. Heterodyne and superheterodyne receivers are the detectors

of choice for high spectral resolution applications in this wavelength regime. This

appendix provides a general overview of their basic components and operation

as well as a more detailed description of SIS mixers, the sensitive devices com-

monly incorporated into millimeter and submillimeter receivers (including the

modified DesertSTAR mixer receiver and SuperCam) for downconverting and

detecting high frequency sky signals.

Figure C.1 is a block diagram showing the basic components of a superhetero-

dyne receiver system. Since the astronomical signals of interest for detection are

very weak (e.g., ≤ 1 × 10−15 W) a lot of amplification (∼ 100 dB) is necessary

before the data can be analyzed. Low noise amplifiers (LNAs) with sufficient

gain do not currently exist above ∼ 200 GHz (e.g., at submillimeter and THz fre-

quencies), so in this regime spectroscopic receivers incorporate sensitive mixers

that the sky signal (fsignal or RF) first encounters. The purpose of this mixer is
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spectrometers for astronomical 

measurements

spectrum analyzer for IF signal

analysis (system test, IF optimization)

total power measurement for Y-factor

(system testing, mixer tuning, 

& optimization)

Figure C.1 Block diagram of a superheterodyne receiver. The sky signal (fsignal)
is mixed with a local oscillator signal (flocal) by a sensitive device with a sharp,
non-linear characteristic, resulting in an intermediate frequency signal (fIF ) that
is amplified first by a cryogenic, low noise amplifier and then by a series of room
temperature amplifiers. The resulting IF signal is routed through a bandpass
filter to a postdetection system.

to immediately downconvert the sky signal from frequencies of several hundred

GHz (or higher) to a few GHz where low noise amplifiers do exist. As shown in

Figure C.1, the weak sky signal is superimposed with a powerful, coherent sig-

nal (flocal or LO) generated by a local oscillator onto a frequency mixing device.

Superconducting mixing devices are the most sensitive mixers at submillimeter

frequencies (Zmuidzinas & Richards, 2004), requiring the use of a cryostat to ef-

ficiently cool the mixer to temperatures at or below liquid Helium temperatures

(∼4 K). The mixer acts as a very fast switch, modulating the the sky signal at the

LO frequency, thereby multiplying the two signals together. The result is an in-

termediate frequency signal (fIF or IF) corresponding to |fsignal−flocal|, usually at

several GHz.

The IF signal is then amplified by a very low noise amplifier (LNA). Since

this is the second component of the receiver system encountered by the sky sig-
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nal, it is the second most important element determining the overall sensitivity

of the receiver (see Appendix D). This LNA is held at cryogenic temperatures

(4−20 K) inside of the cryostat to improve its noise and high gain characteristics.

Since the receiver sensitivity is dominated by the mixer and cryogenic LNA, af-

ter encountering these components the IF signal is passed out of the cryostat for

further amplification by several room temperature amplifiers. It is subsequently

routed through a bandpass filter to ensure that only frequencies within the IF

passband (e.g., 4−6 GHz for the modified DesertSTAR mixer receiver and Super-

Cam) are amplified. This filtered IF signal is then sent to a post-detection system

for recording, analysis, and/or characterization measurements.

Figure C.2 illustrates the spectral response of a heterodyne receiver. A fun-

damental characteristic of the mixing process is that a heterodyne receiver si-

multaneously detects signals in two sidebands that are mirrored about the LO

frequency with a spacing equal to the center frequency of the IF chain. The lower

sideband (LSB) is located at fLO−fIF and the upper sideband (USB) is similarly

fLO+fIF . The bandwidth of the downconverted signals, ∆fIF , is determined by

mixer IF design and the bandwidth of the first IF amplifier. Most mixers are in-

trinsically double sideband (DSB), meaning that both signals, USB and LSB, are

superimposed on one another in the recorded spectrum. This can be very advan-

tageous, providing twice the spectral data when the two sidebands are separated

in postprocessing. Both the DesertSTAR and SuperCam mixers operate in DSB

mode.

State - of - the - art superheterodyne receivers in the submillimeter incorpo-

rate a superconductor - insulator - superconductor (SIS) tunnel junction as the

sensitive mixing element. SIS devices are quantum-limited mixers (Tucker, 1979;

Tucker & Feldman, 1985), meaning that their sensitivity is fundamentally limited
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Figure C.2 Diagram of the spectral response of a heterodyne receiver. Most mix-
ers intrinsically detect two sidebands mirrored about the LO frequency, leading
to a superposition of spectra in the recorded data.

by the Heisenberg uncertainty principle. The minimum noise power level achiev-

able using a mixer receiver is hf (e.g., the noise of one photon) per unit band-

width, resulting in a minimum single sideband (SSB) system noise temperature of

hf/kB, called the quantum limit. This limit (also expressed as ∼ 4.8 K/100 GHz)

provides a framework for evaluating the performance of SIS mixers. For exam-

ple, below ∼ 350 GHz, state - of - the - art SIS mixer receivers achieve noise levels

of about 1−2 × the quantum limit, e.g., Zmuidzinas & Richards (2004); Lazareff

et al. (2002). The best SIS mixer performance measured at higher frequencies is

currently closer to 10× the quantum limit. Karpov et al. (2006) recently achieved

TREC = 450 K DSB noise figures with SIS mixers at 1.1−1.25 THz. Because of their

sensitivity, modest LO power requirements, and stability SIS mixers remain the

detectors of choice in the submillimeter and several groups worldwide are are

pushing their development to frequencies approaching 2 THz.

SIS devices consist of a sandwich of two ∼50 nm thick superconducting elec-
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trodes (typically made of Nb) separated by a thin (1 − 2 nm) insulating barrier

(usually AlOX or AlNX). When the device is cooled below the critical tem-

perature of the superconductor, Bose-Einstein condensation occurs, resulting in

the formation of Cooper pairs of electrons all in the same lowest energy level

(ground state). Since the effective “bond length” of the Cooper pairs is large

(∼ 10 − 100 nm) compared with the thin insulating layer separating the two su-

perconductors, the Cooper pairs interact with one another across the insulator so

that with 0 V applied across the junction, this results in supercurrent (Josephson

effects) as the Cooper pairs tunnel across the insulating barrier. Characteristics

of the SIS tunnel barrier lead to a semiconductor-like, material dependent en-

ergy gap structure (Vgap). Tunneling of quasiparticles, the quantum effect that SIS

mixers make use of, does not onset until enough voltage is applied so that en-

ergy values approach twice the material dependent energy gap, 2∆, and the den-

sity of allowed states approaches infinity. Under these conditions (bias voltage

= 2∆/e ∼ 2.8 mV for the Nb devices used for the DesertSTAR & SuperCam in-

struments) a very sharp non-linear current rise is observed in the current-voltage

curve due to quasiparticle tunneling (see Fig. C.3).

For SIS devices, the non-linear I-V characteristic or “knee” feature is extremely

sharp (hf/e � δVgap), making them ideal for acting as a very fast switches. In or-

der to make use of the quasiparticle tunneling feature, Josephson effects due to

Cooper pair tunneling must be suppressed since this generates additional noise.

This is accomplished by applying a magnetic field across the SIS junction ori-

ented so that it is within the same plane as the device. When used as mixers,

the bias voltage applied to the SIS device is adjusted to enable photon assisted

tunneling (see Fig. C.3). Incident LO photons then have enough energy to induce

rapid quasiparticle tunneling events, and the “fast switch” becomes a very effec-
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Figure C.3 Measured LO-pumped and unpumped current-voltage (I-V) curves
of a 460 GHz SIS mixer (courtesy P. Pütz). Josephson effects (leading to a volt-
age spike at 0 V) have been suppressed with an applied magnetic field across
the junction. The onset of quasiparticle tunneling at Vgap = 2∆/e is apparent
(non-linear “knee” feature). It is this sharp characteristic that makes SIS devices
function as excellent high speed switches (mixers). At voltages much above the
gap, enough energy has been applied so that the superconducting electrodes be-
gin to behave like normal metal, and the I-V curve resembles a resistor. When
the LO signal is coupled into the mixer, photon steps (width hf/e) appear. This
continuous current is the result of quasiparticle tunneling events as LO photons
provide electrons with an extra energy boost.
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tive mixing device. SIS mixers need to be operated at less than half the critical

temperature of the superconductor (TC(Nb) = 9.2 K), so liquid helium cryostats

are generally used. There is a frequency limit beyond which SIS mixers cannot

be fabricated. Photons with energies greater than 2∆ break Cooper pair bonds

in the superconducting leads to the SIS tunnel junction, resulting in increased,

significant losses in the superconducting material and corresponding decreases

in mixer sensitivity. Currently, THz receivers incorporating SIS mixers have been

operated successfully at frequencies up to 1.25 THz in the laboratory (Karpov

et al., 2006) and the fabrication of these devices at higher frequencies is forsee-

able with currently available processes and superconducting materials, enabling

operation up to 2 THz (Pütz, 2004).
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APPENDIX D

CHARACTERIZING THE PERFORMANCE OF HETERODYNE RECEIVER SYSTEMS

A fundamental characteristic of a heterodyne receiver system is its sensitivity.

This quantity determines the amount of time necessary to achieve a signal de-

tection. The radiometer equation (shown in equation D.1) indicates that the on

source integration time, t, needed to integrate down to a spectral RMS level σRMS

depends crucially on the system noise temperature, TSY S as well as the detection

bandwidth, B:

t = T 2
SY S/(B · σ2

RMS) (D.1)

In other words, if the noise of a receiver system is uncorrelated, it decreases with

the square root of the integration time. Noise in a heterodyne receiver system,

TSY S , including contributions from receiver electronics, optics, degree of align-

ment with the telescope, and atmosphere, dictates its sensitivity. Assessing and

minimizing the noise of a receiver system is therefore critical to evaluating and

improving its functionality as an instrument.

When observing a blank patch of sky, the system temperature of a heterodyne

receiver can be approximated by equation D.2.

TSY S ∼ TREC + (1 − α · e−τ )TH (D.2)

TREC is the receiver equivalent noise temperature (proportional to its noise power),

TH is the temperature of a “hot load” (usually an ambient temperature absorber

material, such as Eccosorb) placed in the beam, α is the warm spillover efficiency

(e.g., the fraction of power not spilling past the primary mirror and looking at

the warm ground), and τ is the atmospheric opacity at the observed zenith angle
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and frequency of interest. Notice that receiver noise, TREC , plays a key role in

determining the system temperature, and therefore the sensitivity of the receiver.

Receiver noise is dominated by contributions from the mixer unit itself and

the first IF amplifier, or LNA (see appendix C). For example, if each component

of a receiver is characterized by its gain, GX , and a noise equivalent tempera-

ture, TX , then for a receiver consisting of N components, the noise temperature is

expressed by equation D.3.

TREC = T1 +T2/G1 +T3/(G1 ·G2)+T4/(G1 ·G2 ·G3)+ ...+TN/(G1 · ... ·GN) (D.3)

In a superheterodyne receiver, the first components encountered by the sky sig-

nal are the mixer unit (T1, G1) and LNA (T2, G2), followed by subsequent warm

IF amplifiers, filters, and backend detection system (see Figure C.1). Since the

LNA possesses very high gain characteristics, e.g., ∼ 30 dB or ×1000 in power

for the WBA13 LNA used in the modified mixer receiver (see chapter 4), and be-

cause each component’s contribution to the receiver noise temperature is divided

by the product of the gains of all components previously encountered by the sky

signal, only the mixer unit and first IF amplifier (LNA) play a significant role

in determining the overall sensitivity of the receiver system. Practically, equa-

tion D.3 can be reduced to the following expression where the mixer and LNA

are characterized by (Tm, Gm) and TLNA, respectively.

TREC = Tm + TLNA/Gm (D.4)

In order to get at receiver sensitivity, TREC is measured by obtaining a calibra-

tion between equivalent blackbody temperature and receiver output power. This

is accomplished by placing two objects approximating black body emitters (usu-

ally Eccosorb sheets) of different, known temperatures into the beam. The “hot
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load” is generally room temperature (∼ 290 K) Eccosorb and the “cold load” con-

sists of a piece of the same material dipped into liquid nitrogen (∼ 80 K). Follow-

ing the work of Kerr, Feldman, & Pan (1997), the Planck radiation law can be used

to calculate the thermal noise power over a bandwidth, B, about a frequency, f ,

where B << f (see equation D.5). In the Rayleigh-Jeans limit (hf << kBT ), this

reduces to PP lanck = kBTB revealing a linear relationship between noise power

and noise temperature.

PP lanck = kBTB

hf
kBT

ehf/kBT − 1
(D.5)

The receiver noise temperature can be calculated from the ratio of the mea-

sured total output powers over the receiver bandwidth (see equations D.6 − D.8).

This is called the Y-factor method. In equation D.6 PHOT and PCOLD represent the

total power incident on the receiver within the bandwidth B with the hot and

cold loads placed in the beam and Pn is a measure of the intrinsic receiver equiv-

alent noise power. Inverting equation D.6 (see equation D.7) and combining the

result with equation D.5 in the Rayleigh-Jeans limit results in an expression for

the receiver noise temperature (see equation D.8).

Y =
Pn + PHOT

Pn + PCOLD

(D.6)

Pn =
PHOT − Y · PCOLD

Y − 1
(D.7)

TREC =
THOT − Y · TCOLD

Y − 1
(D.8)

This technique is also known as the “hot-cold” method and provides a robust

way of measuring receiver sensitivity, thereby assessing its performance qual-

ity. TREC is affected by many considerations, including the amount of LO power
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coupling into the mixer unit, SIS device voltage bias point (see appendix C), LNA

bias voltage (and amount of dissipated power), magnetic field across the mixer,

and operating frequency. The Y factor method is generally used to optimize or

examine the performance of a receiver system in an iterative manner as these

parameters are adjusted.

A typical Y factor measurement result is shown in Figure 4.5. The total power

curves shown were generated by recording output power over the operating

bandwidth (4 − 6 GHz) while sweeping the bias voltage of the SIS device with

hot and cold loads in the beam, successively. These curves provide a relative

measurement of receiver response and can be used to calculate the Y factor as

a function of bias voltage. The receiver is operationally most sensitive at stable

bias voltages where the relative difference between the hot and cold total power

curves (Y factor) is the greatest. For the modified DesertSTAR mixer receiver, the

best results achieved were Y factors of 2.13 (corresponding to TREC = 106 K) at

1.89 mV SIS bias voltage.
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Drouët d’Aubigny, C. Y., Walker, C. K., Golish, D., Swain, M. R., Dumont, P. J.,
Lawson, P. R. 2002, Proc. SPIE, Interferometry in Space, ed. M. Shao, 4852

Draine, B. T. & Bertoldi, F. 1996, ApJ, 468, 269

Dubash, N. B., Pance, G., & Wengler, M. J. 1994, IEEE Trans. Microwave Theory
Tech., 42, no. 4, 715

Elias, J. H. 1978, ApJ, 224, 857

Engargiola, G., Navarrini, A., Plambeck, R. L., Wadefalk, N. 2004, CARMA Memo
Series no. 30, http://www.mmarray.org/

Evans, N. J. II 1999, ARA&A, 37, 311

Evans, N. J. II, Allen, L. E., Blake, G. A., Boogert, A. C. A., Bourke, T., Harvey,
P. M., Kessler, J. E., Koerner, D. W., Lee, C. W., Mundy, L. G., Myers, P. C.,
Padgett, D. L., Pontoppidan, K., Sargent, A. I., Stapelfeldt, K. R., van Dishoeck,
E. F., Young, C. H., Young, K. E. 2003, PASP, 110, 761

Faist, J., Capasso, F., Sivco, D. L., Sirtori, C., Hutchinson, A. L., & Cho, A. Y. 1994,
Science, 264, 553



169

Gao, J. R., Hovenier, J. N., Yang, Z. Q., Baselmans, J. J. A., Baryshev, A., Hajenius,
M., Klapwijk, T. M., Adam, A. J. L., Klaassen, T. O., Williams, B. S., Kumar, S.,
Hu, Q., Reno, J. L. 2005, Appl. Phys. Lett. 86, 244104

Gillespie, A. R., & Phillips, T. G. 1979, A&A, 73, 14

Goldsmith, P. F., Snell, R. L., & Heyer, M. H. 1984, ApJ, 286, 599

Groenewegen, M. A. T., van der Veen, W. E. C. J., & Matthews, H. E. 1998, A&A,
338, 491

Groppi, C. E., Kulesa, C., Walker, C. K., Martin, C. L. 2004, ApJ, 612, 946

Groppi, C. E., Walker, C. K., Kulesa, C., Pütz, P. S., Golish, D. R., Gensheimer, P.,
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Güdel, M., Padgett, D. L., Dougados, C. 2007, in Protostars and Planets V, ed. B.
Reipurth, D. Jewitt, and K. Keil, (Tucson: University of Arizona Press), 329

Hedden, A., Pütz, P., d’Aubigny, C., Golish, D., Walker, C., Williams, B., Hu, Q.,
& Reno, J. 2006, Proc. 17th Int’l. Symp. on Space THz Tech., ed. A. Maestrini,
Paris, France: l’Observatoire de Paris

Heiles, C. E. 1968, ApJ, 151, 919

Hennebelle, P. & Perault, M. 2000, A&A, 359 1124

Hildebrand, R. H. 1983, QJRAS, 24, 267

Hodapp, K. W. 1998, ApJ, 500, L183

Holland, W. S., Robson, E. I., Gear, W. K., Cunningham, C. R., Lightfoot, J. F.,
Jenness, T., Ivison, R. J., Stevens, J. A., Ade, P. A. R., Griffin, M. J., Duncan,
W. D., Murphy, J. A., & Naylor, D. A. 1999, MNRAS, 303, 659

Hollenbach, D. J. & Tielens, A. G. G. M. 1999, Rev. Mod. Phys., 71, 173

Hu, Q., Williams, B. S., Callebaut, H., Kohen, S., & Reno, J. L. 2005, Semicond. Sci.
Technol., 20, S228



170
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Piché, F., Howard, E. M., & Pipher, J. L. 1995, A&A, 275, 711

Piesiewicz, R., Jansen, C., Wietzke, S., Mittleman, D., Koch, M., & Kürner, T. 2007,
Int. J. Infrared Milli. Waves, 28, 363



173

Pozar, D. M. 2005, Microwave Engineering (3rd ed.; Hoboken, John Wiley & Sons,
Inc.)

Pratap, P., Dickens, J. E., Snell, R. L., Miralles, M. P., Bergin, E. A., Irvine, W. M.,
& Schloerb, F. P. 1997, ApJ, 486, 862
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